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ABSTRACT

Over the past three decades we have discovered thousands of exoplanets orbiting
nearby stars, greatly expanding our understanding of the galactic planet population.
Most of these exoplanetary systems have properties that are markedly different from
those of our own solar system. Some systems contain gas giant planets with masses
comparable to or even larger than that of Jupiter orbiting only a few stellar radii from
the surfaces of their host stars. In other systems, gas giants have been discovered
with orbital separations more than 100 times the Earth-Sun distance. Both of
these populations challenge our understanding of gas giant planet formation, and
it has been suggested that they might have initially formed at intermediate orbital

separations and then migrated to their present-day locations.

In this thesis, I combine multiple observational techniques to characterize the prop-
erties of giant planets on extreme orbits in order to constrain their formation and
migration histories. In Chapter 1, I fit both low- and high-resolution infrared spectra
of the massive, widely separated, planetary-mass companion ROXs 42B b in order to
measure the elemental abundances of carbon and oxygen in its atmosphere. In Chap-
ter 2, [ use two decades of astrometric monitoring to measure the mutual inclination
between the orbital plane of ROXs 42B b and that of its host binary. In Chapter 3,
I demonstrate how mid-infrared emission spectroscopy with JWST/MIRI LRS can
be used to characterize the properties of both clouds and gas-phase absorbers in the
atmosphere of HD 189733 b, a hot gas giant on a close-in orbit. In Chapter 4, I
present a preliminary analysis of new high-resolution optical spectroscopy of the
second hottest transiting planet currently known, TOI-2109 b. I use these optical
high-resolution spectra to detect the presence of Fe, Mg, and Ti in this planet’s atmo-
sphere, and discuss how the relative abundances of refractory and volatile species
can be used to constrain the solid-to-gas ratio of materials incorporated into the
planet’s envelope. In the conclusion, I discuss how the complementary techniques
utilized in this thesis can be combined to develop a holistic view of the properties
of gas giant planets on extreme orbits, which in turn allows us to test competing

models for their origin.
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Chapter 1

INTRODUCTION

In the three decades since the first discovery of an exoplanet around a main sequence
star (51 Peg b; Mayor et al., 1995), our understanding of the exoplanetary population
has exploded. To date, there are over 5,000 confirmed exoplanets (shown in Fig 1.1),
with many more expected to be discovered by current and future missions. Already,
these discoveries have revealed a diverse array of planetary systems that are markedly
different from our own solar system. Hot Jupiters, gas giant planets on close-in orbits
with masses similar to Jupiter, are found around 0.5 — 1.5% of sun-like stars (e.g.
Cumming et al., 2008; Fressin et al., 2013; Wright et al., 2012). On the other
extreme, direct imaging surveys have revealed the presence of giant planets with
masses many times that of Jupiter at orbital separations much greater than the orbit
of Neptune. These distant giants have an occurrence rate of only 1% (Bowler et al.,
2018).

Despite their relatively low occurrence rates, the existence of both hot Jupiters and
directly-imaged giant planets challenges our understanding of gas giant formation
and migration processes. In the solar system, gas giants are located external to the
location of the water ice line, where water is expected to condense out of the gas
phase in the protoplanetary disk. The water ice line is thought to correspond to the
region where gas giants form most efficiently (Okuzumi et al., 2012; Drazkowska
et al., 2017; Chachan et al., 2023). This is supported by the measured occurrence
rates from radial velocity surveys, which indicate that giant planets are most likely
to be found at moderate distances from their host stars. These surveys find that the
occurrence rates for gas giant planets substantially increases outside of 1 au, and
peaks between 2-10 au (Fernandes et al., 2019; Fulton et al., 2021). Formation in situ
is thought to be challenging for hot Jupiters, as the high disk mid-plane temperatures
prevent the condensation of sufficient solid mass, and a large critical core mass is
required to initiate runaway gas accretion (Lin et al., 1996; Rafikov, 2006). However,
in situ accretion of gas envelopes may be possible under certain conditions (Batygin
et al., 2016). This raises the question of whether the observed populations of hot
Jupiters and distant directly-imaged gas giants could have formed in-situ, or if they
instead formed at intermediate orbital separations and then migrated to their current

location.
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High eccentricity migration, through processes such as planet-planet scattering
(Rasio et al., 1996; Chatterjee et al., 2008) or Lidov-Kozai oscillations (Lidov,
1962; Kozai, 1962), is often proposed as a pathway for planets to migrate inward
from moderate orbital separations. Systems with hot Jupiters commonly have more
massive external companions, and these external companions have a larger median
eccentricity than the broader population of gas giants at similar orbital separations,
suggesting a past history of dynamical interactions(zink_hot_-2023). As we discuss
in more detail below, the accretion and migration histories of giant planets may
leave observable signatures in the atmospheric compositions and orbital properties

of these populations of planets.

There are similar challenges involved in forming massive super Jupiters at distances
of 100s of au from their host star. These planetary mass companions are thought
to be distinct from the population of widely-separated brown dwarf companions
(2 13 My,p) due to their higher occurrence rate and lower orbital eccentricities
(Nielsen et al., 2019; Wagner et al., 2019; Bowler et al., 2020; Nagpal et al.,
2023). They may also exhibit stellar spin-orbit orientations that are distinct from
those of the brown dwarf population, which could points to a distinct formation
mechanism, though the current population with measured spin-orbit orientations is
small (Bowler et al., 2023). Surveys of young sun-like stars indicate that the typical
size of protoplanetary disks is <60 au (Maury et al., 2019; Tobin et al., 2020). While
there are a handful of anomalously large disks that extend out beyond 100 au (e.g.
GG Tau; Guilloteau et al., 1999), it is still thought to be difficult to form an object
many times the mass of Jupiter in the outer regions of these disks where the surface
density of material is low and dynamical timescales are long. Like hot Jupiters,
these companions may have formed at smaller orbital separations and subsequently
been delivered to their current location through planet-planet scattering, capture
from another star, or other dynamical processes. These processes may have left
observable signatures in the present-day atmospheres and orbital configurations
of these systems. Fortunately, both of these populations of planets are uniquely

favorable for atmospheric characterization due to their temperatures and sizes.

1.1 Formation of Giant Planets

The final composition of a gas giant planet’s envelope is a complex function of both
its host disk properties and its formation and migration history. In the simplest
picture of giant planet formation (e.g. Pollack et al., 1996; Lambrechts et al.,

2012), a massive core is assembled from solid materials in the local region of the
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Figure 1.1 The current population of known exoplanets. Data retrieved from Exo-
planet Archive on June 24, 2025.

protoplanetary disk. Once this core reaches a sufficient mass, it begins to accrete
a mixture of gas and solids from the disk until gas pressure can no longer balance
gravity and the planet moves into a runaway gas accretion phase. The planet then

quickly grows to about the mass of Jupiter.

The composition of the gas and solids incorporated into the planet’s envelope de-
pends on its location within the protoplanetary disk. The mid-plane temperature of
a protoplanetary disk decreases steeply with increasing radius. For a sun-like star,
water condenses from the vapor phase into solids at approximately 2 au, CO, around
10 au, and CO beyond 40 au (Oberg et al., 2011; Madhusudhan, 2012; Oberg et al.,
2021). These icelines alter the C/O ratio of both the gas and solids that are accreted
by the growing gas giant such that the final composition of its upper atmosphere
depends on the exact ratio of gas and solids incorporated into this region. This pic-
ture is additionally complicated by the radial migration of small solids, which can
transport volatile-rich materials from the outer disk, and also the possible migration

of the growing gas giant while still embedded in the protoplanetary disk (Oberg
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et al., 2021; Shibata et al., 2022; Chachan et al., 2023). Although it is difficult to

definitively associate particular atmospheric compositions with specific formation
locations, the sum of these processes means that the planet’s observed atmospheric
composition can be significantly different in both bulk metals and elemental ratios
than that of its host star. This is consistent with the large compositional diversity of

transiting giant planet atmospheres observed by JWST (Kempton et al., 2024).

Alternatively, gas giant planets may also form via disk instability, wherein an over-
dense region of the disk collapses and forms a massive gas-dominated object.
This instability occurs more easily in more massive and/or cooler disks (Toomre,
1964; Boss, 1997; Boley, 2009). It is expected to preferentially occur in the
outer regions of the disk, and typically produces brown dwarf companions with
a size of 10s of Jupiter masses (Boley, 2009). This mechanism is more likely to
produce planets with atmospheric compositions similar to those of their host stars
than core accretion. Although composition gradients within the protoplanetary
disk, as well as the transport and trapping of dust, could potentially result in non-
stellar atmospheric compositions (Boley et al., 2011), surveys of the atmospheric
compositions of widely separated companions with masses between 10 — 30 M,
indicate that their atmospheric compositions are consistent with those of their host
stars (Xuan et al., 2024). This suggests that the default expectation of stellar
atmospheric compositions is a reasonable first-order approximation for companions
formed via gravitational instability. In Chapter 1 of this thesis, I utilize atmospheric
observations of the widely-separated directly-imaged companion, ROXs-42B b, to
measure the atmospheric C/O and metallicity. I then compare it with its host star in

order to test whether it formed via core accretion or disk instability.

Along with atmospheric composition, orbital parameters such as eccentricity and
spin-orbit alignment contain clues to the formation history of giant planets. The
collapse of a cloud to form a protoplanetary disk is expected to be axisymmet-
ric, forming a protoplanetary disk that is well-aligned with the stellar spin axis.
Subsequent dynamical processes, such as a stellar flyby (Batygin et al., 2020) or
planet-planet scattering (Rasio et al., 1996), can then act to introduce a misalign-
ment between the planetary orbital axis and stellar spin. This phenomenon has been
observed in the hot Jupiter population, where a subset of hot Jupiters have been
shown to possess high sky-projected stellar obliquities (Rice et al., 2022), mea-
sured through the Rossiter-McLaughlin effect (Rossiter, 1924; McLaughlin, 1924).

These obliquity measurements have typically been interpreted as evidence of high
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Figure 1.2 A schematic showing the orbital phases and planet-star configuration
during primary eclipse (transit) and secondary eclipse.

eccentricity migration (Rice et al., 2022).

Widely-separated directly-imaged planetary mass companions also appear to have
different distributions of spin-orbit alignments and orbital eccentricities than brown-
dwarf companions, although there are only a small number of such systems with
published measurements to date (Bowler et al., 2023; Bowler et al., 2020). Together
with the observed differences in their occurrence rates and semi-major axis distri-
butions (Nielsen et al., 2019), this suggests that the planetary mass companions
formed within the protoplanetary disk, rather than through a star-like process such
as core fragmentation. A subset of these planetary-mass companions have been
found orbiting binaries. For these systems, a measurement of the mutual inclination
between the binary orbit and companion orbit can provide additional clues to the
system’s formation and dynamical history. Binary stars with exterior transiting plan-
ets, for example, typically have small mutual inclinations, suggesting formation in
an aligned circumbinary disk (Dupuy et al., 2022). The distribution of mutual incli-
nations for widely-separated circumbinary planets is relatively unknown, with only
a handful of measurements. In Chapter 2 of this thesis, I use 20 years of astrometric
monitoring of the ROXs 42B b system to measure the mutual inclination between
the host binary and planet orbits in order to provide additional constraints on the
formation of this system that are complementary to the atmospheric measurements

presented in Chapter 1.

1.2 Atmospheric Characterization of Giant Planets
The atmospheres of giant planets are readily observable at visible and infrared

wavelengths using a variety of techniques. Observations of exoplanet atmospheres
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rely on the identification of atomic or molecular features in the planet’s emission or
transmission spectrum. Molecules such as H,O, CO, and CO, typically have features
at infrared wavelengths, corresponding to transitions in rotational or vibrational
states, while atoms such as Fe and Mg have strong features at visible wavelengths

due to electronic transitions.

Transmission spectroscopy is the classic technique for observing the atmospheres of
transiting exoplanets (Seager et al., 2000; Charbonneau et al., 2002). This approach
measures the wavelength-dependent transit depth when the planet passes in front of
its host star. Published studies with HST and JWST have uncovered many molecules
in the atmospheres of transiting hot Jupiters to date, including H,O, CO, H,S, CO,,
and CHy4, as well as evidence for silicate clouds and photochemical hazes in the
form of muted absorption features and/or optical scattering slopes (see review by
Kempton et al., 2024).

Emission spectroscopy can also provide a complimentary view of the atmospheric
properties of gas giants. While the flux from the host star is typically many or-
ders of magnitude (100-1,000) times brighter than the emission from the planet,
it is still possible to detect the planet’s emission using one of several techniques.
High-precision broadband photometric or spectroscopic observations can be used
to observe the planet’s secondary eclipse, when the planet disappears behind its
host star. The magnitude of the drop in flux during the eclipse is equivalent to the
planet’s emission at that wavelength. For isolated or widely-separated giant planets,
advanced imaging techniques are able to spatially separate the light of the planet
from that of its host star, allowing us to directly measure the planet’s emission spec-
trum. For space-based observations, the resolution is typically lower than ~ 2, 000,
which can make it challenging to differentiate between molecules with overlapping
features, such as water and methane, with limited wavelength coverage (Welbanks
et al., 2025).

Exoplanetary atmospheres can also be observed at high spectral resolution. High-
resolution spectroscopy has some distinct advantages over low resolution spec-
troscopy or broadband photometry. high-resolution spectrographs are capable of
resolving individual emission or absorption lines, allowing for precise measure-
ments of abundance ratios of molecules and atoms through their line depth ratios,
and measurements of wind speeds and atmospheric dynamics using line broadening
and velocity shifts. high-resolution observations of ultra-hot transiting gas giants in

the optical have yielded detections of many atomic and ionic species in the atmo-



Planet Teq(K) Atomic Species lonic Species
KELT-9 b 4050 H Na Mg Ca (0] a + Ba+
TOI-2109b 3646 Mg

WASP-33 b 2780 H Ca+
WASP-189 b 2640 H Na Mg Cs a
HAT-P-70 b 2550 H Na Mg Ca

WASP-121b 2450 H LiNaKMgCa
MASCARA-4 b 2400 H Na Mg Ca Ca+
MASCARA-2 b 2260 H Na Mg Cs

WASP-76 b 2180 H Li Na KMg Cs 0}
HAT-P-67 b 1930 H Na He a

Figure 1.3 Summary of the detected atomics and ionic species in ultra-hot Jupiter
atmospheres sorted in order of decreasing equilibrium temperature. This is an
updated version of Figure 6 in Snellen (2025), including additional detections in
WASP-33 b from Cont et al. (2022), and TOI-2109 b from Cont et al. (2025) and
the work in this thesis. The detected species as color coded as non-metals (blue),
alkali metals (green), alkaline earth metals (orange), and transition metals (yellow).
New detections from this work are underlined.

spheres of giant planets (Fig. 1.3; see review by Snellen, 2025). In Chapter 4 of
this thesis, I use Keck/KPF to observe the optical emission spectrum of the second
hottest transiting planet, TOI-2109 b, at high-resolution. In this chapter, I showcase

our preliminary atomic detections and discuss the next steps for this project.

Once either a transmission or emission spectrum has been obtained, it can be
inverted to constrain the temperature profile and elemental abundances in the upper-
most layers of the atmosphere using either self-consistent models (forward models)
or Bayesian atmospheric retrievals. Forward model grids, such as the Sonora (Mar-
ley et al., 2021) or Phoenix (Allard et al., 1995; Husser et al., 2013) models, are
self-consistent 1D atmospheric models calculated based on a handful of planetary
parameters such as composition, surface gravity, and effective temperature. Grid
models are useful for testing our ability to predict the observed atmospheric prop-
erties of exoplanets based on a small number of intrinsic variables. Alternatively,
the major pitfall of forward models is their limited number of free parameters and
simplified physics, such as the 3D atmospheric circulation, radiative feedback from
clouds or other internal heating sources such as tides, that can affect the observed
properties of planetary atmospheres (Roman et al., 2021; Welbanks et al., 2024;
Batygin, 2025).

Conversely, atmospheric retrievals are a more flexible, data-driven method for char-
acterizing planetary atmospheres. This technique relies on parameterizing the com-
plicated physics of a planetary atmosphere, such as the pressure-temperature profile,

surface gravity, and chemistry, into a dozen or so variables. A Bayesian sampling
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technique such as MCMC or nested sampling is then used to compare thousands of
model atmospheres generated over a wide range of possible parameters to the ob-
served data in order to find the range of values that are consistent with the measured
planetary spectrum. There are many existing open-source retrieval codes, each of
which treats the radiative transfer, thermal structure parameterization, and opacities
slightly differently, including petitRADTRANS (Molliere et al., 2019), Poseidon
(MacDonald, 2023), P1laton (Zhang et al., 2020), among others. As retrievals are
fully driven by the data, this allows for more flexibility to capture unknown pro-
cesses and chemistry in planetary atmospheres. However, this flexibility can lead to
unphysical solutions for the atmosphere, so the prior range for the parameters must

be chosen with care.

Aerosols, in the form of hazes and clouds, remain one of the largest challenges
for interpreting observations of planetary atmospheres. Aerosols are ubiquitous in
the solar system, from the hydrogen sulfide clouds on Venus to the hazes of Titan,
and are expected to be found in the atmospheres of most exoplanets cooler than
~ 2500 K. The currently predicted “aerosol sequence” in planetary atmospheres
is as follows: for gas giants hotter than ~ 1000 K, silicate and metal clouds are
expected to dominate, while at lower temperatures this transitions to photochemi-
cally produced hazes, and at temperatures below ~ 350 K, water clouds appear (for
more information see review by Gao et al., 2020). In Fig. 2.9, we show an example
atmospheric pressure-temperature profile for a few classical exoplanets compared
to different condensation curves, showing the many species that might condense out
in a planetary atmosphere with an abundance high enough to potentially affect the
planet’s observed spectrum. Although there are additional cloud species that could
form in principle, such as sulfide clouds (e.g. MnS and Zns), they have not been
directly detected yet (Wakeford et al., 2015). Mid-infrared features from silicate
clouds, on the other hand, have been observed in the spectra of cool brown dwarfs
by Spitzer (Burgasser et al., 2008; Sudrez et al., 2022; Sudrez et al., 2023), and more
recently by JWST (Grant et al., 2023; Inglis et al., 2024).

Clouds have a significant effect on exoplanet spectra, muting or completely obscuring
features (Wakeford et al., 2015). This can result in biased abundance measurements,
particularly in the near infrared where no distinct cloud features exist to identify
the type of aerosols present and constrain their properties (Inglis et al., 2024).
Adding more wavelength coverage, or directly measuring the features of clouds in

the mid infrared using instruments like JWST/MIRI LRS, is crucial to overcome
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Figure 1.4 Example P-T profiles for four well-characterized exoplanets generated
using petitRADTRANS (Molliere et al., 2020) compared to condensation curves for
various potential condensate species that could be present in the atmospheres of
exoplanets.

this limitation. In Chapter 3 of this thesis, I demonstrate how measurements with
JWST/MIRI LRS can be used to directly measure the composition and properties of
silicate clouds in the atmosphere of hot Jupiters, allowing us to quantify their effect
on observed spectra. This work was the first to detect silicate clouds in the day-side
atmosphere of a hot Jupiter.
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Chapter 2

ATMOSPHERIC RETRIEVALS OF THE YOUNG GIANT
PLANET ROXS 42B B FROM LOW- AND HIGH-RESOLUTION
SPECTROSCOPY

Inglis, Julie et al. (May 2024). “Atmospheric Retrievals of the Young Giant Planet
ROXs 42B b from Low- and High-resolution Spectroscopy”. In: The Astronomical
Journal 167, p. 218. 1ssN: 0004-6256. por: 10.3847/1538-3881/ad2771.

2.1 Abstract

Previous attempts have been made to characterize the atmospheres of directly-
imaged planets at low-resolution (R~10s-100s), but the presence of clouds has
often led to degeneracies in the retrieved atmospheric abundances with cloud opac-
ity and temperature structure that bias retrieved compositions. In this study, we
perform retrievals on the ultra-young (< 5 Myr) directly-imaged planet ROXs
42B b with both a downsampled low-resolution JHK-band spectrum from Gem-
ini/NIFS and Keck/OSIRIS, and a high-resolution K-band spectrum from pre-
upgrade Keck/NIRSPAO. Using the atmospheric retrieval framework of petit-
RADTRANS, we analyze both data sets individually and combined. We additionally
fit for the stellar abundances and other physical properties of the host stars, a young
M spectral type binary, using the SPHINX model grid. We find that the measured
C/0, 0.50 + 0.05, and metallicity, [Fe/H] = —0.67 = 0.35, for ROXs 42B b from our
high-resolution spectrum agree with that of its host stars within 1o~. The retrieved
parameters from the high-resolution spectrum are also independent of our choice
of cloud model. In contrast, the retrieved parameters from the low-resolution spec-
trum show strong degeneracies between the clouds and the retrieved metallicity and
temperature structure. When we retrieve on both data sets together, we find that
these degeneracies are reduced but not eliminated, and the final results remain highly
sensitive to cloud modeling choices. We conclude that high-resolution spectroscopy
offers the most promising path for reliably determining atmospheric compositions

of directly-imaged companions independent of their cloud properties.
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2.2 Introduction

Directly-imaged planets are a population of massive, self-luminous companions,
typically observed from orbital separations comparable to that of Saturn, to well
beyond the orbital distance of Neptune (10s-100s of au). These companions are
typically young, with ages < 100 Myr, and are often distinguished from brown
dwarf companions (~ 13 — 80 M;) as having masses near or below the deuterium-
burning limit at ~13 M; (Bowler, 2016; Currie et al., 2022). A more physically
motivated distinction between directly-imaged planets and brown dwarfs would be
based on formation process, as planets are expected to form bottom-up from core
accretion, while brown dwarf companions form from gravitational collapse, however
this is challenging to distinguish for individual objects (Pollack et al., 1996; Boss,
1997; Alibert et al., 2005).

Population studies indicate that these lower mass companions have properties that
are distinct from those of massive brown dwarf companions. Planetary-mass com-
panions appear to have a higher occurrence rate than brown dwarf companions to the
same stellar population, and tend to have lower orbital eccentricities (Nielsen et al.,
2019; Wagner et al., 2019; Bowler et al., 2020a; Nagpal et al., 2023), and distinct
stellar spin-orbit orientations (Bowler et al., 2023). The differing properties of these
two populations suggest that they likely have distinct formation channels, but the
nature of these formation channels is currently debated. It has also been suggested
that one or both populations might not have formed in situ, but instead migrated
away from their initial formation locations (Scharf et al., 2009). However, Bryan
et al. (2016) failed to find evidence for additional massive bodies in systems hosting
wide-separation directly-imaged companions that could have acted as scatterers,

suggesting this is not the dominant formation mechanism for these planets.

Numerous studies have explored how the elemental abundances of giant planet at-
mospheres, which are often parameterized as a carbon-to-oxygen ratio (C/O) and
bulk metallicity (e.g. [Fe/H]), can encode information about their formation and mi-
gration histories (e.g. Madhusudhan, 2012; Oberg et al., 2011; Cridland et al., 2016;
Mordasini et al., 2016; Turrini et al., 2021). Companions that form via gravitational
instability, including cloud fragmentation and disk instability, are expected to have
envelope compositions that are largely similar to those of their host stars (analogous
to binary star formation), although it has been shown that disk structures can result
in local enhancements of solid material that can be incorporated during collapse
(Boley et al., 2010; Boley et al., 2011). Alternatively, core accretion (Pollack et al.,
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1996; Lambrechts et al., 2012) is expected to produce giant planets with a wide range
of C/O and bulk metallicity values. This is because the compositions of the solid
and gaseous components of the disk vary as a function of time and location within
the disk, and different planets are expected to accrete different quantities of solids
versus gas (Oberg et al., 2011; Turrini et al., 2021; Chachan et al., 2023). However,
since collapse from instability is more likely to occur early in the disk’s lifetime
(Boley, 2009), a newly formed planet could still have access to a substantial reservoir
of material in the disk. If the planet is able to accrete additional material following
initial collapse phase, a range of envelope compositions may be possible for planets
formed via disk instability as well. Nonetheless, atmospheric composition could
still probe the formation and migration histories of directly-imaged planets and help

distinguish between different formation scenarios.

Atmospheric characterization analyses of directly-imaged planets have historically
made use of photometric and low-resolution spectroscopic data sets (resolving power
R ~ 20 — 100), which are compared to grids of self-consistent, one-dimensional
radiative-convective equilibrium forward models (e.g. the early studies of the HR
8799 planets: Galicher et al., 2011; Barman et al., 2011; Currie et al., 2011;
Marley et al., 2012). These models have relatively limited degrees of freedom, and
often produce poor fits to these spectra. More recently, a number of studies have
begun to utilize spectral inversion, or atmospheric retrieval, techniques to model the
atmospheres of isolated brown dwarfs (Line et al., 2017; Burningham et al., 2017;
Burningham et al., 2021; Lueber et al., 2022; Calamari et al., 2022; Hood et al.,
2023), directly-imaged companions (Molliere et al., 2020; Ruffio et al., 2021; Wang
et al., 2022; Zhang et al., 2023), and brown dwarf companions (Xuan et al., 2022).
These atmospheric retrievals can be used to place constraints on the C/O ratios and
metallicities of these objects, as well as other physical quantities such as their radii,

surface gravities, and cloud properties.

Many of the directly-imaged planets and brown dwarfs examined in the literature
lie in a temperature regime where silicates are expected to condense in their upper
atmospheres (Marley et al., 2015). The presence of these clouds has a strong effect
on the observed shapes of their low-resolution emission spectra (e.g. Burningham
et al., 2017). Previous studies have explored a wide range of cloud models with
varying degrees of physical motivation and success at reproducing the observed
features. They also revealed that low-resolution retrievals often exhibit strong

degeneracies between their retrieved cloud properties and other physical parameters,
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such as effective temperature and metallicity. For example, a retrieval analysis
by Burningham et al. (2017) found that their cloud-free models tended towards
isothermal pressure-temperature (P-T) profiles and high metallicities in order to
compensate for the effects of clouds. This degeneracy has been noted in many
subsequent studies, with a variety of proposed solutions e.g. Piette et al., 2020;
Zhang et al., 2023. Lueber et al. (2022) found that their treatment of cloud opacity
also resulted in trade-offs with the retrieved surface gravity, and were unable to
obtain good constraints on the C/O ratios of many of the brown dwarfs in their
sample. On the other hand, Molliere et al. (2020) retrieved a C/O value consistent
with solar in their paper on HR 8799 e. This value was independent of the cloud
model used and did not correlate with other physical parameters such as the vertical

temperature structure.

We can obtain a complementary perspective on the atmospheres of these cloudy
objects using high-resolution spectroscopy. At high spectral resolution, the ratios of
the line depths of different molecular species can be used to constrain their relative
abundances in a way that is less biased by the presence of continuum opacity
sources from clouds. Since the cores of absorption lines are emitted higher up in
the atmosphere than the continuum flux, high-resolution spectroscopy also allows
observers to probe a much broader range of pressures, including pressures that lie
above the cloud tops. This can increase the signal-to-noise of molecular detections
for cloudy objects (Gandhi et al., 2020; Hood et al., 2020). In their recent study of
the brown dwarf companion HD 4747 B, Xuan et al. (2022) found their retrieved
abundances from high-resolution spectroscopy were insensitive to their choice of
cloud model. Similarly, Wang et al. (2022) performed joint retrievals on low and
high-resolution spectroscopy of HR 8799 e and found that while clouds are likely
present in this planet’s atmosphere, they are located deeper in the atmosphere than
where the majority of the flux was emitted, resulting in a minimal effect on their
observed spectrum. They obtained good constraints on the C/O, C/H, and O/H
ratios, retrieving values that were consistent with other studies of the HR 8799
planets (e.g. Ruffio et al., 2021) and AF Lep b (Zhang et al., 2023).

ROXs 42B b is an ultra-young directly-imaged planetary companion on a wide orbit
around a low mass binary star. Its large separation (~1") from its host stars makes it
a favorable target for atmospheric characterization. Its large orbital separation and
low-mass binary host make it an interesting case study for formation. In this paper,

we perform atmospheric retrievals on low- and high-resolution spectroscopy of the
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young companion ROXs 42B b. Bowler et al. (2014) published a medium-resolution
spectrum for this object spanning J-, H- and K-bands (1.1 - 2.4 um), while Bryan
et al. (2018) published a high-resolution K-band spectrum. However, neither of
these studies sought to interpret these data using atmospheric retrieval modeling.
We use the open-source radiative transfer code petitRADTRANS (Mollicre et al.,
2019; Molliere et al., 2020) in order to constrain the properties of ROXs 42B b’s
atmosphere, including its C/O ratio and metallicity. We compare our constraints
from low-resolution only (§2.6), high-resolution only (§2.6), and joint high- and
low-resolution retrievals (§2.6) to explore the advantages and disadvantages of each
data type in the context of atmospheric characterization. We compare our retrieved
abundances for ROXs 42B b to those of its primary, which is an unresolved binary,

in §2.7 and discuss implications for the formation of this system.

2.3 System Properties

ROXs 42B is a close binary system! in the p Ophiuchus star-forming region (Bouvier
et al., 1992). A candidate companion was first identified around the binary by
Ratzka et al. (2005). The companion was later confirmed by Kraus et al. (2014)
and Currie et al. (2014b). Kraus et al. (2014) measured a projected separation of
1.17", which corresponds to a separation of 175 au with the updated distance from
Gaia Collaboration (2022). The primary binary, ROXs 42B AB, has a (unresolved)
spectral type of MO and has been identified as a young system based on weak Ha
emission, X-ray emission, and possible lithium absorption in its optical spectrum
(Bouvier et al., 1992). Isochronal fitting gives an approximate stellar age of 6.83:‘;
Myr (Kraus et al., 2014). Models suggest individual component masses of 0.89 +
0.08 and 0.36 = 0.04 M, (Kraus et al., 2014). The absence of infrared excess in
either W3 or W4 in WISE observations, or a radio emission at 1.3 mm, indicates that
this system does not contain a significant protoplanetary disk (Kraus et al., 2014;
Daemgen et al., 2017). However, Spitzer observations at 8 um suggest that the
companion, ROXs 42B b has excess infrared emission, and might therefore host a
circumplanetary disk despite the lack of accretion signatures (Martinez et al., 2021).
ROXSs 42B b is closest to a spectral type of L0, but is also observed to have colors

much redder than field objects of a similar spectral type, which could be due to

TROXs 42A and ROXs 42C are two nearby stars located within the error circle of the Einstein
Observatory which first identified the Rho Ophiuchus X-ray source, ROXs 42 (Montmerle et al.,
1983). While ROXs 42C has a similar age to ROXs 42B, it has a very different mass and is widely
separated from ROXs 42B, and so is unlikely to be affiliated, while ROXs 42A is likely a field star
(Bouvier et al., 1992).
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circumstellar dust (Kraus et al., 2014; Daemgen et al., 2017).

Evolutionary model fits to photometry of ROXs 42B b place approximate bounds
on its mass of 10 + 4 M; for an assumed age between 1 — 5 Myr (Kraus et al.,
2014) using models from Chabrier et al. (2000). In a follow-on study, Bowler et al.
(2014) obtained medium-resolution near infrared (NIR) JHK-band spectra of the
companion and found that the shape of the H-band flux peak was best-matched
by grid models with low surface gravities, consistent with its relatively young age.
Published constraints on the effective temperature of this object vary. Values from
the photometric study of Currie et al. (2014a) ranged from 1800—-2200 K depending
on the models used and whether or not clouds were included. Currie et al. (2014b)
fit a low-resolution K-band spectrum from VLT/SINFONI and found a significantly
higher effective temperature range of 1800-2600 K, which also varied depending
on their treatment of clouds in the grid models. There are currently no published
constraints on ROXs 42B b’s atmospheric metallicity or C/O ratio, due to the
limitations of fits to publicly available grid models (Currie et al., 2014a; Daemgen
et al., 2017). Bryan et al. (2018) obtained a high-resolution K-band spectrum for
this object and used it to measure a projected rotational velocity of 9.53 g km s,
but this study assumed a solar composition atmosphere. To date, the only published
composition constraint for this object is an upper limit on its CO, abundance from
Daemgen et al. (2017).

There are currently no published composition constraints for the primary, ROXs 42B
AB, either. Only a few directly-imaged planet hosts in the literature have measured
abundances, e.g. HR 8799 (Wang et al., 2020). In most cases, the retrieved chemical
abundances are compared to solar values instead of their stellar value. However, in
order to make determinations about the formation mechanisms of the companion, it
is necessary to have stellar properties to compare to our retrieved abundances for the
companion. In Section 2.7, we fit the optical SNIFS spectrum of the (unresolved)
primary ROXs 42B AB from Bowler et al. (2014) using the SPHINX M dwarf model
grid from Iyer et al. (2023) to constrain the abundances of the host binary.

2.4 Archival Data Used in This Study

Low-resolution Spectroscopy of ROXs 42B b

Bowler et al. (2014) published a medium resolution (R~1000) spectrum of ROXs
42B b. The H-band data in this study were taken on UT May 9, 2012 and the J-band
data were taken on UT May 14 and July 4, 2012 using ALTAIR, the facility AO
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Table 2.1. Summary of the previously derived system parameters and data used
in our analysis of ROXs 42B b along with new derived parameters for the host star
from this work using the SPHINX model grid from Iyer et al. (2023).

Parameter Value Reference
Primary (ROXs 42B AB)
RA (J2000) 16 31 15.018 Gaia Collaboration (2022)
Dec (J2000) -24 32 43.715 Gaia Collaboration (2022)
SpT MO+1 Bowler et al. (2014)
my (mag) 9.91 +0.02 Bowler et al. (2014)
mpg (mag) 9.02 £ 0.02 Bowler et al. (2014)
mg, (mag) 8.67 +£0.02 Bowler et al. (2014)
myp (mag) 8.42 +0.05 Daemgen et al. (2017)
Ay 1.7+ Bowler et al. (2014)
dist (pc) 146.447+(-6627 Gaia Collaboration (2022)
Age (Myr) 6.8734 Kraus et al. (2014)
M|, Mp) 0.89 +0.08 Kraus et al. (2014)
M, (Mg) 0.36 +£0.04 Kraus et al. (2014)
Terr (K) 3850 + 80¢ Kraus et al. (2014)
binary sep (mas) ~ 83 Kraus et al. (2014)
flux ratio (AK) ~ 1.1 Kraus et al. (2014)
R (Rp) 1.51 £0.02 This work
R> Rp) 1.39 +£0.02 This work
Terr1 (K) 3650 = 20 This work
Terr2 (K) 2600 + 20 This work
log g1 (cgs) 4.12+0.1 This work
log g (cgs) 4.26 0.1 This work
M| ((Mg) 1.12+0.13 This work
My Mg) 1.29 £0.26 This work
C/O 0.54 £0.01 This work
[Fe/H] -0.30+£0.03 This work
Ay 2.1+0.1 This work
Companion (ROXs 42B b)
SpT L1+l Bowler et al. (2014)
my (mag) 16.91 £ 0.11 Kraus et al. (2014)
mpy (mag) 15.88 £ 0.05 Kraus et al. (2014)
mg, (mag) 15.01 £ 0.06 Kraus et al. (2014)
my, (mag) 13.97 £ 0.06 Daemgen et al. (2017)
Mmprq (Mag) 13.90 + 0.08 Daemgen et al. (2017)
mpy, (mag) 14.01 +£0.23 Daemgen et al. (2017)
sep () 1.170 Kraus et al. (2014)
sep (au) 175 Kraus et al. (2014)2
M My) 104 Kraus et al. (2014)
Age (Myr) 3+2 Bryan et al. (2018)
v sini 9.5%21 Bryan et al. (2018)
1800-2600 K Currie et al. (2014b)
(K-band)
Tery 1950-2000 Currie et al. (2014a)
(photometry)
1600-2000 K Daemgen et al. (2017)
(photometry)
Note. — a) The reported T, sy corresponds to the primary, brighter component in the binary, calculated

using the reported K-band flux ratio in Ratzka et al. (2005). b) Calculated using the separation measured by
Kraus et al. (2014) and the updated distance from Gaia Collaboration (2022).
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Figure 2.1 Cross-correlation functions (CCFs) showing detections of CO and H;O
using two orders (2.27 — 2.38 um) from the high-resolution NIRSPEC K-band
spectrum. The significance is computed by dividing the CCF by the standard
deviation of the out-of-peak baseline.

system, and the Near-Infrared Integral Field Spectrometer (NIFS, McGregor et al.,
2003), an image-slicer integral field spectrograph with a resolution of R~5000. The
K-band data were taken with the OH-Suppressing Infrared Imaging Spectrograph
(OSIRIS, Larkin et al., 2006) on Keck II on UT August 20 2011. The OSIRIS
measurements used NGSAQO, with an average seeing of ~ 0.6”. The data was them
binned and smoothed from its original resolution to R ~ 1000 to increase signal-
to-noise per resolution element. Details about the data reduction can be found
in Bowler et al. (2014). In this study, we further binned the data to a resolution
of R=300 for the retrievals. This allowed us to use the correlated-k opacities from
petitRADTRANS, rather than substantially down-sampling the line-by-line opacities,
which would result in inaccuracies, and reduce the run times for our retrievals. While
medium resolution data has been suggested as a way to overcome the degeneracies
of low-resolution data (e.g. Hood et al., 2023), we find that running our retrievals
at R~1000 result in unphysical solutions due to low signal-to-noise and opacity
sampling. These issues vanish when we bin to slightly lower resolution. We find no
substantial differences to our retrieved parameters for a resolution of R~100-600,
only a difference in run time. We opt for R~300 to optimize between resolution and

run time.
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High-resolution Spectroscopy of ROXs 42B b

Bryan et al. (2018) obtained a high-resolution K-band spectrum of ROXs 42B b on
UT June 1 and 2, 2015, using the pre-upgrade NIRSPEC instrument (R~25,000) on
Keck II. The target was observed using a 0.041 x 2.26” slit in adaptive optics (AO)
mode in order to minimize blending with the primary star. For ROXs 42B b, both
the companion and primary (separation ~ 1.2°) were observed simultaneously in
the slit, with their light spatially separated on the detector. The host star’s spectrum
was then used to derive a wavelength solution and telluric correction for the lower
signal-to-noise ratio (SNR) planetary data. Details on the observations and data
reduction can be found in Bryan et al. (2018). We used two spectral orders spanning
A =2.27-2.38 um in our retrieval because they contain absorption lines from both
water and CO, including two strong CO bandheads. The other spectral orders had
less accurate telluric corrections and wavelength solutions, and we therefore follow

the example of Bryan et al. (2018) and exclude them from our analysis.

In Figure 2.1 we show the cross-correlation function for our continuum-normalized,
radial velocity-corrected high-resolution spectrum compared to single molecular
template spectra. We detect H,O and CO, which are expected to be the dominant
near-infrared absorbers in an atmosphere of this temperature, at greater than 8o .

We do not detect CH4 or OH, which are predicted to have much lower abundances.

SNIFS Optical Spectrum of ROXs 42B AB

In order to derive an estimate for the abundances of the binary host stars, we use
a low-resolution optical spectrum obtained on UT May 20 2012 by the SuperNova
Integral Field Spectrograph (SNIFS) at the University of Hawai’i 2.2-m telescope
and published in Bowler et al. (2014). SNIFS is an integral field unit with simulta-
neous coverage of the blue (3000-5200 A) and red (5200-9500 A) optical regions
at a resolving power of R~1300. Additional details about the data reduction can be
found in Bowler et al. (2014). In this study, we binned the SNIFs optical spectrum
to a resolution of R~100 for comparison with the SPHINX model grid, which has
a native resolution of R~250 (Iyer et al., 2023).

2.5 Atmospheric retrieval setup

We use the retrieval framework implemented in petitRADTRANS (Molliere et al.,
2019; Molliere et al., 2020) to model our low- and high-resolution spectra. We use
a retrieval setup similar to the one described in Molliere et al. (2020), which we

describe in more detail below.
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Following previous studies (Molliere et al., 2020; Burningham et al., 2017; Xuan
etal., 2022, etc.), we assume that the atmosphere of ROXs 42B b is in local chemical
equilibrium, with the exception of potential quenched carbon chemistry. We use
petitRADTRANS to calculate layer-dependent chemical abundances by interpolating
tables generated by easyCHEM, a Gibbs Free Energy minimizer (Molliere et al.,
2019). We parameterize the bulk chemistry using a C/O ratio and metallicity,
[Fe/H], which together set the abundances for all of the individual species. We
perform initial fits to test for the potential presence of disequilibrium chemistry by
fitting for a carbon quench pressure, which fixes the abundances of carbon monoxide,
water, and methane to a constant value at pressures lower than the quench pressure.
We find that the quench pressure either tends to very low values or is completely
unconstrained, and therefore exclude it from our final fits. This is not surprising,
as methane is expected to have a very low abundance throughout ROXs 42B b’s
atmosphere and it is primarily the measured ratio of CH4 to CO that constrains the
quench pressure when the atmosphere is not in chemical equilibrium (Fortney et al.,
2020; Xuan et al., 2022).

Opacities

We use the pre-tabulated correlated-k and line-by-line opacities from petitRADTRANS
(Molliere et al., 2019) to model our low and high-resolution spectra, respectively.
We include opacities from CO, H,O, FeH, CO,, OH, H,S, PH3, Na, and K in our
models. For completeness, we included the opacities of CHy4, HCN, and NH3 in
our initial fits, but found that this had no effect on our retrieved posteriors for either
the low- or high-resolution fits. This is not surprising, as these molecules are all
predicted to have very low abundances in the relatively hot atmosphere of ROXs
42B b. We find similar results for tests including VO and TiO. We find that the
alkali species, Na and K, are particularly important for fitting our low-resolution
data, as their absorption wings can affect the continuum shape at the blue edge of
J-band. We use the same base line list from the VALD opacity database (Piskunov
etal., 1995), and try three different treatments of the wings, including the long wing
treatment from Burrows et al. (2003a), custom pressure broadening (for details see
Molliere et al., 2019) and a Lorentz profile (Schweitzer et al., 1996), to quantify
the effect of this choice on our retrieved abundances. We found that the differences
were negligible and used the custom pressure broadening in our final fits. To cut
down on computation time for our high-resolution retrievals, we down-sampled our

opacities by a factor of 4 (native resolution of 10, new resolution of R=250,000).
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This new resolution is still 10x the resolution of our data. We confirm that this res-
olution is sufficient for our data by generating synthetic data using petitRADTRANS
and retrieve at both native and down sampled resolutions. We find no significant

differences in the retrieved posterior distributions.

Temperature Structure

We adopt the six-parameter spline pressure-temperature profile from Molliere et al.
(2020). This spline profile splits the atmosphere into three layers. The lowest layer
of the atmosphere is located beneath the radiative-convective boundary. In this
region, the temperature profile is set equal to the moist adiabat corresponding to
the assumed atmospheric temperature and composition. The middle layer, which
extends from the radiative-convective boundary to the point where the optical depth
7 = 0.1, is a radiative photosphere where the temperature structure is set based on
the optical depth and the classical Eddington approximation. The uppermost layer
begins at 7 = 0.1 and extends to a pressure of 10~ bars. In this layer, the temperature
is set using a cubic spline anchored by four equidistant points in log(P). This allows
for a more complicated temperature structure than is permitted by the Eddington
approximation, which forces the temperature at pressures above the photosphere to
be isothermal. In our fits we penalize combinations of parameters that result in
temperature inversions, which we do not expect to be present given ROXs 42B b’s

wide orbital separation.

Clouds

Previous studies of isolated brown dwarfs and directly-imaged planets with effective
temperatures similar to that of ROXs 42B b have consistently found that clouds are
required in order to accurately model their low-resolution spectra (e.g. Burningham
et al., 2017; Burningham et al., 2021; Molliere et al., 2020; Lueber et al., 2022).
Both Bowler et al. (2014) and Currie et al. (2014a) found evidence for the presence
of clouds in the atmosphere of ROXs 42B b when comparing to grid models. Spitzer
mid-infrared spectroscopy of isolated brown dwarfs with spectral types similar to
that of ROXs 42B b indicate that absorption from silicate grains is ubiquitous in
these atmospheres (Sudrez et al., 2023). There are many cloud models of vary-
ing complexity in the literature, ranging from one parameter opaque cloud decks,
to multiple cloud decks of different scale heights, pressure bases, and scattering
properties. We consider two different cloud models in our retrievals: a simple,

three parameter gray cloud deck, and the more complicated, physically motivated
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EddySed cloud model (Ackerman et al., 2001; Molliere et al., 2020).
For our gray cloud model, we consider a simple cloud deck with a wavelength-

independent opacity, and parameterize the opacity by the cloud base pressure, Py,

the opacity at the cloud base, kg, and the pressure scaling power law, y, as follows:

P\
k(P) = ko . 2.1)
( Ppase )

In addition to this simple cloud prescription, we also carry out fits using the EddySed
cloud model from Ackerman et al. (2001) as implemented in petitRADTRANS
(Molliere et al., 2020). In this cloud model, the location of the cloud base is
set by where the condensation curve of a given cloud species intersects with the
atmospheric pressure temperature profile. The vertical extent and number density of
the clouds is calculated using parameters representing the vertical mixing, K., and
the sedimentation efficiency f;.4. In addition, we fit for a multiplicative factor which
scales the abundance of each cloud species relative to the equilibrium chemistry-

predicted value at the cloud base, X;,ccies-

We use a Mie scattering model to calculate the wavelength-dependent opacity from
each cloud species in the EddySed model. We determine which cloud species to
include in our model by comparing likely P-T profiles for ROXs 42B b to condensa-
tion curves for a wide range of potential cloud species. Based on this, we find that
iron (Fe), enstatite (MgSi03), fosterite (Mg;S104), quartz (SiO3), and corundum
(Al,O3) are all possible cloud species that could condense in the atmosphere of
ROXs 42B b. Signatures of silicates clouds have been observed in Spitzer IRS data
of similar spectral type brown dwarfs (e.g. Cushing et al., 2006; Burgasser et al.,
2008; Burningham et al., 2021). Visscher et al. (2010) predict that the formation
of quartz clouds will be repressed in favour of enstatite due to the high abundance
of Mg, though this has been shown to not always be true by Burningham et al.
(2021), whose retrievals favored enstatite clouds over deeper quartz clouds. On the
other hand, Gao et al. (2020) predict that fosterite should be the dominant silicate
species to condense from equilibrium chemistry and cloud microphysics. However,
the cross sections of quartz, fosterite, and enstatite clouds have a nearly identical
slope at near-infrared wavelengths with no unique features to differentiate them
(Wakeford et al., 2015), so we choose to focus on enstatite clouds for this study. We
explore multiple combinations of cloud species including Al,O3, Fe, and MgSiO3,
as well as different cloud particle properties (amorphous vs. crystalline) for the solid

species in our retrieval, which changes the refractive indices and resulting scattering
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cross sections. We find that our choice of amorphous versus crystalline structure
has a negligible impact on our retrieved posterior probability distributions, so we
use amorphous Mie scattering particles for our final models. This is consistent
with model fits to mid-infrared Spitzer IRS spectra of brown dwarfs, which are best
reproduced by amorphous silicate cloud particles (Luna et al., 2021; Suérez et al.,
2023).

Additional Fit Parameters

We also fit for the surface gravity, parameterized as log(g). In the low-resolution
retrievals, we additionally fit for a flux scaling parameter in order to match the
overall flux level. Our high-resolution spectrum is continuum normalized, and so is
not sensitive to the absolute flux level. petitRADTRANS computes the flux density
emitted at the surface of the planet. To obtain the observed flux, we must multiply

this quantity by a scale factor:

R

2
fnbs = (E) femit’ (22)

where R is the object’s radius and d is the distance to the system.

We allow for flux offsets between each of our low-resolution spectral bands (two
offsets in total with J-band fixed) to account for the fact that they were observed with
different instruments at different observational epochs. As this planet is located in a
young star forming region, we additionally fit for an optical extinction coefficient, Ay,
and correspondingly redden our model spectra to compare with our data. Bowler
et al. (2014) calculated a reddening value for the primary binary of 1.7f(1"g by
comparing the optical SNIFS spectrum to optical templates from Pickles (1998).
However, the constraints on this value are asymmetric and wide, and this value was
calcuated assuming a single star, so we opt for a wide uniform prior on this value

for our fits.

It is possible that the error bars of our data may be under-estimated due to the
presence of correlated noise sources. We therefore add a logarithmic error term, b,
in quadrature to the reported measurement errors for each spectral bin, such that the

effective standard deviation of each point, i, becomes:
5?2 =02 +10°. (2.3)

For retrievals including the high-resolution data, we also include two additional

parameters: the radial velocity offset, and the projected rotational velocity, vsini.
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We adopt wide uniform or log-uniform priors for all parameters in our models and
impose no restrictions other than excluding combinations of parameters that result
in temperature inversions. A summary table of all the parameters included in the

retrieval and their priors is shown in Table 2.2.

Nested Sampling

We fit the data using nested sampling as implemented in PyMultiNest, a python
wrapper for MultiNest (Feroz et al., 2009). We run our retrievals with 1000 live
points, and perform multiple runs using the optimal sampling efficiency for Py-
MultiNest to compute our evidence and posterior separate. Our “best fit” model is
taken to be the sample with the highest likelihood. We compare different models
using the Bayes factor, B2, which gives the evidence for model 1 relative to model
2. Itis calculated as:

By = ;—;, (2.4)
where Z is the evidence for each given model as computed by PyMultiNest. The
higher the Bayes factor, the stronger the evidence supporting one model over another.
We evaluate the Bayes factor for each of our different models relative to our best fit

model and list the results in Table 2.3.

2.6 Atmospheric Retrievals

Low-Resolution Retrievals

In this section we describe the results of our retrievals on our low-resolution spectra.
We fit our low-resolution data using five different cloud models: a ‘clear’ model,
where there are no clouds present in the visible portion of the atmosphere, a gray
cloud model, and three variations of the EddySed cloud model to account for the
unknown cloud properties. Our variations of the EddySed cloud model include an
iron cloud deck, an enstatite cloud deck, and a combination of iron and silicate
clouds, as well as a combination of enstatite and corundum clouds. In Figure 2.3
we show the best fit spectra and residuals for our clear model, the best fitting model.
In Figure 2.5 we show the posteriors for a few select parameters from each retrieval,
including log(g), T.rr, C/O ratio, and [Fe/H]. The best fit values and 1-sigma

uncertainties for key parameters are reported in Table 2.3.

We find that our clear model is preferred at 2.4 sigma over our grey cloud model,
and 6.2 sigma from our EddySed cloud model. We find a super-solar metallicity of
1.37+0.13. We also find a super-solar C/O ratio of 0.798 £0.019. Our retrieved C/O

ratio, [Fe/H], and P-T profile are consistent between our clear, grey, and EddySed
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Figure 2.2 Retrieved pressure-temperature (P-T) profiles for our best-fit models
(bold in Table 2.3) for our low-resolution data (left), high-resolution data (center),
and both combined (right). Randomly sampled P-T curves are plotted in green.
Condensation curves for important cloud species in young hot objects, Fe, Al,O3,
TiO;, and MgSiOs3 are shown for comparison (dotted lines). We overplot a Sonora
Bobcat model (Marley et al., 2021a; Marley et al., 2021b) corresponding to the
photometrically derived temperature and log(g). The grey gradient corresponds to
the value of the wavelength-integrated flux contribution function.
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Figure 2.3 Retrieved best-fit model (green) compared to our low-resolution JHK-
band spectrum from Bowler et al. (2014) (top panel) and error-weighted residuals
(lower panel). Our full low-resolution retrievals are compared to the best fit model
(yellow) from our retrievals where our P-T profile is fixed to a Sonora Bobcat P-T
profile from (Marley et al., 2021b). The horizontal black line indicates the wave-
length coverage of our Keck/NIRSPEC high-resolution K-band data for comparison.
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Figure 2.4 Corner plot comparing the posterior probability distributions of key
parameters from retrievals on our low-resolution spectrum for our three considered
cloud models: a clear sky, a simple gray cloud deck, and EddySed condensate
clouds composed of Fe and MgSiOs3.

cloud models (Fig. 2.4). When cloud parameters are included in our fits, we find
either clouds too deep in the atmosphere to affect the spectrum, or completely
unconstrained values, which indicates that clouds are not necessary to reproduce

our data, or there is insufficient information to constrain cloud properties.

Even with constraints on the anchor points of our spline P-T profile, our fits strongly
prefer an isothermal temperature structure at pressures lower than 1 bar. These kinds
of steep, isothermal P-T profiles have been seen in other studies (e.g. Burningham

et al., 2017) and are thought to be an attempt to compensate for the effect of
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cloud opacity using the flexibility of the P-T profile. While it has been suggested
by Tremblin et al. (2017) that the atmospheres of these planets could in fact be
isothermal and the observed reddening attributed to clouds could be explained by
fingering convection, we find this is unlikely in the case of ROXs 42B b. Given
that these objects are internally heated, it is very unlikely that their atmospheres
would be isothermal; indeed, radiative equilibrium grid models predict a much
steeper temperature profile for ROXs 42B b (e.g. the ATMO and Sonora Bobcat
model grids. Phillips et al., 2020; Marley et al., 2021a; Marley et al., 2021b). The
changing colors of brown dwarfs as a function of effective temperature, as well as
the high frequency of rotational variability near the L-T transition, all provide strong
evidence that clouds should be ubiquitous in the atmospheres of objects like ROXs
42B b (Bailer-Jones et al., 1999; Gelino et al., 2002; Marley et al., 2010; Apai et al.,
2013; Radigan et al., 2014; Vos et al., 2019).

We also consider fits where we fix the P-T profile to a self-consistent Sonora model
(Marley et al., 2021a; Marley et al., 2021b) with log(g) = 3.5 and an effective
temperature of 2100 K, matching the spectroscopically and photometrically derived
parameters for ROXs 42B b (Currie et al., 2014b; Currie et al., 2014a). With
this fixed P-T profile, we find that we are no longer able to adequately fit our low-
resolution data using a cloud-free model, as there are no combination of parameters
that can reproduce the data. With the P-T profile fixed, we find a smaller radius and
T, sy than in our free P-T retrieval case, indicating that it is trading off with the radius
in an attempt to conserve total luminosity. We additionally find a higher reddening

coeflicient, indicating the need for extra absorption to match our observed spectrum.

When we include gray clouds in our fixed P-T profile retrievals, we are able to
match our low-resolution spectrum nearly as well as the retrievals with the free P-T
profile, with the free P-T profile model preferred only slightly at 20. We find that
the cloud base becomes constrained in the retrievals, but the optical depth of the
clouds trades off with the reddening coefficient. We therefore try an additional fit
where we fix the reddening value to the value calculated by Bowler et al. (2014) for
the primary binary. In Figure 2.5 we compare the posteriors for our fixed P-T profile
retrievals to our free P-T profile retrieval using the gray cloud model. We find that
with the reddening and P-T profile fixed, cloud opacity becomes important to match
our observed spectrum, and the metallicity, log(g) and planetary radius values all
decrease substantially, while the C/O ratio increases only slightly. We conclude that

there is a degeneracy between our retrieved chemistry and atmospheric temperature



35

Free Spline P-T
—— Fixed Sonora P-T
—— Fixed Sonora P-T, fixed Ay

R,
90 0 0.0 @
06 > e 9 o

o o
ERL
2 % %D

Tetr

@

=

BRI

3%

]!
@
R

S Ll
L "G5~y

[Fe/H]
[

Q

\]

Qc'b%

A° S |

TSR EeN || @& s
oQ{\(o

N

Q

o

° | % ! ! By 1 1
o EOL &8> &= (o= ®
1 \/(rj— H H g g

7

o

/n3 T T T T T T T T T T T T -

] 1 1 1 1 1

N = ol

o 1 °C 1 1 = y oo

] 2@l %{A | D@ | | {o

v * '

Nl B = | | = | 2 :;ﬂ.l]l

> — — — f !

'\- T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 ,2,0,9 %O A 2 0.0 O PODRL PP @2 0,00, 2RV P ¥, 0,0
A7 7 27 KT T 477 97 @R P PPNV PN ¥ QN ot Q¥ 2T NN ORNINT T

log(g) Ry Tefr [Fe/H] C/O logPy A,

Figure 2.5 Corner plot comparing the posterior probability distributions of key
parameters from our fixed and free P-T profile retrievals on our low-resolution
spectrum using gray cloud model and a) unrestricted spline pressure-temperature
(P-T) profile, b) the P-T profile fixed to a Sonora P-T profile (Marley et al., 2021a;
Marley et al., 2021b), and c) a P-T profile fixed to a Sonora model P-T profile and
the reddening coefficient fixed to the best fit stellar value from Bowler et al. (2014).
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structure. It is most strongly observed to effect our retrieved metallicity. We find
that our retrieved metallicity increases or decreases as the slope of our P-T profile
changes from more isothermal to less. This makes it evident that the model is using
the effects of the P-T profile to account for the effects of cloud on absorption depth,
as a more isothermal atmospheres makes it harder to have deep absorption features.
The metallicity as a result is driven up to account for the observed absorption

features.

To confirm this, we perform similar tests restricting our metallicity to values lower
than 0.5. In this case, the P-T structure is less isothermal. We observe the worst
fit to occur in the H-band peak, suggesting this driving this degeneracy (Fig. 2.3).
Since this feature is also a strong indicator of gravity, we therefore conclude that we
cannot trust our retrieved gravity value either. We additionally observe a degeneracy
between our optical extinction coefficient, Ay, and the cloud properties. For our
free P-T profile retrievals, Ay = 2.43 + 0.41, and for our fixed P-T profile retrievals,
it increases slightly to 2.67 + 0.25. We find that the retrievals prefer to increase the
Ay value rather than add clouds, likely because this involves toggling only a single
parameter verses a combination of parameters, as the net effect of silicate clouds is

to redden the observed spectrum.

In all versions of the fit, we consistently struggle to fit the J-band data with our
models, particularly at the blue edge. This may be related to the extended wings
of the Na and K lines. We compare retrievals using three different wing treatments
described in §2.5, but are still unable to replicate the observed J-band shape. TiO
also has absorption features around 1.2 microns, however we find that even when

we include TiO with free abundance, it does not improve the quality of our fit.

Based on the observed degeneracies between various parameters in our low-resolution
retrievals, we conclude that our retrieved abundances and other properties are likely

unreliable.

High-resolution Retrievals

In this section, we present the results of our retrievals on the high-resolution data and
compare with the results from our retrievals using the low-resolution data. We run
the same suite of cloud models as we did on our low-resolution data and additionally
fit for a projected rotational velocity (vsini) and a radial velocity (RV) offset. The
best-fit values and uncertainties for key parameters including the C/O ratio, [Fe/H],

vsini, log(g) and T, s are listed in Table 2.3.
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Figure 2.6 Corner plot comparing the posterior probability distributions of key
parameters from retrievals on our high-resolution spectrum for three different cloud
models: a clear sky, a simple gray cloud deck, and EddySed condensate clouds
composed of Fe and MgSiO3. We find identical posterior probability distributions
regardless of the cloud model used.
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Figure 2.7 Contribution functions for the best-fit models for our low-resolution (left)
and high-resolution (right) retrievals.

For our high-resolution data, we also find no difference in the quality of the fit
between models with and without clouds. We compare the posteriors for the clear,
grey cloud, and EddySed cloud models in Figure 2.6 and find that they all overlap.
As aresult, the Bayes factor prefers the simpler cloud-free model. Since our inferred
parameters are not sensitive to our choice of cloud model, we use the parameters
from the cloud-free model moving forward. We retrieve a moderately substellar
metallicity of [Fe/H] = —0.67+0.35, rather than the super-stellar metallicity preferred
in our low-resolution retrievals. We find a C/O ratio of 0.505 + 0.05, which is
consistent with the solar C/O ratio of 0.59 + 0.13 (Asplund et al., 2021). We find
a radial velocity value rv = 1.44 + 0.42 kms~!. We additionally constrain the
projected spin rate vsini to be 10.52 + 0.92 km s~!, which is in good agreement
with the value of 9.53’}j km s~! found by Bryan et al. (2018) for these same data
using a radiative equilibrium model and calculating the autocorrelation function.
It is important to note that we utilized the instrumental broadening value reported
by Bryan et al. (2018) in our fits rather than re-deriving our own estimate of this
parameter; this means that our result is not a fully independent confirmation of the

measurement reported in this study.

Unlike with the low-resolution data, the P-T profile in the cloud-free retrieval does
not appear to be compensating for the effects of clouds by adopting an isothermal
stratosphere. In Fig. 2.2 we show that the shape of our derived P-T profile for cloud
free retrieval agrees with predictions from the cloudless Sonora Bobcat forward
model grid for an object of the same effective temperature and log(g) (Marley et al.,
2021a; Marley et al., 2021b), though it is possible that the presence of clouds would

alter this profile. For models with clouds included, we find that the cloud parameters
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are unconstrained. This indicates that our high-resolution data are not biased in the
same way as the low-resolution retrievals by the presence of clouds, and are instead

relatively unaffected by the presence of clouds.

In order to investigate why our high-resolution retrievals do not appear to be biased by
the presence of clouds the same way our low-resolution retrievals are, we examine
where the flux originates in our atmosphere relative to the expected positions of
cloud layers. In Fig. 2.7 we plot the flux contribution functions for our best-fit
models for our high-resolution and low-resolution retrievals. In the low-resolution
retrievals, we see that the flux primarily originals at pressures greater than 107!
bars, with some smearing out to lower pressures in the strong water features. For
our high-resolution data, a substantial portion of the flux is emitted higher in the
atmosphere, in the cores of individual lines. In Fig. 2.2, we show the contribution
compared to our P-T profiles and condensation curves. We see that the intersection
between the P-T profiles and condensation curves occurs deeper than where the flux
contribution peaks in our high-resolution data. Based on this, it seems that the high-
resolution data is less sensitive to clouds because the cores of the absorption lines
probe higher in the atmosphere, above the clouds. In other words, the wavelength-
averaged contribution function for our high-resolution data lies above the predicted
cloud base for all three cloud species considered here (see Fig. 2.2). While the
continuum is probably still affected by clouds, we lose continuum information in
our data analysis. Larger wavelength coverage out to other bands, or flux calibrated
high-resolution data should improve the sensitivity of high-resolution data to cloud

properties.

Joint Retrievals

In addition to fitting both our high-resolution and low-resolution data sets for ROXs
42B b individually, we fit both together in a joint retrieval. As with the individual
retrievals, we consider all three types of cloud model, and fit for all the parameters
shown in Table 2.2. We show a subset of our retrieved values for these retrievals in

Table 2.3 and the full posteriors are shown in Fig 2.8.

In this joint fit, we find a lower metallicity and better constrained cloud properties
for both our gray clouds and EddySed models, which were unconstrained in the
fits using only the low-resolution data. We additionally find that our retrieved
parameters depend strongly on the cloud model used. Like in other retrievals, we

observe a trade-off between retrieved radius and 7, s ¢, which is expected as those
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Figure 2.8 Corner plot comparing the posterior probability distributions of key
parameters from joint retrievals on our low-resolution and high-resolution data sets
for our three considered cloud models: a clear sky, a simple gray cloud deck, and
EddySed condensate clouds composed of Fe and MgSiOs.

parameters together determine the total luminosity of the planet. For our cloud-free
case, we find a multi-modal posterior, and that it is disfavored over either of our

cloudy models.

We find that the addition of the high-resolution data forces the model P-T profiles
to be less isothermal than the low-resolution data alone. As discussed in §2.6, it is
highly unlikely for clouds not to be present in the atmosphere of a young hot object
like ROXs 42B b, and more likely degeneracies in our models that resulted in our

low-resolution retrievals favoring cloud free models. As a result, the Bayes factor
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strongly favors cloudy models, as cloud free models cannot provide a good match to
both the shape of the low- and high-resolution spectra. Likely because it has fewer
degrees of freedom and due to the lack of strong cloud features in the considered
wavelength range, we find that our grey cloud model is preferred from the Bayes

factor.

In the third panel of Fig. 2.2, we show our retrieved P-T profile for our preferred
model. We find our P-T profile is consistent in the deep atmosphere with our high-
resolution retrievals, but prefers a hotter upper atmosphere than the high-resolution
retrievals alone. Our retrieved value for vsini is also sensitive to our choice of cloud
model in the joint fits. This is concerning, as the low resolution data do not contain
any additional information about this parameter. For our EddySed cloud model, our
retrieved value agrees with our high-resolution only retrievals and the value from
Bryan et al. (2018), while the clear and grey cloud models find a lower value. This
suggests that the need to match both data sets simultaneously alters the preferred

solution in a way that biases our measurement of vsini away from the true value.

In Fig. 2.9 we compared our retrieved cloud opacity for our retrievals on our low-
resolution data only (dashed lines), and our joint retrievals (solid lines) for both
our grey cloud models (green) and our EddySed cloud models (orange). We find
that when we fit just the low-resolution data, the clouds are forced deep into the
atmosphere where they do not affect the spectrum, while the P-T profile becomes
isothermal to compensate for their effect (Fig. 2.2). When we jointly fit the low
and high-resolution data, clouds are required to produce the observed absorption
features of the high-resolution data and the shape of the low-resolution spectrum,

forcing them into the visible region of the atmosphere.

Given the strong dependence of cloud model on our retrieved abundances and planet
properties, we decide to adopt the parameters from our high-resolution-only retrieval

for subsequent analysis.

2.7 Host Star Abundances

We fit for host star abundances by performing a ‘grid-retrieval” where we interpolate
the SPHINX model grid from Iyer et al. (2023). The SPHINX model grid spans the
relevant parameter space for M-type stars in 7T, ¢ r (2000 — 4000 K), gravity (log(g)
between 4 — 5.5), C/O (0.3 — 0.9), and metallicity (log(Z) between —1.0 — 1.0).
The SNIFS optical spectrum (see §2.4) contains the blended light from both binary

components, so we model the spectrum as the sum of the flux contributions from
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Figure 2.9 The retrieved cloud opacity for our EddySed cloud model (orange),
compared with the retrieved cloud opacity for our grey slab cloud model (green)
as a function of pressure, for our low-resolution only fits (dashed lines) and our
joint high-resolution and low-resolution fits (solid lines). The grey shaded region
represents the region of the atmosphere where the total contribution to flux is greater
than 0.01%. For both cloud models we see that in the low-resolution only case, the
clouds are placed deep in the atmosphere where they have minimal impact on the
flux, and the inclusion of the high-resolution data requires the presence of clouds to
explain the observed data.

each binary member. We then fit for the stellar radius, R., effective temperature,
T, ¢, and surface gravity, log(g) of each binary component. At each step in the
fit, we scale our models to our flux calibrated spectrum using the Gaia measured
distance of our system (146.447 Gaia Collaboration, 2022) and our stellar radii (see
Table 2.1). We place a uniform prior of 0.5 — 3.5 on the binary flux ratio based on
the K-band ratio reported by Kraus et al. (2014).

We assume that both components of the binary share a single C/O ratio and bulk
metallicity. Published studies have found that the metallicities of wide separation
binaries can differ by up to 0.03 — 0.1 dex, but this decreases with decreasing binary
separation (e.g. Hawkins et al., 2020; Behmard et al., 2023). In this case, the binary
components are only separated by ~10 au (83 mas) (Kraus et al., 2014), and any

differences in composition are therefore likely to be smaller than our measurement
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errors. We additionally fit for an optical extinction coefficient, Ay, to account for
extinction from dust and gas in the star forming complex. We also include an
error inflation term as defined in Eq. 2.3 to allow for the possibility of data-model
mismatches. Iyer et al. (2023) found that their models differed from the measured
spectral shapes more at shorter wavelengths, suggesting that this region may be
particularly challenging from a model fitting perspective. We use nested sampling

with 1,000 initial live points.

We list the retrieved values for each component of the binary in Table 2.1. We obtain
an optical extinction coefficient of Ay = 1.4 +£0.1, which is consistent with the value
reported by Bowler et al. (2014). Our retrieved stellar radii are 1.42 + 0.01 Rg
and 1.59 £+ 0.02 Rp. Both of these values are consistent with predictions from the
BHACI15 evolutionary model grids for low mass stars at the approximate age of these
system (Baraffe et al., 2015) using the measured masses of the binary components
from Kraus et al. (2014). However, when we invert our posteriors for our log(g)
and radius, we find mass values of M; = 1.12 + 0.13 Mg and M, = 1.29 + 0.26
M. While the mass of the more massive component is consistent within 2 o, the
less massive component is inconsistent at 3.50. This could be potentially due to
flux calibration errors, a slightly incorrect distance, or slight issues with the models
leading to an incorrect radius. Alternatively, since this is a very young system,

activity of the stars could be contributing.

We note the disagreement between our models and data from 7000 - 9000 nm.
This could be due to contamination from the strong telluric bands present at these
wavelengths, missing opacity in the model, or interpolation errors from the limited
grid resolution. Regardless, we overall find a decently good fit to our data, with

values that match predictions for this system.

2.8 Discussion

Properties of the ROXs 42B System

We retrieve a C/O ratio of 0.50 +0.05 for ROXs 42B b from our high-resolution fits,
in good agreement with the measured C/O ratio of 0.54 + 0.01 for its host binary,
ROXs 42B A+B. We find a similarly consistent sub-solar metallicity of —0.67 +£0.35
for the planet and —0.30+0.03 for the host binary, respectively, although we note that
our value for the planet is poorly constrained in the high-resolution retrieval. Our
retrieved metallicity for the host binary is in good agreement with the small number

of published metallicity measurements for other stellar members of p-Ophuchius
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Figure 2.10 Best fit model to the SNIFS optical spectrum of the unresolved binary
ROXs 42B (top panel) and error-weighted residuals (lower panel). The best fit model
is shown in green, with random drawn samples shown in gray.

complex, which range from [Fe/H]= —0.3 to +0.05 (Spina et al., 2017). Other young
star forming regions with more extensive metallicity measurements span a similar
range of values (Spina et al., 2017). The fact that the primary in this system is a
close binary is also consistent with a metallicity on the low end of this range. Both
surveys and simulations of star formation have shown that the frequency of close
binaries increases with decreasing stellar metallicity (Moe et al., 2019; Bate, 2019;
Moe et al., 2021).

We next consider whether or not our inferred mass and radius for ROXs 42B
b are consistent with the predictions of evolutionary models. Our high-resolution
retrievals give alog(g) value of 3.49+0.48 which is consistent with model predictions
for an object of this age and mass, as well as previously published gravity values for
ROXs 42B b, which were derived by matching its photometry with spectroscopic
model grids sampling effective temperature and log(g). As discussed earlier, our
high-resolution data are continuum normalized and therefore do not constrain the
planet radius, which is derived from the overall luminosity. If we take the retrieved
log(g) and radius from our low-resolution fits and use them to calculate a mass we
find a value of M, = 16*1! My for our free P-T profile retrievals, and M, = 6.571§
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Figure 2.11 Radius as a function of mass at multiple epochs from multiple evolution
model grids: the COND model grid (solid lines) and the DUSTY model grid from
Allard et al. (2001) (dashed lines). The grey box represents the photometry-derived
mass and radius from previous studies (Currie et al., 2014a; Daemgen et al., 2017).
The grey point on the left is calculated using the radius and log(g) values from our
joint retrieval. The dark grey point on the right is calculated using the radius and
log(g) values from our low-resolution only retrieval.

M; for our fixed P-T and Ay retrievals. When we include our high-resolution data in
the joint retrievals, this value becomes significantly smaller and more precise at M),
=4, li%g M;. We compare this mass and radius to predictions from the COND and
DUSTY evolutionary model grids in Figure 2.11. As a member of the p-Ophiucus
complex, ROXs 42B has an estimated age between 1-5 Myr (Kraus et al., 2014).
We therefore expect the radius of ROXs 42B b to be significantly larger than that
of older objects with equivalent masses. We find our low-resolution retrievals give
results consistent with previous studies and evolutionary model grids, while our
joint retrievals give a mass and radius that imply a planet even younger than 1 Myr.
It is possible that this object is younger than 1 Myr, as planet formation can take
several Myr; thus the age of the companion may be younger than the isochronal
age derived for stellar members of p-Ophiuchus. However, given the degeneracies
and issues discussed above in both these retrievals, and their consequences on the

retrieved radii, we cannot be sure either value reflects the true properties of this
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system.

Constraints on Formation and Migration History

There have been multiple studies of directly-imaged companions that have attempted
to leverage their atmospheric compositions to constrain their formation and migra-
tion histories. Whiteford et al. (2023) found a super-solar C/O ratio of 0.97t829,
and a poorly constrained, but broadly consistent with solar, metallicity of [Fe/H]
= —0.04f%'.359 for 51 Eri b (Macintosh et al., 2015), but note possible degeneracies
with clouds in their models. Brown-Sevilla et al. (2023) reported a sub-solar C/O =
0.38 £0.09 and a metallicity [Fe/H] = 0.26 + 0.30 for this same planet, which they
argue is evidence in favor of formation via core accretion. However, their argument

assumes that the host star has a solar C/O ratio.

The planets in the HR 8799 system are considered strong candidates for formation
via gravitational instability, as it is difficult to produce four relatively massive planets
around a low metallicity star via core accretion unless it hosted an unusually large
protoplanetary disk (Molliere et al., 2020; Ruffio et al., 2021; Wang et al., 2020).
Atmospheric retrievals of HR 8799 e by Molliere et al. (2020) and HR 8799 b,c,d
(Ruffio et al., 2021) found that all of the planets in this system have C/O ratios
consistent with the stellar value (Wang et al., 2020), in agreement with expectations
for formation via disk instability. Ruffio et al. (2021) did not fit for metallicity for
HR 8799 b,c,d, but found that solar metallicity templates were consistent with their
data. HR 8799 is a A Bootis type star, with a highly sub-solar iron abundance of
[Fe/H] = —0.65007 (Swastik et al., 2021), and C/H and O/H ratios consistent with

solar values (Wang et al., 2020). Retrievals by Molliere et al. (2020) find a moderate

+0.25
-0.29

which has a similar orbital distance to 51 Eri b at 16 au. There is evidence that the
recently discovered AF Lep b (Franson et al., 2023; De Rosa et al., 2023; Mesaet al.,
2023), orbiting at around only 9 au, has a substantial metal enrichment ([Fe/H] > 1)

metallicity enhancement of 0.48 for HR 8799 e, the inner planet of this system,

relative to its host star ([Fe/H] = —0.27 + 0.31), indicating substantial planetismal
accretion, consistent with the observed debris disk around the star (Zhang et al.,
2023).

Our results indicate that ROXs 42B b’s C/O ratio and metallicity are also consistent
with the stellar value, suggesting that it may share the same formation mechanism
as the outer planets of the HR 8799 system. ROXs 42B b orbits at a distance much
greater than any of the HR 8799 planets, which are all within 70 au. The CO ice
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line for an A type star like HR 8799 could lie anywhere between ~50-hundreds of
au depending on the disk properties (Oberg et al., 2011; Qi et al., 2015; Ruffio et al.,
2021), so it is possible the planets in this system could have formed beyond it and

then migrated inward afterward.

While it is often assumed that stellar C/O ratios are more likely when planets
form via gravitational instability, there is one important caveat to this picture. At
large separations where virtually all of the carbon- and oxygen-bearing species have
condensed out into solids, the solid component of the gas will have a roughly solar
C/O ratio. The gas in this region will be metal-poor, with a C/O ratio of ~1 due
to a small amount of residual CO in the gas phase. As a result, planets formed
in this region should have stellar C/O ratios as long as they accrete any amount
of solids, whether they form from core accretion or disk instability (Turrini et al.,
2021; Chachan et al., 2023). In Fig. 2.12 we show the expected atmospheric C/O
ratio for ROXs 42B b as a function of final atmospheric metallicity, and the carbon
abundance of the gas accreted, assuming formation beyond the C/O snowline. For
our retrieved atmospheric metallicity constraints, we find that non-stellar C/O ratios

are possible, but only for much larger than expected C abundances in the gas phase.

Our observations may also be consistent with a scenario in which the planet accreted
most of its mass at smaller orbital separations before migrating outward and accreting
its uppermost atmospheric layers beyond the CO ice line. If the planet’s atmospheric
envelope is not well mixed and instead has a layered structure similar to that of Jupiter
(Debras et al., 2019; Stevenson, 2020), the observed C/O ratio would only reflect
the material accreted towards the end of the planet formation process. It is possible
that dynamical interactions with the primary binary during and after formation (e.g.
Kozai-Lidov cycles) could have caused ROXs 42B b to migrate outward, akin to
the dynamical evolution of a triple star system. In these three body systems, the
orbit of the third body is unstable for orbital separations of less than ~3 times the
orbital separation of the primary binary (Tokovinin et al., 2020). Using the present
day projected binary separation, we find that the orbit of ROXs 42B b would have
become unstable if it was located within ~ 30 au of the primary binary; this is well
outside the predicted location of the CO ice line. While it is possible that ROXs 42B
b formed in-situ at its currently observed location of 140 au (Bryan et al., 2018),
the low expected disk surface densities at these large separations make it difficult
to form such a massive planet through any formation channel. If it instead formed

closer in (but still beyond 30 au) and then migrated outward, this would also be
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Figure 2.12 Predicted C/O ratio of ROXs 42B b as a function of final atmospheric
metallicity and the carbon abundance of the gas accreted by the planet, assuming
formation outside the CO snowline. Our derived metallicity constraints from our
high-resolution fits are shown as white lines.

consistent with our observed C/O ratio.

The atmospheric metallicities of these objects provide us with complementary con-
straints on their formation and migration histories. Disk instability should produce
planets with stellar compositions, although the presence of pressure bumps and
spiral structures (e.g. Boley et al., 2011) can result in localized enhancements or
reductions of metals compared to the surrounding nebula. Additionally, disk in-
stabilities are most likely to occur early on, when the disk is more massive. If
the protoplanet remains embedded in the disk after its formation, it could accrete
additional solids and become enriched in metals. This may be more challenging
for relatively massive gas giants like ROXs 42B b, which would need to accrete
a significant fraction of the total solid budget of the disk in order to appreciably
enhance its atmospheric metallicity (~ 2 M; of solids for 10x metallicity predicted
by our low-resolution retrievals). In the solar system, there is an ongoing debate
over how to supply Jupiter with enough solids to produce its relatively modest metal-
licity of 3x solar (e.g. Shibata et al., 2022). Planets that migrate through the disk
are predicted to end up with greater metal enhancements, as both pebble accretion
(Humphries et al., 2018) and planetesimal accretion (Shibata et al., 2020; Turrini

et al., 2021) become more efficient when the planet moves radially through the disk.
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Morbidelli et al. (2023) show that giant planets forming in the inner regions of the
disk can incorporate significant quantities of dust into their atmospheres, but this
process becomes much less efficient in the outer disk where pressure bumps and
gaps cut off the supply of pebbles to the giant planet.

Our retrieved metallicity for ROXs 42B b is both subsolar and slightly sub-stellar,
consistent with expectations for in situ formation via gravitational instability. Low
metallicity gas cools more quickly due to the lower gas opacity, and low metallicity
disks are therefore more likely to fragment (Moe et al., 2019). Given the small (~10
au) orbital separation of the primary binary (Kraus et al., 2014), it is likely that the
host stars formed via disk fragmentation. This would mean that either the original
disk was fairly massive or that it had high stellar accretion rates in order to produce
two separate fragmentation events that formed massive companions (Tokovinin et
al., 2020). However, gas in the outer disk is also expected to be metal-poor due to
the condensation of most carbon- and oxygen-bearing species, and our observations
could therefore also be explained by accretion of metal-poor gas onto a solid core
located in the outer disk. Because small solids tend to migrate inward over time,
there might be relatively little solid mass left in the outer disk by the time the planet

was accreting the outermost layers of its envelope.

It is also possible that rather than forming from within the circumstellar disk, ROXs
42B b could have form via turbulent fragmentation during the initial cloud collapse
stage, making it analogous to wide binary stars. In this case, it is more surprising
that it would have a composition similar to its host star, as wide binaries have been
observed to have larger chemical variations (e.g. Hawkins et al., 2020; Behmard
et al., 2023), but not inconsistent with this formation mechanism. However, given
the very low mass of this companion, this is a less likely scenario as cloud collapse
events occur when there is a significant gas reservoir, meaning that wide companions

with extreme mass ratios are rare (Fisher, 2004).

Lastly, we consider whether our retrieved radius for ROXs 42B b might provide
additional constraints on its formation mechanism. The amount of internal energy
at formation is determined by the rate at which the planet forms. ‘Hot start’ models
assume that the planets form quickly without sufficient time to cool; this is broadly
consistent with a process like disk instability, which is expected to occur on relatively
short timescales Burrows et al. (2003b) and Marley et al. (2007). On the other hand,
‘cold start’ models assume a relatively slow formation process, more analogous

to core accretion, though core accretion planets could potentially fall in the hot
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start regime, given that types of models depend on poorly constrained accretion
processes. Both the COND and DUSTY models shown in Fig. 2.11 fall in the hot
start regime. We compare our measured mass and radius for ROXs 42B b to the
models presented in Spiegel et al. (2012) and find that we are unable to distinguish
between these scenarios with the current large uncertainties in the planet mass and
system age. For masses on the high end of our allowed range we can still match the
planet’s measured radius with cold start models, while masses on the lower end of

our range are most consistent with hot start models.

2.9 Conclusions

In this paper we present the results of atmospheric retrievals on the young directly-
imaged planet ROXs 42B b using low- and high-resolution spectroscopy. We find
that our low-resolution spectra are sensitive to the presence of clouds, which are
degenerate with the retrieved temperature structure, composition, and radius. We see
no sign of this degeneracy in our high-resolution retrievals, which return consistent
constraints regardless of our choice of cloud model. We retrieve a C/O ratio of
0.504 + 0.048 and a subsolar metallicity of —0.67 + 0.35 for ROXs 42B b using
our high-resolution data. We additionally constrain the projected spin rate vsini
to be 10.52 + 0.92 km s~!, which is consistent with previous measurements. We
conclude that high-resolution retrievals offer a promising avenue for obtaining robust
abundance constraints for cloudy objects like ROXs 42B b. Future high-resolution
studies of this planet would benefit from broader wavelength coverage, which should

provide tighter constraints on cloud properties.

We also derive abundances for the unresolved binary host, ROXs 42B, using low-
resolution SNIFS optical spectroscopy and the SPHINX M dwarf model grid from
Iyer et al. (2023). We retrieve a C/O ratio of 0.54 + 0.01 and metallicity of —0.30 +
0.03 for the binary, which are consistent with our retrieved planetary values within
lo. This result is consistent with expectations for both disk instability and core
accretion models given ROXs 42B b’s wide orbital separation, as it likely formed
beyond the CO snow line where all major carbon- and oxygen-carrying species have
condensed out of the gas phase. However, the low retrieved metallicity of both
the host star and planet, as well as the retrieved C/O ratio, is most consistent with
formation in the outer disk via gravitational instability. Measurements of the orbital
eccentricity or obliquity of ROXs 42B b would provide another dimension that could
help to better constrain its origins, as high eccentricities and misaligned obliquities

are predicted to be common for planets that form via gravitational instability (Bowler
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et al., 2020a; Bryan et al., 2021). While both an eccentricity (Bowler et al., 2020a)

and variability measurement (Bowler et al., 2020b) for this system exist, they are both
only upper limits. Mapping out the orbit of the primary binary would additionally

provide extra information on the geometry of this system.

If we wish to obtain better constraints on the cloud properties of ROXs 42B b,
mid infrared coverage with JWST/MIRI (5-16 um) could provide access to features
diagnostic of individual clouds species (Wakeford et al., 2015), including silicate
features between 8-10 um. A direct measurement of this silicate feature could
help place tighter constraints on the location and scattering properties of cloud
particles in ROXs 42B b’s atmosphere, potentially mitigating the cloud-temperature
degeneracy in the current near-infrared low-resolution data. Similar features were
observed in 2M2224-0158 with Spitzer, which Burningham et al. (2021) were able
to reproduce in their models using a combination of silicate and quartz clouds.
Absorption features from silicate cloud have also be observed in the companion
VHS 1256-1257 b with JWST (Miles et al., 2023). These observations demonstrate
the power of mid-infrared observations in constraining clouds in young isolated

objects.
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Chapter 3

THE ORBITAL ARCHITECTURE AND ORIGINS OF THE
YOUNG, PLANETARY MASS COMPANION HOST SYSTEM,
ROXS 42B

3.1 Introduction

Direct imaging has enabled the discovery of a few dozen planetary mass companions
(2 = 13 My, or stellar mass ratios q < 0.1) orbiting their host stars at wide
separations (10 — 100s au), but there is still an ongoing debate over the origin of
these objects (Currie et al., 2023). These companions appear to have lower orbital
eccentricities (Bowler et al., 2020; Do O et al., 2023), distinct stellar spin-orbit
orientations (Bowler et al., 2023) and mass functions (Wagner et al., 2019), and
a higher occurrence rate when compared to brown dwarf companions on similarly
wide orbits (Nielsen et al., 2019). This implies that the two populations have distinct
formation mechanisms. There are multiple proposed explanations for the origin of
planetary mass companions (Currie et al., 2023), including formation in a disk
via core accretion or disk instability (e.g. Durisen et al., 2007), and isolated core
fragmentation (e.g. Bate, 2012) followed by dynamical capture (e.g. Perets et al.,
2012).

Previous studies of these companions have sought to use their atmospheric com-
positions to distinguish between formation mechanisms (e.g. Molliere et al., 2020;
Wang et al., 2022; Nasedkin et al., 2024; Zhang et al., 2023; Palma-Bifani et al.,
2024; Inglis et al., 2024; Xuan et al., 2024). Most of these studies parameterized
the atmospheric composition as a metallicity and C/O ratio, and some obtained
additional constraints on the abundances of isotopologues of carbon and oxygen
(Zhang et al., 2021; Zhang et al., 2024; Xuan et al., 2024). However, subsequent
modeling studies have demonstrated that these quantities can be degenerate between
multiple formation scenarios, especially for objects formed outside the CO snowline
where many of these companions are observed (Chachan et al., 2023; Cridland et al.,
2020).

A subset of planetary mass companions have been found to orbit binary hosts rather
than single stars (Kuzuhara et al., 2011; Kraus et al., 2013; Bailey et al., 2014; Gauza

et al., 2015). For these systems, we can leverage the binary properties to obtain
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additional constraints on formation scenarios for the planetary mass companions.
Binary stars are known to dramatically alter the properties of the protoplanetary
disk, which in turn can have profound implications for planet formation. Binary
stars can truncate, warp, and dispel disks on short timescales (Barenfeld et al., 2019),
making it difficult to form giant planets (Artymowicz et al., 1994). The effect of
the binary on the disk is strongly dependent on the orbital separation, eccentricity,
and mass ratio of the central binary, making these key parameters for understanding
the formation history of any given system (Artymowicz et al., 1994; Harris et al.,
2012).

Both models and observations find that the lifetimes of circumbinary disks are
significantly shorter for binaries with intermediate separations ( ~tens of au, e.g.
Kraus et al., 2011; Elsender et al., 2023), making this arguably the single most
important binary property for planet formation. The discovery of more than a dozen
planets orbiting eclipsing binaries with small orbital semi-major axes, most of which
were discovered using the transit technique, confirms that close binaries readily form
planetary companions. Transiting circumbinary planets have significantly lower
masses than most directly-imaged companions, and typically have orbital periods
just outside the unstable region (e.g. Holman et al., 1999; Sutherland et al., 2019).
Observational studies find low mutual inclinations between the binary and planetary
orbits (Pierens et al., 2018; Dupuy et al., 2022), favoring formation in a well-aligned
circumbinary disk. This same trend appears to extend to non-transiting companions
detected using the radial velocity and transit timing techniques (e.g. Goldberg et al.,
2023), although there have been relatively few such systems discovered to date. The
low mutual inclinations of these systems are in good agreement with both models
and observations of circumbinary disks, which indicate that close binaries (< 20

days) possess small (< 5) mutual inclinations with their disk (Czekala et al., 2019).

For moderate binary separations (orbital periods greater than ~30 days) this distri-
bution widens (Czekala et al., 2019), and observations indicate that many disks are
inclined and/or warped (e.g. Guilloteau et al., 1999; Chiang et al., 2004; Brinch
et al., 2016; Kraus et al., 2020), with some disks found in near polar orientations
(Kennedy et al., 2019; Czekala et al., 2019). Moderate separation binary orbits
also tend to have larger eccentricities, which can drive the disk to librate around an
inclination of 90 (Verrier et al., 2009; Farago et al., 2010; Naoz et al., 2017). Long
period, eccentric binaries are the most likely to host highly-inclined disks (Czekala
et al., 2019).
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It is clear that the orbital properties of the host binary have strong implications
for the formation and subsequent evolution of planetary mass companions. This
makes measuring qualities such as the orbit to constrain the formation and sub-
sequent dynamical evolution of these systems. However, the only planetary mass
companions currently known to orbit longer period (P > 30 days) binaries are
non-transiting, and have long orbital timescales requiring many years of baseline to
obtain an orbital solution. As discussed above, there are also multiple competing
formation mechanisms that have been proposed for these companions, whereas the
lower mass transiting circumbinary planets likely formed via core accretion (e.g.
Coleman et al., 2023). This mutual inclination has been measured several times for
the VHS 1256-1257 system, which consists of a sub-stellar binary with a planetary
mass companion at 170 au (Gauza et al., 2015). Dupuy et al. (2023) recently found
a mutual inclination of 115 + 14 between the binary and companion orbit. In this

paper, we aim to repeat this measurement for a second system, ROXs 42B.

ROXSs 42B is a young triple system located in the Rho Ophiuchus star forming
region. Isochronal fitting gives an approximate stellar age of 6.83@ Myr (Kraus
et al., 2013). Photometric fits have suggested individual masses of 0.89 + 0.08 M,
and 0.36 £ 0.04 M., for the two components of the primary binary (Kraus et al.,
2013), which has a combined spectral type of MO (Bowler et al., 2014). The third
component of the system is a planetary mass companion initially identified by Ratzka
et al. (2005) and later confirmed by Kraus et al. (2013) and Currie et al. (2014),
with a photometrically derived mass of 10 + 4 M; for an assumed age between
1 — 5 Myr (Kraus et al., 2013). In Inglis et al. (2024) and Xuan et al. (2024), we
performed atmospheric retrievals on the planetary mass companion, ROXs 42B b,
and showed that it has a composition consistent with both of its host stars. However,
the measured atmospheric composition constraints did not allow us to strongly rule

out core-accretion scenarios, as this companion is located beyond the CO snow line.

In this paper we use long-term, ground-based monitoring of the ROXs 42B! system
from 2001 to 2022 to map the orbit of the host binary (Section 3.3) and the planetary
mass companion ROXs 42B b (Section 3.3). We additionally place constraints on
the mutual inclination between the binary and companion orbit in Section 3.3. In
Section 3.4, we use numerical modeling to study the short and long-term evolution

of this system. Finally, in Section 3.5, we discuss the possible origins of this system

'ROXs 42A and ROXs 42C are two unrelated nearby stars (Bouvier et al., 1992) that were found
within the error circle of the Einstein Observatory, which first identified the Rho Ophiuchus X-ray
source, ROXs 42 (Montmerle et al., 1983).
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in combination with our numerical models and derived orbits.

3.2 Observations and Data Analysis

SPHERE Observations and Astrometry

ROXs 42B was observed with SPHERE (Beuzit et al., 2008) on UT-3 at the Very
Large Telescope on 2017 March 16 (Program ID: 098.C-0864(A) Jensen-Clem et
al., 2020). The observations were obtained using the IRDIS instrument (Dohlen
et al., 2008) in dual-channel differential polarization mode Langlois et al. (2014)
using the J-band filter, with the goal of detecting polarization in ROXs 42 b. The
header reported a seeing of 0.64” and a windspeed of 5.18 m/s.

The full observing sequence consisted of an off-axis PSF image (typically used for
flux calibration), a centering image with AO-induced waffle-spots, followed by a
set of coronagraphic images using orthogonally polarized filters in each beam. A
half-wave plate was present in the beam and was rotate at intervals of 225 between
each exposure. In this study we make use only of the off-axis PSF image and
the first image from the coronagraphic dataset. The exposure times for the PSF
image and the polarimetry image were 2-s and 32-s, respectively. The results of
the polarimetric study of ROXs 42 b have been previously published by Jensen-
Clem et al. (2020). The raw frames were corrected for bad pixels, flat-field effects
and then each channel in each image was centered using the waffle-spot image.
We then separately combined both channels in the off-axis PSF image and the one
coronagraphic science image to obtain total intensity images. Figure 3.1 displays the
2-s off-axis PSF image where the host binary, the planet, and a known background

object (Bryan et al., 2016) can all be seen.

In order to obtain relative astrometric measurements of the stars we chose to perform
PSF-fitting, where a PSF model is scaled in flux, and shifted in position for each
object. Often in high-contrast measurements of planets a stellar PSF is used (e.g.
obtained using an off-axis PSF, or satellite spots induced by a wire grid placed in a
pupil plane; Sivaramakrishnan et al., 2006; Marois et al., 2006). However, in our
case the stellar PSF is a binary whose positions we wish to measure. Instead we use
the PSF of the planet from the first coronagraphic polarimetry image (where due to
a longer exposure time the S/N of the PSF is higher than in Figure 3.1) to model the
stellar PSFs (Figure 3.2).

We fit the relative positions of the two host stars using the Parallel-Tempered sampler

from the emcee Markov Chain Monte Carlo python package (Foreman-Mackey et
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Figure 3.1 The off-axis PSF image of ROXs 42B obtained with SPHERE/IRDIS.
The secondary host star component can be seen at ~0.08” to the North-West of the
brighter primary host star. The image has been rotated from its original state to
place North up and East to the left. The colormap is shown on a logarithmic scale
to highlight all components at once.

al., 2013a). Preliminary fitting of the stellar positions revealed a slight mismatch
between the shape of the planet PSF and those of the two stars. To compensate for
this mismatch we included as part of the fitting a Gaussian mixture model (e.g. Hogg
et al., 2010). The Gaussian mixture model allowed us to introduce the probability
that each pixel is drawn from a Gaussian distribution rather than the PSF model
(consisting of one PSF for each star), by only including three additional nuisance
parameters: Pj, the prior probability that any individual data point is bad; Y}, the
mean of the distribution of the bad points; and, V},, the variance of the distribution of
the bad points. In doing so, we were able to give lesser weight in the fitting to pixels
where the model PSF was poorly matched to the stellar PSFs, while giving full
weight where the PSF was well matched (typically in the core of the PSFs). Several
analytical 2D PSF models were also tried (e.g. Gaussian, Moffat, Airy, etc.) as well
as different combinations of the planet’s PSF from multiple polarimetry images, but
in the end we found that the planet PSF from first polarimetry image—the closest in
time to the off-axis PSF image—combined with the mixture model resulted in the

smallest residuals.
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Each iteration of the MCMC chain fits for nine parameters: a AX, AY (between the
and flux scaling factor for each of the two stars, as well as the three Gaussian Mixture
parameters (Pp, Y3, V), where AX and AY represent the offsets of each star relative
to the initial position of the model PSF. For each step, two copies of the model PSF
are shifted and scaled, and the model log-likelihood is calculated from a cropped
section of the full image (a 20 by 20 pixel box) roughly centered on the stellar PSF.
The box excludes the outer regions of the PSF that contain the residual diffraction
spikes from the telescope spider-structure (not seen in the lower S/N planet PSF)
and focuses on the brighter core of the PSF. The errors were assumed to be Poisson
noise, using a gain of 1.75¢~/ADU, based on the value read from the FITS headers.
The final log-likelihood is the combination of the model log-likelihood and the

Gaussian mixture likelihood.

The stellar positions were fit with the parallel-tempered sampler using 256 MCMC
chains and 20 temperatures, with a burn-in of 500 steps. The full fitting run consisted
of 6,000 MCMC steps. The best-fit separation and position angle can be seen in
Figure 3.2.

Keck NIRC Speckle Data

Following the initial identification of the binarity of ROXs 42B by lunar occultation
observations (Simon et al., 1995), the target was monitored by speckle interferometry
before the wide-spread availability of facility adaptive optics systems. In particular,
we use observations from the Keck I 10 m telescope with the facility’s Near Infrared
Camera (NIRC, Matthews et al. 1996) taken between 2001-2005 to derive astrometry
for the tight binary component of the system. The specific observation epochs are
given in Table 3.2 The observations were taken in the K-band (1, = 2.2um, Al =
0.4pm) using the high angular resolution mode of NIRC coupled with rapid detector
readout, enabling speckle interferometry. In all epochs, four stacks of 190 target
exposures of 0.137 s each were taken in stationary mode. Analagous stacks of
known single calibration stars (Haro 1-16 or HD 115127) were also taken in each

epoch, as well as dark, sky, and flat exposures.

The object frames were corrected using dark and sky subtraction, bad pixel repair,
and flatfield correction. They were then corrected for known optical distortion in
the NIRC camera and re-imaging optics for high-resolution mode (Lu et al., 2009).
The data are then processed using both a shift-and-add technique to generate near-

diffraction limited image (Ghez et al., 1998) and a Fourier transform technique
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Figure 3.2 Top-Left: A zoom in on the the binary host stars in the off-axis PSF
image frmo the IRDIS total intensity image. Top-Right: A zoom in on the PSF of
the planet, ROXs 42 b in the first coronagraphic image (collapsed to total intensity
from the two orthogonal polarization images). Bottom Left: The host star image
after subtracting a model of the primary PSF (composed of a shifted and scaled
planet PSF). Bottom Right: The host star image after subtracting a model for both
the primary and secondary host star.
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to generate a power spectrum. The latter are used for fitting for the separation,
position angle, and flux ratio of the binary. The shift-and-add images are then
visually inspected to resolve the 180° degeneracy in the position angle computed
from power spectra. Additional details of power spectrum generation and fitting are
described in detail in Ghez et al. (1995) and Konopacky et al. (2007). Uncertainties
are derived by performing the same fitting procedure on individual image stacks and

computing the RMS of each derived property.

Figure 3.3 shows an example of the speckle data from the 2005 epoch, including
combined power spectra for each speckle epoch, a one-dimensional cut-through
showing a portion of the sinusoidal fit to the data, which is appropriate when there
are two sources in the field of view, and the shift-and-add image. Derived astrometry

and flux ratio information is given in Table 3.2.
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Figure 3.3 Example of speckle data products from one of the four epochs presented
in this paper (25 April 20-05). Left: Two-dimensional power spectrum for the ROX
42B, demonstrating the sinusoidal pattern consistent with binarity. The frequency
of the sinusoid is proportional to the binary separation, while the amplitude is
proportional to the flux ratio. Middle: One-dimensional projection of the two-D
spectrum shown on the left. The points show the actual data, while the line shows
the sinusoidal fit to the data. The data and fit diverge at high spatial frequencies
due to noise. Right: Shift-and-add reconstructed image of the binary from the
speckle cubes. These images are not used for astrometry, but for defining the true
position angle of the binary, which is not definable from the power spectra alone.
The secondary is clearly seen to the southeast of the primary in these images.

NIRC2 AO Data

Finally, we utilize archival engineering observations of ROXs 42B with NIRC2 from
UT 2022-07-15 taken as part of the KPIC Phase 2 PyWEFS recovery and engineering
program (PI Marin). The data was retrieved from the Keck Observatory Archives.
We utilize functions from the Vortex Image Processing (VIP) (Gomez Gonzalez
et al., 2017), as well as some of the custom routines from Xuan et al. (2018) to
process the images, including the removal of bad and dead pixels. We replace bad
pixels replaced with the median of the neighboring pixels, excluding the area around
either the companion or binary PSFs. We perform background substraction using a

median of the full frame.

As there are no available reference star images for this archival observation and
the PSFs of the binary stars are blended, we utilize two different techniques to get
the relative astrometry of the binary component. Firstly, as above, we construct a
reference PSF using the companion, visible in all images. We compare this method
to modeling the blended psf of the two stars simply using multi-parameter Gaussian
PSFs, and found consistent results for both methods. The derived astrometry values

are displayed in Table 3.2
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Figure 3.4 LEFT 50 randomly drawn orbits of the lower mass component of the
binary, ROXs 42B B, color coded by epoch. The individual astrometry points, with
their error bars, are represented by red stars. RIGHT The corresponding separation
and position angle of ROXs 42B B as a function of epoch. The individual astrometry
points are represented by red stars. The corresponding astrometry points are located
in Table 3.2.

3.3 Orbital Fits

Although the ROXs 42B system is a three-body system, we initially consider just
the inner binary orbit and neglect the outer companion. Dynamical interactions
between the outer companion, ROXs 42B b, and the inner binary are negligible
given the wide separation (~180 au) and small mass ratio of the companion to its
host binary (Mcomp/Mpos: ~ 0.01). Our solution for the outer companion’s orbit
does depend on our retrieved orbital fit for the inner binary, because we measure
the motion of the companion relative to the barycenter of the system. We therefore

carry out that fit after we derive the orbital solution for the inner binary.

Inner Binary Orbit

We fit the orbit of the host binary, which we refer to hereafter as ROXs 42B AB, using
the Bayesian parameter inference tool implemented in the open-sourced package
orbitize! (Bluntet al., 2020). We use the default orbital priors from orbitize!
for the semi-major axis, a, inclination, i, eccentricity, e, argument of periastron,
w, position angle of the ascending node, €2, and the phase of periastron, 7. For

the total mass, we adopt a wide Gaussian prior based on the total photometrically
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Figure 3.5 Posterior distribution of orbital parameters of the lower mass component
of the binary, ROXs 42B B from our orbitize! fit using the astrometry relative to
ROXs 42B A.

derived mass from Kraus et al. (2013), My = 1.3 + 0.2 M. For the parallax we
use a Gaussian prior based on the measured value of 6.83 + 0.03 mas from Gaia
Collaboration (2020). We change the reference epoch to 55197 MJD (2010.0) as
the default reference period of 2020.0 coincidentally occurs close to the time of

periastron in our orbital fits.

orbitize! uses ptemcee (Vousden et al., 2021), the parallel-tempered version of
the affine-invariant ensemble sampler implemented in emcee (Foreman-Mackey et
al., 2013b), in order to prevent walkers from being trapped in local minima. We use

1000 walkers and 20 temperatures with 10° steps in order to ensure convergence of
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our posterior. The parameters in our fit along with their priors are shown in Table. 3.2,
along with the median and 10 uncertainties of their posteriors. The posteriors are
shown in Fig. 3.5. A sample of binary orbits drawn from our posteriors is shown in
Fig. 3.4.

Relative astrometry only allows us to constrain the total mass of the ROXs 42B AB
system. We obtain a total mass of 1.34+0.07 Mg, which is consistent at the 10 level
with the photometrically-derived masses of the individual components published in
Kraus et al. (2013), 0.89 + 0.08 Mg and 0.36 + 0.04 Mg. Our orbital fit finds a
semi-major axis of 10.9J:%§ au, corresponding to an orbital period of 313 years.
This is significantly longer than any of the planet-hosting binary systems detected
using transits or radial velocity measurements, and also longer than the 7 year orbital
period of the central binary in the VHS J1256-1257 system (Dupuy et al., 2023). We
find a moderately high eccentricity of 0.61 + 0.02 for the binary. This is consistent
with the observed eccentricity distribution of field binaries with similar binary mass
ratios and orbital periods (Moe et al., 2017), and comparable to the eccentricity of
the VHS J1256-1257 binary (e = 0.883 + 0.003; Dupuy et al., 2023).

We find a near edge-on orbit, with a retrieved inclination of 91.0+0.4°. We calculate
an impact parameter based on our orbital fits and find that 1% of solutions result
in at least a grazing eclipsing binary, assuming stellar radii based on evolutionary

models and the photometric masses.

Companion Orbit

The mutual inclination between the binary and companion orbits encodes informa-
tion about the formation and evolution of this system. In order to measure the mutual
inclination, we first need the relative astrometry of the companion, ROXs 42B b,
with respect to the barycenter of the ROXs 42B system. We use epochs of data
where all three components of the system are visible in order to compute the rel-
ative astrometry of the companion to the most massive component of the binary,
ROXs 42B A. We then use the relative astrometry of the inner binary derived in
§3.3 and the published constraint on the mass ratio of 0.40 + 0.06 from Kraus et al.
(2013) to solve for the astrometry of the companion relative to the barycenter of the

system.

After calculating the astrometry of the companion relative to the system’s barycenter,
we then use the Orbits-For-The-Impatient (OFTI) rejection sampling method from

Blunt et al. (2017) implemented in the orbitize! package in order to derive a
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Figure 3.6 Randomly drawn sample of 50 orbits of the companion ROXs 42B b
around the system barycenter, color coded by epoch, from our OFTI fits. The
individual astrometry points are represented by red stars.

range of possible orbits for the companion. OFTI is a Bayesian rejection-sampling
algorithm that estimates the posterior distributions of orbital elements for widely-
separated companions, which commonly only have observations covering a small
fraction of their total orbit. OFTI generates a random orbit from within the prior
distribution and then rejects or accepts that orbit with a probability equal to the
ratio of the computed likelihood to the maximum likelihood for the model (Blunt
et al., 2017). The result is a sample of points where density is proportional to
probability, equivalent to a MCMC chain. Unlike traditional Bayesian rejection-
sampling algorithms, OFTI also includes a unique ‘scale-and-rotate’ step, which
rescales the first orbits drawn in order to sharply restrict the volume of the prior
space to the relevant parameters for the dataset. This approach has been shown to
converge significantly faster than MCMC for these data sets (Blunt et al., 2017).
We generate orbits until we have a sample of 107 accepted orbits. A sample of 50

randomly selected orbits is shown in Fig. 3.6. The parameters and initial priors used



75

Qp < 180° Qp > 180°
]
= I : |
3 S ol
I o
Q Q Q Q
IaB - b

Figure 3.7 Derived posterior distribution mutual inclination, i4p_, between the
binary and companion orbits for the two possible solutions of €2;. The median and
1o uncertainties are shown for each value of Q.

for our OFTT fit are shown in Table 3.3, along with the median and 10 uncertainties.

134
62

42B b, which corresponds to an orbital period of approximately 3,000 years. Unlike

We find a median orbital semi-major axis of 222*>* au for the companion, ROXs
the inner binary orbit, which is near edge on, we find a median inclination of
49i12f)°. Although our constraint on the orbital eccentricity is relatively weak, we

can nonetheless rule out eccentricities greater than 0.89 at 99% confidence.

Due to the 180° degeneracy between w and € for short orbits with relative astrometry,
we only report the solutions less than 180° for these parameters, as is the common

practice. However, there is a separate solution found by adding 180° to wj and €.

Mutual Inclination
After obtaining solutions to both the binary and companion orbit from their relative
astrometry, we utilize our posteriors to calculate the mutual inclination between the

binary and companion orbit using the formula:

COSiAB_p = COSiap COSip +Sinigp siniy cos(Qag — Qp). (3.1



76

Table 3.2.  Summary table of parameters and their median and 10 uncertainties
from our orbitize! fit to the relative astrometry of the inner binary, ROXs 42B
AB. t,.r = 55197 MJD (2010.0)

Parameter Prior Value
Total mass, M7 [Mg] N(1.25,0.1) 1.35 +0.07
Semi-major axis, a [au] log-1(0.001,10%) 10.9*0%
Orbital Period, P [yr] Derived 314
Eccentricity, e Uu@,1 0.61 +£0.02
Inclination, i [°] sin(0,180) 91.0+04
Argument of periastron, w U(0,360) 58J:23
PA of Ascending node, Q [°] U(0,360) 150.0 + 0.6
T= g U©,1) 0.32+0.03
Time of periastron, 7, [MJD] Derived 55207 +0.08

We utilize random draws from both posteriors in order to create a posterior distri-
bution of mutual inclinations. Due to the 180° degeneracy between w and € in the
orbital fit of our companion, we find two distinct solutions for the mutual inclination
dependent on whether €, > 180° or ;, < 180°. Our derived posterior for is plotted
in Fig. 3.7. For the case where Q; < 180°, we find a median mutual inclination
of 51°t211. In this case, the companion orbit is most likely prograde, but could be
retrograde (207). For the case where €} > 180°, we find that the companion is likely
on a retrograde orbit, 130t122. The latter scenario is similar to that of the 115 + 14°
mutual inclination of the binary and planetary mass companion in the VHS J1256-
1257 system (Dupuy et al., 2023). Importantly, our 99% confidence interval for the
mutual inclination, including both distinct solutions, (24° < iqp—p < 158°) excludes
scenarios where the mutual inclination is consistent with zero with high statistical

significance.

3.4 Orbital Evolution and Stability

In a three-body system, angular momentum exchange between the inner and outer
orbits can result in eccentricity-inclination oscillations. In cases where the eccen-
tricity is sufficiently large these oscillations can result in transitions from prograde
to retrograde motions for the outer, less massive body (Naoz et al., 2017). They can
also lead to changes in orbital semi-major axis (Ford et al., 2000; Lithwick et al.,
2011), collisions, or even ejection (Toonen et al., 2020; Toonen et al., 2022). The
ultimate fate of a triple system depends strongly on the relative masses and orbital

parameters of the three components. It is therefore important to consider the dynam-
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ical evolution and long-term stability of the ROXs 42B system when interpreting

the measured mutual inclination.

Mardling (2001) derived a conservative stability criterion for triple systems:

dous 2.8 (1_o.3i)((1+qom)(1+eom) 32 32)

—|erit =
aim T = egys bis (1 = eopur)V/?

where q,,; = M3/(M; + M), i is the inclination in radians, and e,,; is in the

eccentricity of the outer body. A triple system is stable in this case if:

a a
e (3.3)

Aain Ain

This criterion was initially derived for an equal mass, zero-inclination triple and
later corrected to account for non-zero inclinations. It has since been validated
using multiple methods for a wide range of systems (e.g. He et al., 2018; Mylliri
et al., 2018). We evaluate this criterion using random draws from the companion

and binary orbit posteriors. We find that with very few exceptions (< 0.1% of all

draws considered), aao—”’ >> ‘;"_“’ lcrir. We conclude that the observed architecture of
m m

the ROXs 42B system is very likely to be long-term stable.

We further investigate the short- and long-term dynamics of the ROXs 42B system
utilizing the open-source software package REBOUND (Rein et al., 2012). REBOUND
is an N-body integrator that models the motion of multiple particles under the
influence of gravity. We model the three bodies in the ROXs 42B system using the
median orbital distances from our posteriors and the derived photometric masses
from Kraus et al. (2013). For completeness, we test the effect of tides and general
relativity, implemented in REBOUNDx (Lu et al., 2023), but find that these effects
are insignificant given the large present-day orbital distances between all three
components of the system, as even at periastron, the present-day separation of the

components of the binary is 4.4 au.

First, we consider how much the mutual inclination could have evolved over the
relatively short lifetime of this system, assuming a maximum lifetime of 10 Myr.
For the median values from both orbital fits we find octopole-driven oscillations with
a secular timescale of ~4 Myr, comparable to the age of the system. In this case
the mutual inclination oscillates between ~40° — 90°. However, both the oscillation
amplitude and timescale can vary significantly between parameter draws. If the
companion initially formed in a circumbinary disk that was misaligned with the

binary orbit, this suggests that its present-day inclination has likely evolved away
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from the original disk orientation. For cases where the disk and binary have low
initial mutual inclinations (< a few degrees), the mutual inclination of the system
will remain low. We can therefore exclude the scenario where the planet formed in-
situ in an aligned disk based on the observed misalignment between the binary and
companion. Notably, this allows us to exclude the kinds of aligned disk geometries
that are required to explain the transiting circumbinary planets observed by Kepler
(Pierens et al., 2018; Dupuy et al., 2022).

One proposed theory for the origin of widely separated directly-imaged companions
is scattering with other massive companions, planet-planet scattering (Perets et al.,
2012). In order to understand if this is mechanism would reproduce the observed
properties of the ROXs 42B system, we set up an experiment as follows: We
initialize two companions with masses drawn randomly from 5-15 Jupiter masses,
values consistent with the range of photometrically derived masses for ROXs 42B
b. The semi-major axis of the two companions is drawn from 36 - 80 au. The
lower bound is set by the approximate size of the inner cavity of the disk that would
be carved by the binary (Artymowicz et al., 1994). The outer bound is based on
the upper limit of predicted circumbinary disk radii from the hydrodynamic models
in Elsender et al. (2023) for our retrieved binary separation. The eccentricity is
drawn from O to 0.1, and the rest of the orbital parameters from within the range of
possible values. We then evolve the simulation forward by 10° years. We consider
a companion ejected when its semi major axis increases beyond 10* au. We repeat

this experiment 1000 times.

We find that in the majority of runs, at least one companion is either ejected or
collides with the binary. The surviving companion’s orbital distance, eccentricity,
and mutual inclination with the binary orbit are all increased. For example, in one
run, the system starts with two companions: 15 M; mass at 45 au, and 10 M; mass as
60 au. Within the first 10* years, the inner companion’s orbital eccentricity increases
from 0.01 to 0.4 where it crosses the orbit of the binary and has a close encounter
with one of the stars. The surviving companion is scattered out onto a 170 au orbit
with an eccentricity of 0.75, and the mutual inclination of the system increases from
5° to 60°, both consistent with our observations of ROXs 42B b. While companion
with a mass below 8 M; can be initially scattered onto wide orbits, subsequent
interactions with the binary result in a final orbital distance less than 100 au. We
find that more massive companions better reproduce the observed configuration of

this system. If the eccentricity of the surviving companion is above 0.9, we find
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Table 3.3.  Summary table of parameters and their median and 10 uncertainties
from our OFTT fit to the relative astrometry of the companion, ROXs 42B b. #,.¢ =

58849 MID (2020.).

Parameter Prior Value
Semi-major axis, a [au] log-74(0.01,10%) 223+1%0
Orbital Period, P [yr] Derived 28734310
Eccentricity, e U©,1) 0.4%0-2
Inclination, i [°] sin(0, 180) 58*%)
Argument of periastron, w [°] 1 (0,360) 96’:66%
PA of Ascending node, Q [°] U(0,360) 112J:223
_tp—tef 0.13
. = 2t ’LI(Q,I) 0.77t0_§
Time of periastron, 7, [MID] Derived 57069t2183 4

that the second companion is eventually ejected from the system. Fortunately, we

are able to rule out this region of parameter space with our companion orbital fits,

suggesting the system is likely stable.

3.5 Discussion

We consider four scenarios for the origin of the massive, wide companion, ROXs

42B b:

1. Capture: The companion formed separately and was later captured by the host

binary, either as a free-floating planet, or part of another system, a process

throught to form triple systems.

. Binary Scattering + Stellar Flyby: The companion formed in a circumbinary
disk at an orbital radius much smaller than its present-day separation. It then
migrated inward until it encountered the binary’s chaotic zone (Holman et al.,
1999; Sutherland et al., 2019). Interactions with the chaotic zone resulted
in stochastic gravitational kicks that scattered the companion onto a highly
eccentric orbit. The companion was then stabilized onto its present-day orbit
by an interaction with another massive object, such as another star in the

cluster.

. Planet-Planet Scattering: There were initially multiple planetary mass com-
panions that formed at moderate separations from the ROXs 42B host binary.

Scattering between the planetary mass companions resulted in the outward
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migration of ROXs 42B b. The additional companion(s) either collided with

the binary or were ejected from the system.

4. In-situ Formation: The companion formed in situ within a massive circumbi-
nary disk. This would favor formation through gravitational instability over

core accretion as a result of the large semi-major axis.

Scenarios One and Two require encounters with at least one other object within the
cluster. In order to investigate the likelihood of these scenarios, we compute the rate
of stellar encounters as:

I'=n.0(v) (3.4)

where 7. is the stellar number density of the cluster, o is the cross section of the
interaction, and (v) is the velocity dispersion. The stellar number density of the
clusters in p-Ophiuchus range from 29 (Ophiuchus center) to 337 stars/pc’ (L1688;
Schmeja et al., 2008). The velocity dispersion is approximately 1 km s~! (Wilking
et al., 2015). Depending on how early the capture or formation of ROXs 42B b
occurred, these number densities may not be reflective of the true density during the
encounter. During the early embedded phase of the cluster, the stellar density even
in low mass clusters is expected to be sufficiently high that stellar encounters are
common (Proszkow et al., 2009). To check that this wouldn’t significantly influence
our inferences about the origins of this system, we compare our values from addition
to Equation 3.4 to the encounter rates derived in Proszkow et al. (2009) and find a

similarly low probability of capture.

Numerical models of triple star system formation show that in order for an encounter
to result in capture, the distance of closest approach with the inner binary must be
much smaller than the binary separation (Hut et al., 1983; Hut, 1983). Using
the present-day separation of the binary, 11 au, the probability of an encounter
between the binary and the planetary mass companion, either free-floating or bound
to another star, that results in a bound system, ranges from 1/ 100 -1 / 10%, making

this scenario unlikely.

In Scenario 2, the companion initially formed at a smaller orbital distance before
being scattered out to its current orbital distance. The large semi-major axis (220
au) of the companion significantly increases the cross section for interactions with
another body in the cluster and therefore the probability of a stabilizing encounter.
Over the measured age range of this system, the probability of such an encounter
ranges from 1/10* to 1/100 for the most dense cluster and the highest end of the age
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range for this system. 1% is on the order of the occurrence rate of circumbinary
companions between 2-15 My, detected in direct imaging surveys (Asensio-Torres
et al., 2018), making this a plausible formation scenario for this system as well
as other similar systems. This mechanism is also consistent with the companion’s

non-zero mutual inclination relative to the binary.

However, there is one important caveat. In order for a stellar flyby to stabilize
the planet’s orbit, the flyby needs to occur within the relatively narrow window of
time before the planet is ejected from the system. Rodet et al. (2017) consider this
scenario to explain the origin of the wide, circumbinary companion HD 106906 b
and find that this significantly reduces the probability of such an event occurring.
However, they assume a short timescale of 10 years where this encounter may
occur. While simulating the evolution of triple systems, Toonen et al. (2022) found
that this unstable phase could instead last thousands to millions of crossing times,
and is dependent on the unknown original orbital parameters. We therefore still
consider this to be a viable explanation for the ROXs 42B system. Alternatively, if
the scattering event occurs while there is still some disk gas present, the disk itself
could act to circularize the companion onto a stable orbit (Kikuchi et al., 2014;
Heath et al., 2020).

The challenge of having a coincidentally-timed stellar flyby stabilize the companion
orbit as it is being ejected is avoided in Scenario Three where the scattering occurs
between multiple planetary mass companions. However, this scenario requires
multiple super-Jupiter mass companions to form. While a handful of such systems
have been observed, e.g. HR 8799 (1.47 Mg; Marois et al., 2008), PDS 70 (0.76 Mg;
Keppler et al., 2018; Haffert et al., 2019), S pic (Lagrange et al., 2009; Lagrange
et al., 2019), and YSES 1 (1.00 My; Bohn et al., 2020b; Bohn et al., 2020a),
it is thought to be challenging to form multiple super Jupiter mass companions
in a typical disk. In Section 3.4, we discuss results from numerical models of this
scenario. We find that this scenario accounts for the present-day configuration of this
system as the surviving companion can be moved out to orbital distances consistent
with our retrieved values. Importantly, even in scenarios where the initial mutual
inclination and eccentricities of the companions are low (e < 0.1), planet-planet
scattering can increase the mutual inclination of the surviving companion with the
binary orbit to above 60°. The orbital eccentricity of the surviving companion is
similarly enhanced from less than 0.1 to moderate values ranging from e = 0.3—-0.85,

which is consistent with our observations. This scenario is also compatible with
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observations suggesting a sizeable population of free floating planets, which could
be generated by planet-planet scattering and ejection by a binary system (Miret-Roig
et al., 2022).

If the companion formed in the inner disk before being scattered to its current
orbital distance, we can place a lower bound on its initial semi-major axis based on
the present-day separation of the binary. Studies of the formation of circumbinary
planets find that the orbits of these planets become unstable after inward migration
causes the planet to encounter mean-motion resonances with the host binary, (e.g.
the 4:1 or 6:1 resonances; Pierens et al., 2008; Rodet et al., 2017). Resonant
interactions then rapidly increase the planet’s orbital eccentricity, which often results
in ejection without a stabilizing interaction with a fourth body. For the present-day
binary separation, the 4:1 resonance would occur at 28 au. Separately, studies of
the stability of a third body around a massive binary predict a minimum stable
radius of approximately three times the binary separation, or 33 au (Dvorak, 1986).
Hydrodynamic models of circumbinary disk similarly predict the formation of an
inner disk cavity of size approximately three times the binary separation for an
orbital eccentricity of 0.6 (Artymowicz et al., 1994; Hirsh et al., 2020). For our
purposes, these predictions provide an approximate inner bound on the formation
location of the companion in this scenario. This carries important implications for
interpreting the atmosphere of these objects. Formation outside the CO ice line
can make it challenging to differentiate between core accretion and disk instability
formation mechanisms for massive objects, as most major carbon and oxygen species
have condensed out onto the solids. The expected location of the CO ice line varies
greatly from theoretical predictions, ~ 30 au, and observations, ~ 30 to > 100
au (see Oberg et al., 2021). Accounting for multiple sources of radiation and heat
generated by tidal interactions between binary stars can also push this value outwards
by a few au, for 10 au binary stars (Shadmehri et al., 2015). It is still likely that
objects like ROXs 42B b formed beyond the CO ice line of their disk, which is

important context for interpretations of their atmospheres.

Our observations can also be explained by formation in situ in a large circumbinary
disk (Scenario Three). The median orbital radius of the companion from our OFTI
fit is 222 au. While this is larger than the average protoplanetary disk, there are
circumbinary disks that extend out to these distances, such as the well-studied GG
Tau A system. This system consists of an inclined, circumtriple disk that extends
out to ~850 au (Guilloteau et al., 1999; Di Folco et al., 2014). Our fits find a median
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total mass of the inner binary, ROXs 42B AB, of 1.35 Mg, which is similar to the
estimated stellar mass of the GG Tau A system (1.37 + 0.08 My; Guilloteau et al.,
1999). The circumtriple disk around GG Tau A also has an estimated inclination of
37 + 1° relative to the binary orbit (Guilloteau et al., 1999; Keppler et al., 2020).
This misalignment can be explained by dynamical interactions with a moderately
eccentric binary (Keppler et al., 2020; Toci et al., 2024). This suggests that the
ROXs 42B system could have had a similarly misaligned disk, consistent with the

moderately eccentric orbit of the inner binary.

Based on the above scenarios, it is likely that ROXs 42B formed within a circumbi-
nary disk. Observational surveys (Kraus et al., 2011) show that 2/3 of binaries with
a similar separation lose their disks within < 1 Myr, and nearly all within 2 Myr.
Given the long timescales involved with assembling a massive companion with core
or pebble accretion, it would be extremely challenging to assemble a 6 — 14 M,
companion before the disk was dispersed. Disk instability is expected to occur
on much shorter timescales and is most efficient at larger orbital distances, which
is where the companion is most likely to have formed; therefore is the formation

mechanism most consistent with the architecture of the ROXs 42B b system.

3.6 Conclusions

In this chapter, we use astrometric monitoring of the ROXs 42B triple system in
order to investigate the origins of the wide, planetary-mass companion, ROXs 42B
b. We find a moderately eccentric and edge-on orbit for the inner body. We find
a mutual inclination of (insert final number) between the companion and binary
orbits. We consider the possibility that ROXs 42B b was captured and bound as
part of a dynamical interaction with a fourth body, but find that the probability
of such an event is too low to be plausible. We conclude that this object most
likely formed in a misaligned circumplanetary disk, but are unable differentiate
between scenarios where it formed at moderate separations (30-80 au) and was later
scattered out to its current location, either through interactions interactions with
its host binary or another massive companion, or where it instead formed in situ
near 220 au in an unusually massive circumbinary disk. In the future, additional
high precision astrometric observations of ROXs 42B b could provide improved
current constraints on its orbital inclination, semi-major axis, and eccentricity. If
it has a relatively high orbital eccentricity (> 0.3) this would favor the scattering
scenario, whereas if its orbit is instead close to circular this would favor in situ

formation. Formation within the circumbinary disk beyond = 30 au suggests disk
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instability as the formation mechanism for ROXs 42B b, given the expected disk
surface density, and shortened lifetime around moderately separated binaries, as it

would be challenging to assemble a massive planet through core accretion.
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Chapter 4

QUARTZ CLOUDS IN THE DAYSIDE ATMOSPHERE OF THE
QUINTESSENTIAL HOT JUPITER HD 189733 B

Inglis, Julie et al. (Oct. 2024). “Quartz Clouds in the Dayside Atmosphere of the
Quintessential Hot Jupiter HD 189733 b”. In: The Astrophysical Journal 973,
p- L41. 1ssn: 0004-637X. por: 10.3847/2041-8213/ad725e.

4.1 Abstract

Recent mid-infrared observations with JWST/MIRI have resulted in the first direct
detections of absorption features from silicate clouds in the transmission spectra of
two transiting exoplanets, WASP-17 b and WASP-107 b. In this paper, we measure
the mid-infrared (5 — 12 um) dayside emission spectrum of the benchmark hot
Jupiter HD 189733 b with MIRI LRS by combining data from two secondary eclipse
observations. We confirm the previous detection of H,O absorption at 6.5 ym from
Spitzer/IRS and additionally detect H,S as well as an absorption feature at 8.7 ym
in both secondary eclipse observations. The excess absorption at 8.7 um can be
explained by the presence of small (~0.01 um) grains of SiO[s] in the uppermost
layers of HD 189733 b’s dayside atmosphere. This is the first direct detection of
silicate clouds in HD 189733 b’s atmosphere, and the first detection of a distinct
absorption feature from silicate clouds on the day side of any hot Jupiter. We find that
models including SiO,[s] are preferred by 6 — 70 over clear models and those with
other potential cloud species. The high altitude location of these silicate particles
is best explained by formation in the hottest regions of HD 189733 b’s dayside
atmosphere near the substellar point. We additionally find that HD 189733 b’s
emission spectrum longward of 9 pm displays residual features not well captured by
our current atmospheric models. When combined with other JWST observations of
HD 189733 b’s transmission and emission spectrum at shorter wavelengths, these
observations will provide us with the most detailed picture to date of the atmospheric

composition and cloud properties of this benchmark hot Jupiter.

4.2 Introduction
HD 189733 b is unique amongst the population of hot Jupiter planets detected in

the last few decades. At a distance of 19 pc, it is one of the closest of these planets,
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orbiting a bright (V=7.7) K star with an orbital period of only 2.219 days (Bouchy
et al., 2005). This makes HD 189733 b one of the most favorable hot Jupiter targets
for detailed characterization studies. It was also one of the earliest transiting hot
Jupiters discovered, and as a result it has accumulated a long list of historic firsts in

the field of exoplanet atmospheric characterization.

Spitzer observations of HD 189733 b provided one of the earliest direct measure-
ments of thermal emission from a transiting exoplanet, with a detection of its 16 um
secondary eclipse by Deming et al. (2006) using the Infrared Spectrograph (IRS).
This planet was also one of the only hot Jupiters to have its mid-infrared emission
spectrum measured with IRS (Grillmair et al., 2007; Grillmair et al., 2008; Todorov
etal., 2014). HD 189733 b was the first planet to have its surface brightness mapped
using a partial 8 um Spitzer phase curve (Knutson et al., 2007), and the first to have
a complementary dayside brightness map constructed from an ensemble of 8 um
secondary eclipses (Majeau et al., 2012; Wit et al., 2012). Both the phase curve
measurements and eclipse map revealed that the hottest region in HD 189733 b’s
atmosphere is offset from the substellar point, indicating the presence of strong east-
ward jets that also warm the planet’s permanently shadowed night side. HD 189733 b
has been extensively studied both in transmission (e.g. Pont et al., 2007; Sing et al.,
2009; Morello et al., 2014; McCullough et al., 2014) and emission (e.g. Deming et
al., 2006; Knutson et al., 2007; Charbonneau et al., 2008; Agol et al., 2010; Crouzet
et al., 2014), from both spaced-based observatories and ground-based telescopes.
This extensive body of observations has made HD 189733 b into a benchmark

system for studies of other hot Jupiters.

HD 189733 b has been the subject of many atmospheric retrieval studies over the
years, both in transmission and emission (e.g. Madhusudhan et al., 2014; Wel-
banks et al., 2019; Zhang et al., 2020; Finnerty et al., 2023). These retrievals
generally relied on a combination of spectroscopic detections of water absorp-
tion at near-infrared wavelengths and photometric constraints on the abundances
of methane, carbon monoxide, and carbon dioxide at longer wavelengths. Very
early on, water absorption was detected in HD 189733 b’s mid-infrared dayside
emission spectrum using Spitzer IRS observations (Charbonneau et al., 2008; Grill-
mair et al., 2008; Todorov et al., 2014). Although early transmission spectroscopy
with HST/NICMOS found a near featureless spectrum at near-infrared wavelengths
(Sing et al., 2009), more precise observations with HST/WFC3 later revealed a
water absorption feature at 1.4 um (McCullough et al., 2014). A comprehensive
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joint retrieval on HD 189733 b’s HST and Spitzer transmission and emission spec-
tra found a modestly enhanced atmospheric metallicity of 12i§ times solar and an
atmospheric C/O ratio of 0.66fg’.%g (Zhang et al., 2020). Most recently, Finnerty
et al. (2023) performed retrievals on high-resolution ground-based emission obser-
vations and found a lower C/O ratio of 0.3 + 0.1 (2.7¢ difference) and a consistent
atmospheric metallicity [C/H] of 1 — 8x solar. They also measure a log water
abundance of —2.0 + 0.4 (mass-mixing ratio). HD 189733 b has also been observed
in both transmission and emission by four separate programs during JWST’s Cycle
1; these observations will significantly improve our knowledge of its atmospheric

composition.

Early transmission spectroscopy of HD 189733 b with HST also provided some of the
earliest evidence for the presence of clouds or hazes in a planetary atmosphere. This
planet’s transmission spectrum exhibits a large optical scattering slope and muted
near-infrared water absorption feature, indicating the presence of small scattering
particles in the day-night terminator region (Pont et al., 2008; Lecavelier Des Etangs
et al., 2008; Sing et al., 2009; Sing et al., 2011; Madhusudhan et al., 2014).
Wakeford et al. (2015) identify scattering from small, sub-micron grains of enstatite
(MgSiOs[s]) as a potential source. Although HD 189733 is a relatively active K
star, the super-Rayleigh scattering slope observed at optical wavelengths cannot be
explained by the presence of unocculted star spots alone and is best reproduced by

high altitude sub-um scattering particles (Sing et al., 2011).

The presence of clouds in HD 189733 b’s dayside atmosphere has also been more
controversially inferred through measurements of its optical albedo. Evans et al.
(2013) published a geometric albedo measurement using HST STIS that showed a
sharp increase in reflected light at bluer wavelengths, suggesting the presence of
sub-um scattering aerosols. Although measurements of HD 189733 b’s albedo from
ground-based polarimetry initially found evidence for a significantly higher albedo
(Berdyugina et al., 2011), subsequent observations by Wiktorowicz et al. (2015)
resulted in a limit consistent with the lower albedo value from Evans et al. (2013).
More recently, CHEOPS measured a smaller geometric albedo than found by Evans
et al. (2013) using optical broadband photometry, consistent with predictions from
dayside atmosphere models without significant scattering from clouds (Krenn et al.,
2023). A ~ 3X solar Na abundance is required to explain both the CHEOPS and

Evans et al. (2013) observations.

The current ensemble of evidence therefore suggests that HD 189733 b likely hosts
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aerosols in its day-night terminator region, and these aerosols may also be abundant
enough in the uppermost layers of the dayside atmosphere to significantly alter its
optical albedo. Although we do not currently have any direct constraints on the
composition of these aerosols, we can nonetheless make an educated guess based on
HD 189733 b’s measured atmospheric temperature distribution. Silicate clouds are
expected to be the dominant source of cloud opacity at the temperatures and pressures
relevant for most hot Jupiter atmospheres and to settle out of the visible atmosphere
at temperatures just below the expected dayside temperature of HD 189733 b (Gao
et al., 2020). However, general circulation models incorporating cloud formation
and transport processes indicate that these particles can be carried far from their

initial formation locations (Woitke et al., 2003; Parmentier et al., 2013).

Although photochemical hazes provide a plausible alternative to silicate clouds at
lower temperatures, these hazes are unlikely to be present in significant quantities
in HD 189733 b’s dayside or terminator regions. Gao et al. (2020) predict that
photochemically produced hazes should become the dominant aerosol for planetary
atmospheres cooler than 950 K. This is confirmed by lab experiments which suggest
hazes should be commonplace in atmospheres <800 K (Horst et al., 2018; He et al.,
2018). At the higher temperatures typical of HD 189733 b’s day side and terminator,
these hazes should be destroyed faster than they can accumulate. This suggests that
silicate clouds remain the most plausible candidate for the aerosols observed in
HD 189733 b’s atmosphere.

Mid-infrared observations with Spitzer have confirmed the presence of silicate
clouds in the atmospheres of isolated brown dwarfs at similar temperatures to hot
Jupiters (e.g. Cushing et al., 2006; Burgasser et al., 2008; Burningham et al.,
2021; Sudrez et al., 2022). With JWST, we now have the ability to detect silicate
absorption features in the atmospheres of transiting planets. Indeed, silicate cloud
features have been recently confirmed with JWST/MIRI LRS in the atmospheres of
both WASP-17 b (Grant et al., 2023) and WASP-107 b (Dyrek et al., 2023). JWST
observations with MIRI LRS provide a means to confirm the presence of aerosols in
the atmosphere of HD 189733 b and determine their composition for the first time

by directly detecting their mid-infrared absorption features.

In this paper, we present an emission spectrum of the benchmark hot Jupiter
HD 189733 b derived from two secondary eclipse measurements with JWST’s
MIRI instrument. We first discuss our observations and data reduction process

(Sec. 4.4). We then compare our dayside emission spectrum to models and find an
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additional absorption feature at 8.7 um, as well as a region around 9.6 um that is
poorly matched by our models. We discuss the robustness of these features between
two different data reduction pipelines, Eureka! and SPARTA, and two secondary
eclipse observations (Sec. 4.5). We present possible explanations for both wave-
length regions (Sec. 4.5 and 4.5), and discuss their implications for the atmosphere
of HD 189733 b in context with other JWST MIRI LRS observations of transiting
giant planets (Sec. 4.6).

4.3 Observations

We observe two full secondary eclipses of HD 189733 b with the JWST MIRI LRS
instrument (Rieke et al., 2015) operating in slitless (SL) mode during separate visits
as part of GO program 2021 (PI Brian Kilpatrick). The first visit began on October
18, 2022 16:38:42 UT and ended on Oct 18, 2022 22:29:04 UT. The second visit
began on Jun 30, 2023 19:49:47 UT and ended on July 1, 2023 01:41:22 UT. We
utilized the SLITLESSPRISM subarray for our observations and performed target
acquisition using the FND filter. We observed with MIRI in FAST read mode with
NGroups =35, corresponding to a total integration time of 0.95 s per integration. Each
secondary eclipse observation included a total of 17,035 integrations, corresponding
to a total length of approximately six hours not including overheads. Due to the
brightness of our target, the 26 shortest-wavelength pixels reach 80% of full-well
within 5 groups, corresponding to wavelengths shorter than 5.43 yum.

4.4 Data Reduction

Following the precedent set by other JWST time series observations, (e.g. JWST
Transiting Exoplanet Community Early Release Science Team et al., 2023; Kempton
etal., 2023; Grant et al., 2023), we performed two independent reductions of our data
using the Eureka! (Bell et al., 2022) and SPARTA (Kempton et al., 2023) pipelines
in order to compare how different reduction choices affect the final spectrum. In
the sections below we describe our general data reduction process and highlight key

distinctions between the two pipelines.

Eureka! reduction

We began by using the open-source Eureka! (Bell et al., 2022) pipeline to reduce
the MIRI observations. We used version 1.8.2 of the JWST pipeline (Bushouse et al.,
2022), CRDS (Calibration Data Reference System) version 11.16.20, and version
0.9 of Eureka!. We followed all the default steps of Eureka! as described in
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Bell et al. (2022). By default, Eureka! utilizes the JWST pipeline Stage 1 steps

of ramp fitting, non-linearity, gain scaling, saturation, and data quality flagging.
For the jump detection step, we increased the detection threshold to 160 to avoid
introducing additional noise into our 1D spectra for this bright target, particularly at

our shortest wavelengths where we had only 2-3 groups before saturation.

We also followed the default Stage 2 steps of the Eureka! pipeline, including the
flat fielding and srctype steps of the JWST Science Calibration Pipeline. This meant
that we skipped the background subtraction and flux calibration steps of the JWST
Stage 2 pipeline in favour of the custom background subtraction and extraction of
Eureka! Stage 3. This absolute flux calibration is unnecessary for our analysis,
and has been shown to increase noise in the final light curves. We then passed the
Stage 2 outputs through the Eureka! Stage 3 spectral extraction, which performs

background subtraction and outputs 1D spectra from the 2D calibrated images.

Due to the brightness of our target, we compared both optimal and standard box
extraction. For both extraction methods, we masked pixels marked as “DO NOT
USE” in the data quality array as well as any other unflagged pixels with “NaN"" or
“inf” values for the spectral extraction. We manually set the gain value to 3.1 as per
Bell etal. (2022). We performed background subtraction at each wavelength element
by fitting a linear function in the cross-dispersion direction, considering only pixels
outside an aperture with a half-width of 12 pixels centered on the trace. Similar
to other MIRI LRS studies, we found this was sufficient to remove the observed
periodic background noise (Bouwman et al., 2023; Kempton et al., 2023). For the
spectral extraction step, we used an aperture with a half-width of 5 pixels centered
on the fitted central pixel of the trace. We removed outliers using a double-iteration
rejection scheme, flagging pixels deviating more than 5o from the median frame.
We found that our choice of extraction method had a negligible effect on our final
dayside emission spectrum, and therefore elected to use optimal extraction for our

final analysis.

SPARTA reduction

To validate our Eureka! reduction, we also extracted spectra using the fully
independent SPARTA pipeline, first referenced in Kempton et al. (2023). Unlike
Eureka!, which uses the default JWST pipeline for Stage 1 and Stage 2 of the
reduction, SPARTA uses a custom routine for fitting a slope to the ramp, described

in Kempton et al. (2023), that accounts for the non-linear response of groups.
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This routine calculates custom weights for individual groups to straighten out non-
linearity consistent across integrations resulting from sources such as the reset switch
charge decay or last-frame effect. It additionally removes significant outliers that
can result from cosmic rays. The non-linearity correction ignores the first group,

leaving a total of four groups for this observation.

After the custom non-linearity correction in Stage 1, we used SPARTA to perform
similar steps to those of the JWST pipeline Stage 2 reduction including flat fielding,
gain correction, bad pixel mask and dark subtraction. For consistency we used the
same reference files as for our Eureka! analysis to minimize potential sources of
discrepancies between the two reductions. As in the Eureka! reduction, we use
the constant gain value of 3.1 (Bell et al., 2022). Background subtraction is done by
subtracting a row-wise median calculated using windows located above and below
the trace, each with a width of 15 pixels and located 12 pixels from the center of
the trace. We performed both optimal and standard extraction using a window with
a half-width of 5 pixels centered on the trace. As with our Eureka! reduction, we
compare both types of spectral extraction and find that they perform equivalently

well, so we adopt the optimal extraction to compare with our Eureka! reduction.

Light Curve Fitting

We took the extracted 1D spectra from both reduction pipelines and produced
spectroscopic light curves by binning into 32 bins with wavelengths between 5 and
12 um. We used a custom binning scheme with bin widths of either 0.125, 0.25, and
0.5 ym depending on wavelength. We used 0.5 ym bins longwards of 10 ym, where
the noise substantially increases due to the partially illuminated detector. We used
0.25 um bins elsewhere except from 8.4 — 10 um, where we used 0.125 yum bins to
better resolve that region of the spectrum. We removed outliers in our photometric
time series for each bin by masking points greater than So- above the median value
of a moving boxcar filter with a width of 10 points. For each frame we fit for an x-
and y-offset by cross correlating with a median spectrum, and fitting for the peak
position of the point spread function of the trace respectively. We included these

values as detrending parameters in our light curve fits.

In order to fit our light curves we used the secondary eclipse model function imple-
mented in the light curve fitting package batman (Kreidberg, 2015). We assumed a
circular orbit, and fit for a planet/star flux ratio, F,/F. and secondary eclipse mid-

time. For our spectroscopic light curve fits, we fixed the orbital separation, a/R.,
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Figure 4.1 A sample of spectroscopic light curves from our Eureka! reduction
for each of our two secondary eclipse observations. For our fits, we trim 100
integrations at the beginning of each observation to remove the sharp “hook” which
cannot quite be captured by an exponential, shown in the grey shaded region. The
best-fit combined instrumental and eclipse models are overplotted in black.

planetary radius R, /R, and inclination to the values from the white light curve fit,
shown in Table 4.1.

As in other MIRI LRS time series observations (Kempton et al., 2023; Grant et al.,
2023), we find that our light curves exhibit a large, wavelength dependent ramp
with a structure that changes from short to long wavelengths. In Fig. 4.1 we plot a
subset of representative spectroscopic light curves from this reduction with the best
fit model overplotted in black. Similarly to these studies, we observed a turnover in
this ramp at longer wavelengths in our second secondary eclipse observation where
the ramp switches from negative to positive slope. This effect is thought to be
dependent on the illumination history of the detector and its idle-recovery behaviour
(Bouwman et al., 2023).

To detrend the ramp structure, we fit a combination of a linear slope and exponential
ramp in time. We additionally discarded the first 350 integrations (~6 minutes)

to remove the steepest part of the ramp at the start of each observation, which
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is poorly fit by a single exponential. We also detrended against the x-position
(dispersion direction), y-position (cross-dispersion), and the width of the PSF (dy).
We subtracted the median y and x position from our position arrays, as well as the

median PSF width. Our final systematics model took the form:
S=1+ciy+crx+c30y+cat+csexp(—(t—tg)/ce), 4.1)

where each of the ¢;s represent the coefficients for each of our detrending parameters.

The prior and best fit values for each parameter are summarized in Table 4.1.

Our combined model for fitting our light curves is as follows:
Fre :Mpl(t) XS(Z)’ (42)

where M,,; is the batman secondary eclipse model.

In Fig. 4.2 we plot the raw spectroscopic light curves and residuals for our Eureka!
reduction for both secondary eclipses. Our wavelength-dependent secondary eclipse
depth spectrum for our Eureka! reduction is shown in Fig. 4.3. A subset of our
wavelength-dependent detrending parameters are shown in Fig. 4.4. In order to
increase the visibility of absorption features, we convert our secondary eclipse
depths to the corresponding brightness temperature using a BT-Settl model (Allard,
2014) corresponding to the best fit stellar parameters of HD 189733. We adopt
the parameters from Rosenthal et al. (2021): T,rr = 5012 K, log(g)= 4.5, and
metallicity, [Fe/H] = 0.04. We adopt the value of R,/R.= 0.155 from the best-fit
value of 7 Spitzer 8 um transits published in Agol et al. (2010). The BT-Settl model
is consistent with the shape of our flux-calibrated in-eclipse stellar spectrum at the
level of 1 — 2 percent difference, using the most recent flux calibration reference file
available. The larger difference occurs in the saturated region of the detector. We
therefore use a stellar model in order to ensure that our estimate of the stellar flux
in the saturated regions does not bias our calculated brightness temperatures. The
stellar spectra from both visits show < 0.3% difference, so we use the same model
for both visits. This is confirmed by ground-based monitoring of HD 189733 A,
which confirms that stellar brightness variations are minimal during the time period
these data was taken (Henry, G., private communication). Our secondary eclipse
depths and corresponding brightness temperatures for our Eureka! reduction are
shown in Table 4.2.
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Figure 4.2 (left) Raw spectroscopic light curves from the Eureka! reduction for
each of our MIRI LRS secondary eclipses and (right) residuals after subtracting
the best-fit eclipse and instrumental ramp model. The strong wavelength-dependent
instrumental ramp is visible at the beginning of the raw light curves for both obser-
vations.

Eureka! and SPARTA intercomparison

In Fig. 4.6 we plot our spectroscopic secondary eclipse depths as a function of
wavelength for each eclipse and data reduction pipeline. We find the largest deviation
shortwards of 5.5 um. This occurs because most pixels are at least partially saturated
in less than five groups short-wards of 5.4 um, with the brightest pixels saturated
in less than 3 groups. The small number of unsaturated groups results in a poor
fit in the Stage 1 “ramps-to-slopes” step, which will bias the final eclipse depth.
This effect seems to be worse for the SPARTA reduction, which does not remove
saturated groups. Reducing the number of groups used for extracting slopes in our
SPARTA reduction to 3 does not improve the difference between reductions. We
therefore used the Eureka! reduction for subsequent analyses. The difference
in non-linearity treatment between the SPARTA and Eureka! pipelines results in
the systematic offset between reductions. The shape of the spectrum is consistent

between reductions beyond 5.5 um within 30 therefore does not significantly impact
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any of our subsequent interpretation of spectroscopic features in HD 189733b’s

dayside spectrum.

We find that both of our secondary eclipse observations and reductions are consistent
within 30. However, we do see a high number of spectral channels with differences
at the 20 level than expected from just random noise. Since this also occurs for both
eclipse observations between our two reductions, this suggests that our uncertainties
are underestimated by a factor of ~2 — 3 due to unknown systematics or other noise
sources. One possible source is the additional correlation between the ramp shape

and eclipse depth that we do not account for in our uncertainties.

In Fig. 4.4, we examine potential trends in the best-fit parameters from our system-
atics model as a function of wavelength. The shape of the time-dependent ramp,
particularly the linear slope with time, is the most significant change in systematics
between Eclipse 1 and Eclipse 2. The largest change occurs at the region between
10-11 um. We observe a transition in the ramp structure from an increasing linear
slope in time shortwards of 10 ym to a downwards trend from 10 — 11 ym in the
light curves for Eclipse 2 that is not seen in Eclipse 1 (Fig. 4.1). Comparing the
difference between our Eureka! reductions for Eclipse 1 and Eclipse 2 to the best
fit ramp parameters for each visit reveals that the largest differences in secondary
eclipse depth correspond well with the largest differences in the linear slope com-
ponent of the ramp. This suggests that the divergence in the ramp amplitude and
linear slope results in offsets in our retrieved secondary eclipse depth. This is further
supported by observed covariances between the linear slope, exponential amplitude
and eclipse depth within the posteriors for our spectroscopic light curve fits. The
largest differences in linear slope appear to result in changes at the ~30 level, which
can be accounted for through inflation of our retrieved error bars. We see smaller
differences in the ramp shape from 8.3 — 9 um between eclipses, where once again
the ramp has a positive slope in Eclipse 2, and negative or zero slope in Eclipse 1.
However that portion of the spectrum agrees well between visits, suggesting that
only significant changes in ramp shapes as seen from 10 — 11 um bias the retrieved

eclipse depth.

Comparison with Spitzer Eclipses
HD 1897333 b has been extensively studied in the mid-infrared with Spitzer. In
Fig. 4.3 we compare our JWST emission spectrum to the combined Spitzer IRS

spectrum from Todorov et al. (2014). We allow for an offset, but other than that find
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Table 4.2.  Spectroscopic eclipse depths and brightness temperatures of
HD 1897333 b from our Eureka! reduction for Eclipse 1 and Eclipse 2.

Wavelength Eclipse 1 depth Eclipse 1 Ty igh: Eclipse 2 depth Eclipse 2 Tpyign:

(pm) (ppm) X) (ppm) X)

5.125 2356 +£40 1231 +4 2305 + 35 1221 £ 4
5.375 2467 + 36 1236 + 4 2464 + 27 1235 +3
5.625 2556 + 21 1229 +£2 2509 + 31 1219 +£3
5.875 2673 £ 19 1230 £ 2 2641 £ 24 1224 +2
6.125 2796 + 26 1233 £3 2682 +23 1211 +2
6.375 2845 + 19 1222 +2 2807 £ 20 1215 +£2
6.625 2710 + 23 1175+ 2 2667 = 19 1166 + 2
6.875 2913 +£23 1194 +£2 2853 +24 1183 +2
7.125 2970 £ 20 11852 3016 + 22 1193 +2
7.375 3051 +£20 1181 +£2 3096 + 19 1190 + 2
7.625 3209 +£23 1193 +2 3188 + 25 1190 £2
7.875 3328 £ 21 1198 +2 3305 + 20 1194 £2
8.125 3321 +£28 1180 =3 3383 £22 1191 £2
8.3125 3370 + 31 1177 +3 3432 £ 30 1189 +3
8.4375 3455 +£29 1185+3 3521 +£28 1197 £3
8.5625 3461 + 41 1179 + 4 3414 + 38 1171 +£3
8.6875 3471 + 33 1174 £3 3399 + 32 1180+ 3
8.8125 3544 + 36 1179 £ 3 3546 £33 1161 +£3
8.9375 3782 + 38 1215+ 3 3734 £ 31 1206 + 3
9.0625 3970 + 38 1242 + 3 3880 + 42 1226 +4
9.1875 3913 £39 1225+ 3 4050 + 44 1250 + 4
9.3125 4150 + 40 1260 £ 3 4075 + 38 1245 £3
9.4375 4177 £ 35 1258 £3 4078 + 36 1241 £3
9.5625 4119 + 44 1242 + 4 4062 + 36 1232 +3
9.6875 4216 + 8 1252 +£3 4365 + 36 1252 £5
9.8125 4328 +43 1266 + 4 4249 + 54 1278 £3
9.9375 4322 £ 43 1259 +4 4191 +£40 1236 £ 4
10.125 4444 + 30 1271 £ 4 4365 + 35 1257 £3
10.375 4417 + 38 1253 +4 4260 + 33 1229 +3
10.625 4461 + 42 1251 £5 4360 + 37 1235+ 3
10.875 4512 + 60 1256 + 3 4392 + 50 1231 +4
11.25 4636 + 56 1258 £5 4672 + 58 1234 £ 5

11.75 4676 =73 1246 £ 6 4604 + 59 1264 £ 5
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good agreement between the slopes of the two spectra. The magnitude of the sec-
ondary eclipse depths in the Spitzer IRS data has been observed to shift depending
on the correction used for the systematics and can vary significantly between indi-
vidual reductions as a result (Grillmair et al., 2007; Grillmair et al., 2008; Todorov
et al., 2014). In order to be consistent with the broadband observations, Zhang
et al. (2020) found that a 30% relative shift upwards was required in their retrievals.
Therefore while we trust the slope of the overall spectrum, we consider the overall

magnitude of the Spitzer IRS emission spectrum to be unreliable.

The Spitzer IRS spectrum does not show a significant absorption feature at 8.7 um,
but this is expected given its relatively large measurement uncertainties. Like the
Spitzer spectrum, our JWST spectrum shows an absorption feature from water at
6.5 um. There is no obvious methane absorption in our spectrum, consistent with
previous Spitzer observations. Both the IRS spectrum and our JWST spectrum show
a dip from 10 — 11 pm, though the magnitude of this feature varies with reduction
method, and is smaller in our Eureka! Eclipse 1 spectrum. This is consistent with
the location of absorption features from several silicate cloud features. It is also the
location on the MIRI LRS detector where we observe changes in our systematics
which may bias measurements of the eclipse depth (see the slopes of spectroscopic

light curves shown in Fig. 4.1).

In order to facilitate comparisons between our new measurements and the previous
Spitzer 8 um photometry, we bin our data to create eclipse light curves with the same
wavelength coverage as the Spitzer 8 um bandpass (See Fig 4.3). We account for the
relative throughput between Spitzer and MIRI LRS and and fit for the corresponding
secondary eclipse depths. In Fig. 4.5a we plot our 8 um eclipse depths for both
Eclipse 1 and 2 using our Eureka! reduction. Our two 8 yum JWST secondary
eclipse depths are consistent within 1o-. We compare these two secondary eclipse
depths to the seven 8 um eclipse depths published in Agol et al. (2010). We find that
our two 8 um JWST secondary eclipse depths are both smaller than any of the seven
eclipses from (Agol et al., 2010), and differ from the average 8 um eclipse depth
reported in Agol et al. (2010) by 280 ppm (307). HD 189733 A is an active star, with
observed variations in brightness across a 17 year baseline of around 5-7% based
on ground-based photometric monitoring (Henry, G., private communication; Sing
etal., 2011; Knutson et al., 2012). Using Eq. 7 in Zellem et al. (2017), we find that
this corresponds to a change in the secondary eclipse depth of as much as 220 ppm.

We conclude that the offset between the Spitzer 8 um secondary eclipse depths and
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Figure 4.3 Our fitted spectroscopic secondary eclipse depths from 5 — 12 um are
plotted for both visits from our Eureka! reductions. The Spitzer 8 yum band
response curve is shown in black. We compare our MIRI LRS emission spectrum to
the Spitzer IRS spectrum from Todorov et al. (2014) (grey), with an applied offset of
0.06%. The misfit between eclipses at 10 — 11 um matches the area of the detector
where the ramp behaviour differs the most significantly between visits (see Sec 4.4).

our MIRI 8 um secondary eclipse depths could potentially be explained by stellar
variability.

We also note that the 8 um photometry from Spitzer’s IRAC instrument exhibited a
ramp-like behavior similar to the one we see in our MIRI data. Agol et al. (2010)
found that their measured eclipse depths were sensitive to their choice of ramp
model. They ultimately selected a double exponential model for their final eclipse
depth measurements, as they found that this model resulted in the best agreement
in eclipse depths across their sample of seven measurements. In Fig. 4.5b we plot
the best-fit ramp model for each of the seven eclipses from Agol et al. (2010),
colored by increasing depth. We find that all but one of their secondary eclipses
observations show strong negative time dependent ramps. Within this ensemble,
we see that increasing negative ramp strength correlates with a deeper measured
eclipse depth. This suggests that the ramp shape may be systematically biasing the
measured eclipse depths for all visits to values that are slightly higher than the true
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Figure 4.4 The fitted spectroscopic coefficients for three of our detrending param-
eters, PSF width, linear slope with time, and ramp amplitude, for each of our two
secondary eclipse observations from our Eureka! reduction. While the best fit
systematics differ between our two secondary eclipse observations, the shape of the
emission spectrum is mostly consistent between the two visits at the 20~ level. The
largest differences between visits occur where the linear component of the ramp
varies most. The linear component of the ramp also switches sign between visits
from 10— 11 gm. This suggests that this could lead to small offsets in eclipse depth
(see Sec. 4.4).

value in the sample from Agol et al. (2010). In our JWST data, we see a positive
ramp at these wavelengths, which could in turn bias our measured eclipse depths
to slightly lower values. The offset between these two ensembles of observations
is therefore also possibly explained by instrumental systematics. This slight offset
from either the ramp or stellar variability would manifest in a small shift in retrieved

dayside temperature.

4.5 Comparison to Models

We used two levels of model complexity and flexibility to interpret our measured
mid-infrared dayside emission spectrum for HD 189733 b. First, we conducted
a fully free chemistry, climate and cloud retrieval utilizing the retrieval code
petitRADTRANs. The free retrieval framework allowed us to test different pos-
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Figure 4.5 a) Measured 8 um eclipse depths colored by eclipse depth for the seven
Spitzer eclipses from Agol et al. (2010) as compared to our two JWST 8 um eclipse
depths (orange,blue). b) The ramps for the corresponding Spitzer eclipses from a)
are plotted, and colored according to their depths.

sible condensate species in order to limit the species included in our forward models
to reduce computational time. Second, we used picaso to compute a grid of
radiative-convective models that were self-consistent in climate and chemistry. This
imposed the strongest physical constraint on the fitting process. We leveraged the
forward model grid but additionally fit for aerosol parameters that were not physi-
cally self-consistent with the climate model grid. In this case, the cloud was able to
form at any pressure and was not bound by the condensation curve of the condensate

species.

For both the free retrieval and grid we used a Bayesian framework to map our pos-
terior space and determine our best fit parameters and errors. We fit both secondary
eclipse measurements individually and jointly. The priors used for both fits are
shown in Table 4.3, as well as our median retrieved values and 10 uncertainties.
For both our free retrievals and grid fits, we included an error inflation term, given
the evidence that our uncertainties may be underestimated, as discussed in 4.4. We
added a free error term added quadrature with the per point uncertainties obtained
from our data reduction to obtain our combined error for our lileklihood function,

o; so our final per point error, s; took the form:
5?2 =07+ 107, (4.3)

where b is the free error scale parameter.
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Table 4.3. Retrieved parameters for HD 189733 b from free retrievals with
petitRADTRANS and Picaso forward grid models on our Eureka! reduction. For
our petitRADTRANS retrievals, molecules with firm upper limits are reported as

99% upper limits.
Parameter Fixed/Free Prior Eclipse 1 Eclipse 2 Joint
petitRADTRANS Free Retrievals
Teq K] Free U(1000,1400) 1150+40 1170+60  1110+50
Tine K] Free U(100,300) 21060  210+60 200+ 60
y Free U(0,1) 0.38+0.05 0.44+0.09 0.33+0.06
log k;r [K] Free U(-6,2) -1.0£0.6 -12+0.7 -0.76+0.5
log (g [cgs]) Free U(2.8,3.8) 34+03 34+03 3.7+0.3
log Xt,0 [MMR] Free U(-10,00  -3.0+08 -3.0+1.0 -3.7+0.6
log Xp,s [MMR] Free U(-10,00  -22x06 <-09  -24x05
log Xs0, [MMR] Free U(-10,0) <—-42 <43 <-4.5
log Xco, IMMR] Free U(-10,0) <-2.8 <33 <-3.1
log Xs;0,[s] [MMR] Free U(-10,00  -3.6+06 -39+08 -3.6+0.7
log rsio,[s] [cm] Free U-8,-3) -6.5+0.7 -6.6+0.8 -6.5+0.7
log Ps;o,[s) [bars] Free U(-6,2) -3.1+06 -3.0+0.8 -3.0+0.6
Tnorm Free U(1.0,3.0) 19406  2.0+06  19x05
PICASO Grid Fit W/O Clouds
heat redis. Grid [0.5,0.85] 0.81*00% — 0.79°9%  0.81790
M/H [dex] Grid [-1,1] -0.857092  —0.72*01¢ 085703
C/O [rel. Sol=0.458] Grid [0.25,2] 0.38*0-40 0.341%—{)(? 0.36*% >
0.06 0.0 0.06
b [log K] Free Uu(-2.5,2.5 141790 142000 1 41+0.00
logZ - - -152 -154 -152
PICASO Grid Fit W/ Retrieved Clouds
heat redis. Grid [0.5,0.85] 0.83*00L  0.82700°  0.827007
: 0% 0% 0%
M/H [dex] Grid [-1,1] -0.88* 0% -0.05*00  —0.127019
C/O [rel. Sol=0.458] Grid [0.25,2] 0.74*077  1.327014° 1.43+000
fiea [dex] Free U-1,1) -0.24%05 —0.46t(§§27 —o.szt%-é@
log 8si0,(s] [em™2] Free U(1,10) 44341270 51+0 18% 5.3340.0
10 r'5i0,[s] [cm] Free U(-17,-3) —5.21t‘1-_§9 -5.69%50  —5.96% L
log Ps;0,[s) [bar] Free U(1,-4) —2.852)-477 —2.54t2|-i8 —3.45t%)-31
Tnorm - Free U0.5,25) 077498 ; 0.76*0; llg 0.8+0-11
0.0 0.0 0.0
b [log K] Free Uu(-2.5,2.5 11390 1217000 116400
logZ - - -128 -135 -131

Note. — PICASO params: heat redis.= heat redistribution (full=0.5), M/H=log metallicity relative
to solar, C/O=carbon-to-oxygen ratio relative to solar (solar=0.458), b=error inflation, fsed=cloud
sedimentation efficiency, log ds;0,[s)=scaled cloud number density, log rs;0,[s]=mean cloud particle
radius, log Ps;0,[s)=cloud base pressure, onorm=log normal radius distribution width for cloud parti-
cles, logZ=log likelihood from fitting results.
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Free Bayesian Retrievals

We perform free chemistry retrievals using the retrieval framework implemented in
the open-sourced petitRADTRANS (Molliere et al., 2019). Our retrievals included
the free pressure temperature (P-T) profile parameterization from Guillot (2010),
the surface gravity log(g), and the planetary radius Rp as free parameters, as well as
gas phase species that might potentially be abundant enough to be detectable in the
mid-infrared spectra of hot Jupiters, including H,O, CO, CO,, H,S, FeH, SO,, CHy4,
C,yH,, PH3, HCN, NH3, and SiO. We also include continuum opacity sources from
H,/H; and Hy/He collision-induced absorption. The sampling was performed using
nested sampling implemented in PyMultiNest, the Python wrapper for MultiNest
(Feroz et al., 2009), using 1000 live points. We evaluated the evidence with the
sampling efficiency set to 0.3. We find an additional 95 + 10 ppm error term added
in quadrature is preferred in our free retrievals. This effectively increases our errors

by a factor of 2 — 4 depending on the channel.

We find a feature at 8.7 pum that we are unable to reproduce with the equilibrium
gas phase absorbers predicted in the atmospheres of giant planets. We tested all
of the gas-phase opacities available within petitRADTRANS and ExolMol, but were
unable to fit these features. Next, we used Mie scattering coeflicients, adapted
from Kitzmann et al. (2018), to explore possible cloud species that might plausibly
be present in the atmosphere of HD 1897333 b. We set up our cloud retrievals
with the cloud base pressure, a power law scaling with pressure above the cloud
base, cloud particle radius, and cloud abundance as free parameters. We tested
scattering coeflicients for MnS[s], ZnS[s], KCl[s], Fe[s], MgSiO3[s], Mg,SiO4[s],
and SiO;[s] (where [s] refers to the solid phase). MgSiO3[s] and Mg,SiOy4[s] are
thought to be the dominant silicate species in the atmospheres of hot Jupiters, but
these species have strong features centered on 10 um, not 8.7 um (Wakeford et al.,
2015). We considered both crystalline and amorphous particles when available in
petitRADTRANS. We also fit a clear model and a simple grey cloud model with a

cloud base and power-law opacity with pressure to compare with our cloudy models.

In Fig. 4.7c, we plot our best-fit joint free retrieval against our secondary eclipse
brightness temperature spectrum. Our best-fit P-T profile and 1o~ uncertainties are
shown in Fig. 4.7d. We found that H,O is the only gas phase molecule with a sta-
tistically significant detection in all of our fits, with a log-abundance of —3.7 + 0.3
(MMR), irrespective of the cloud model used in the fit. This value was consistent

between eclipses, and is smaller than the measurement reported in Finnerty et al.
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(2023) using ground-based high-resolution spectroscopy with Keck/KPIC. We addi-
tionally detect H,S in our first eclipse and our joint eclipse retrieval at a significance
of 3.50. Our second eclipse retrieval only has a firm 99% upper limit of -0.9. H,S
has a broad, weak feature in the mid-infrared centered around 7 um, which overlaps
partially with the H,O feature. As a result, it primarily affects the shape of the con-
tinuum and could be degenerate with clouds. However, the retrieved abundance of
-2.2+0.6 (MMR) is consistent with equilibrium chemistry predictions based on the
previously derived parameters for HD 1897333 b’s atmospheric composition from
Finnerty et al. (2023). H;S has also been detected in HD 189733 b’s transmission
spectrum (Fu et al., 2024), at an abundance of —4.5‘:%"2 (VMR), which is consistent
at the 1.50 level with our retrieved value. Its presence in the dayside atmosphere of
HD 189733 b can be confirmed by observations at shorter wavelengths with JWST.
As in Fu et al. (2024), we do not detect the photochemical product SO,, retrieving
only a strict upper limit of -4.7 (MMR). This is consistent with photochemical mod-
els for previously retrieved metallicity values for this atmosphere of 3 — 5 solar (Fu
et al., 2024).

We found that both amorphous and crystalline SiO»[s] clouds were able to reproduce
the absorption feature at 8.7 um. Amorphous SiO;[s] clouds were preferred only
slightly to crystalline at < 1o. We used the Bayes factor to compare to both grey
cloud and clear atmosphere models and found that SiO;[s] clouds are preferred over
the clear atmosphere model at 6.00-, and over the grey cloud model at 6.10 for our
joint eclipse retrievals. When compared to other condensate clouds, SiO»[s] clouds
are preferred to Mg,SiO4[s] at 6.10-, MgiOs[s] at 6.30-, KCI[s] at 6.50- and ZnS[s]
at 6.20. All condensate cloud species tested but SiO, produce a comparably good
fit to the retrieval with Mg>SiOy4[s] shown in Fig. 4.7c as they fail to reproduce the
8.7 um feature. We were unable to reproduce the spectral shape at 9.6 um with any
gas phase or scattering condensate opacity available in petitRADTRANs despite the

flexibility of the free retrieval framework.

The largest difference between our Eureka! and SPARTA reductions occurs in the
saturated wavelength range from 5—5.5 um. In order to make sure that this region is
not biasing our fits, we perform additional retrievals excluding wavelengths shorter
than 5.5 um. We find no significant changes to our retrieved abundances or our
retrieved cloud parameters. We also test the sensitivity of our retrieval results to
our chosen binning scheme by re-binning our emission spectrum to uniform bin

widths of 0.5, 0.25 and 0.125 um. We then ran retrievals on each of these binning
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Figure 4.6 Comparison of our Eureka! and SPARTA reductions for each of our two
secondary eclipse observations. The systematic differences between reductions are
due to the different linearity corrections. Shortwards of 5.5 um, the difference is
increased by the partially saturated detector.

schemes and recovered consistent solutions. The only exception was our fit using
0.5 um bins, where we found that the statistical significance of our water detection
decreased due to our inability to fully resolve the water absorption feature at 6.5

microns.

Self-Consistent Radiative Convective Model Grid

The radiative-convective thermochemical equilibrium (RCTE) grid was computed
using PICASO v3.0 (Batalha et al., 2019). The climate modeling functionality in
PICASO is based on the legacy code developed to study Titan (McKay et al., 1989)
and Uranus (Marley et al., 1999). The new open source code is fully described in
Mukherjee et al. (2023). Of note are the correlated-k opacities used in PICASO,
which are described in Marley et al. (2021) and available for download in Lupu et al.
(2021). The correlated-k table is precomputed using a grid of chemical equilibrium
abundances for different metallicity and C/O values at 1460 pressure-temperature
points. The chemistry grid contains 29 species and is detailed in Marley et al. (2021)
using NASA’s CEA code (Gordon et al., 1994) and the modeling work detailed in
Fegley et al. (1994), Lodders (1999), Lodders (2002), Lodders et al. (2002), Visscher
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et al. (2006), and Visscher et al. (2010). Lastly, our chemical equilibrium grid relies
on the elemental abundances of Lodders (2010) where solar C/0=0.458.

The grid made for this analysis consisted of a total of 150 models of varying
atmospheric properties at an interior temperature of 200 K and without radiatively
active clouds. The properties varied were the atmospheric metallicity with six values
from 0.1 to 10X solar, the C/O ratio with five values from 0.25 to 2X solar, and the
heat redistribution factor with five values from 0.5 to 0.85. The heat redistribution
factors specifically cluster around the higher values, with models generated at 0.5,
0.65, 0.75, 0.8, and 0.85 (a redistribution factor of 0.5 corresponds to full heat
redistribution to the night side).

Our grid fitting procedure is based on the post-processing procedures utilized in
studies of WASP-39 b (e.g. Rustamkulov et al., 2023) and WASP-17 b (Grant et al.,
2023), among others. In this framework, the pressure-temperature profile is physi-
cally constrained by the RCTE grid, as well as the chemistry, which is constrained
by chemical-equilibrium abundances at each pressure layer. We leverage the open
source sampling code Ultranest (Buchner, 2021), which uses the MLFriends algo-
rithm (Buchner, 2019) to fit for the best-fit parameters. This simply corresponds to
our three grid parameters (M/H, C/O, and heat redistribution) for the cloud-free case.
In doing so, we linearly interpolate the spectra computed for each grid point using
PICASO’s rapid custom_interp function. For our cloud-free grid fit, we obtain a
single best-fit model that corresponds to M/H=1.5xSolar, C/O=1.5xSolar (=0.687
absolute), and heat redistribution=0.7 (see the full table of retrieved parameters in
Table 4.3).

In order to incorporate clouds we add five new free parameters to our fit: 1) the base
pressure level of the cloud deck, 2) the sedimentation efficiency (fs.q), 3) the cloud
particle density, 4) the mean particle radius, and 5) the particle size distribution
width assuming a log normal distribution. For our cloud fit we assume a cloud
species of SiO,[s] and use the a-crystal optical constants computed at 928 K by
Zeidler et al. (2013) (T,, of HD 189733 b is ~1191 K). Note that in the free retrieval
section above, we test out several different cloud species. These five free parameters
allow us to represent a cloud deck with particles that are log-normally distributed,
similar to that of the parameterized cloud model of Ackerman et al. (2001). In this
model, the sedimentation efficiency, fs.4, describes the vertical extent of the cloud
deck. Low fiq (<1) represents a cloud with a large vertical extent, and high foq (>1)

represents a cloud that quickly becomes optically thin toward decreasing pressures.
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Our cloud routine is available via the Virga (Batalha et al., 2020; Rooney et al.,
2022) open source tool function calc_optics_user_r_dist !. Unlike using
the Virga cloud model directly, this cloud fitting routine provides more physical
flexibility by allowing the cloud to form away from the computed saturation vapor
pressure curve for SiO; derived in Grant et al. (2023). It also removes the physical

relation between the particle radius, vertical mixing velocity (K,), and fgq.

The parameters derived from our grid fit are also available in Table 4.3. Overall the
cloudy model is strongly preferred to the cloud-free model with a difference in the
In Bayes Factor>19 for both individual eclipse visits as well as the joint fit. This
translates to preference for the cloudy models at 6 — 70~ (as defined in Eqn. 21 from
Trotta, 2008). We find that the metallicity and C/O ratio are not well-constrained
in our fits. This is not surprising, as we were only able to detect two gas phase
molecules, H,O and H;S, in our free retrievals. As a result, there is a degeneracy
between our retrieved M/H and C/O. We find that the H;O volume mixing ratio
(VMR) is well-constrained with a value of log H,O = —3.8t%% for the cloudy model
fits. This is consistent with the value found in our free retrievals, of —4.1 + 0.4

(VMR).

The inferred cloud parameters are consistent within 1o regardless of eclipse visit
or joint fit. The cloud parameters are consistent with a vertically extended cloud

deck starting at log P ~ —3 [bar] with a mean particle radius of < logr = —4 [cm].

+1.0
-0.41

—2.54f%:218, for eclipse 2. This level of agreement is also true for the cloud number

density, particle radius, sedimentation efficiency, and particle distribution width.

For example, for the joint visit the retrieved cloud deck was -3.45 compared to

Therefore, the eclipse visit did not affect the inferred cloud parameters.

We additionally considered whether the presence of Si0;[s] grains in the atmosphere
of HD 189733 b should affect the thermal structure of the atmosphere through
radiative feedback. We calculated the total optical depth from the clouds as a
function of wavelength and found that the optical depth is always less than 0.05
between 1 — 8 um. Therefore, the radiative feedback from these clouds should have

a minimal effect on the planet’s vertical temperature profile.

Spectral Region Beyond 9.0 ym
In Fig. 4.7, we compare our best fit forward model and free retrieval models to our

joint eclipse spectrum. We find that even after the inclusion of SiO; clouds, we

ISee Virga tutorial.
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Figure 4.7 a) Our joint eclipse spectrum, converted to brightness temperature, plotted
against the best fit Picaso forward model and 30~ upper limits. We show the same
model with the contribution from the quartz (SiO[s]) grains (purple) and H,O (blue)
opacities removed. b) The best fit temperature-pressure profile predicted by forward
models and maximum dayside temperature compared to condensation curves of
major silicate cloud species. ¢) Our joint eclipse spectrum plotted against the best
fit petitRADNTRANS free retrieval. We additionally compare to our best-fit model
from a retrieval with fosterite (Mg,SiO4[s]) as the condensate species instead of
SiO, (pink). We show the same model with opacities from the gas phase molecules
detected in our retrievals, including H,S (brown) and H,O (blue), removed. d) The
best fit retrieved P-T profile from the free retrievals and 1-sigma limits compared to
condensation curves.
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still obtain a relatively poor fit to the measured spectral shape beyond 9 ym. In the
PICASO grid retrieval, the best fit cloud model does not capture the steep gradient
in brightness temperature from 8.6 —9.5 ym. In the petitRADTRANS free retrieval,
the gradient is fit better (residuals < 107), until 9.4 ym where the model begins to
deviate from the data. This occurs for retrievals on both the Eureka! and Sparta
data reductions. These sequence of points differ at more than 20~ from the best-fit
models, even allowing for error inflation. Additionally, in both eclipses and both
data reductions, we observe a potential feature at 9.6 um, shown in Fig 4.6. While
this feature is narrow, it appears consistently in all data reductions and in both visits.
It vanishes for bin width larger than 0.3 um, where the feature is no longer resolved.
The other region with multiple consecutive points differing by more than 20~ from
the best-fit models is between 10 — 11 um, where the ramp behavior changes on
the detector and the differences between our two secondary eclipse observations are

large.

The mismatch in the gradient from 8.6 — 9.5 ym would likely benefit from more
complex cloud modeling (e.g. patchy clouds, non-log-normal particle distributions,
or improved optical properties). Additionally, if the 9.6 yum feature is real, the
included species in our models could also be affecting this region. We briefly con-
sidered what absorbers could affect these wavelengths. Using the high-throughput
quantum chemistry framework presented in Zapata Trujillo et al. (2023), we ex-
plored possible molecular species that could affect the spectral shape in this region.
Methanol (CH3OH) is observed in many astrophysical contexts including solar sys-
tem bodies and planet-hosting disks around other stars (e.g. Drabek-Maunder et al.,
2017; Booth et al., 2021). Although methanol is expected to be important in shaping
HD 189733b’s overall chemistry, its steady-state abundance is predicted to be many
orders of magnitude lower than species such as H,O, CO,, and CH4 (Moses et al.,
2011). The available high-temperature line lists for methanol currently focus on
near-infrared wavelengths (e.g. Majed et al., 2014) and do not allow for a robust
determination of plausible CH3OH abundances in HD 189733b’s atmosphere from
our JWST MIRI data. At this current time, no sufficient mid-infrared opacities for
this molecule exist in any spectroscopy database, (e.g. HITEMP (Rothman et al.,
2010), ExoMol (Tennyson et al., 2016), suitable for modeling existing exoplanet
spectra. Future work focused on the expansion of current high-temperature line
list for methanol, such as those from Ding et al. (2019), combined with additional
observations of HD 189733 b’s atmosphere at near-infrared wavelengths will be

needed in order.
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4.6 Discussion

In the previous section, we identified sub-micron grains of SiO;[s] as the likely
source of the excess absorption observed at 8.7 um in HD 189733 b’s dayside
emission spectrum. Here, we examine the implications of this detection for the
atmosphere of HD 189733 b, and place our detection in a broader context by
comparing it to published detections of silicate grains with MIRI LRS for other hot

Jupiters.

Silicate Grains in the Atmosphere of HD 189733 b

While silicate absorption features have been directly observed in the emission spectra
of brown dwarfs and planetary mass companions between 5 — 14 um using Spitzer
IRS (Burgasser et al., 2008; Burningham et al., 2021; Sudrez et al., 2022), they
were only recently detected in the atmospheres of transiting planets using JWST
(Grant et al., 2023; Dyrek et al., 2023). As illustrated in Fig. 4.3, MIRI LRS
covers an equivalent 5 — 12 um spectral region with a significantly higher spectral
precision than Spitzer IRS, making it an ideal instrument to search for spectroscopic
features from silicate clouds. Our detection of absorption from SiO»[s] grains in
HD 189733 b’s dayside emission spectrum provides the first direct confirmation of
silicate particles in the atmosphere of HD 189733 b. This provides evidence that
the scattering particles invoked in previous studies to explain this planet’s optical
scattering slope in transmission (e.g. Pont et al., 2008; Wakeford et al., 2015) may
indeed be composed of silicate materials, though the composition of particles in
the terminator region may differ in composition from those detected on the hotter

dayside.

In Fig. 4.7, we plot the best-fit spatially-averaged dayside temperature profile in-
ferred from fits to our MIRI emission spectrum and compare it to the condensation
curves of various silicate species. This temperature profile predicts that equilibrium
condensation of all of these species should occur at relatively high pressures, where
their effect on the emission spectrum should be minimal. Our retrievals, on the
other hand, require cloud particles present at 107 — 103 bars. However, we know
from both general circulation models (Showman et al., 2009; Kataria et al., 2015)
and previously published phase curve observations of HD 189733 b that the dayside
temperatures vary by hundreds of K across the dayside hemisphere (Knutson et al.,
2007; Knutson et al., 2012; Majeau et al., 2012; Wit et al., 2012). This means that
silicates could reasonably condense at the pressures retrieved in our models in the

hottest regions of the dayside atmosphere near the substellar point (see panel b in
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Fig. 4.7). Atour best fit cloud base pressures, we find that a reasonable temperature-
pressure profile for the hottest regions of HD 189733 b’s dayside atmosphere could
cross the condensation curve for SiO; only if the abundance is moderately sub-solar.
Condensation curves for abundances closer to solar place the cloud base deeper in
the atmosphere around 0.1-1 bars. Sub-micron-sized particles also have relatively
long settling times, and we would therefore expect vertical mixing to transport these
small particles to even lower pressures than the predicted cloud base (Parmentier
etal.,, 2013; Lee et al., 2016). Alternatively, the retrieved cloud parameters are also
consistent with homogeneous or heterogeneous nucleation in the upper atmosphere,
rather than equilibrium cloud condensation (e.g. Helling et al., 2001; Lee et al.,
2016; Powell et al., 2018).

It is worth considering why we see Si02[s] in HD 189733 b’s dayside atmosphere,
and not any of the other commonly predicted silicate cloud species. Equilibrium
chemistry condensation models predict the formation of enstatite (MgSiO3) and
fosterite (Mg;S104) clouds (Burrows et al., 1999; Visscher et al., 2010). Mi-
crophysical cloud formation models from Gao et al. (2020) similarly predict that
forsterite should be the dominant form of silicate clouds based on the relative nucle-
ation potentials between the various silicate species. These predictions appear to be
in good agreement with Spitzer observations of silicate absorption features in brown
dwarf atmospheres, which are best-matched by models with enstatite and forsterite
compositions (Cushing et al., 2006; Luna et al., 2021). On the other hand, kinetic
cloud models from Helling et al. (2006) predict that Si02, grains should dominate
in the atmospheres of brown dwarfs. This has since been supported by Burningham
et al. (2021), who find SiO;[s] in addition to enstatite clouds in the atmosphere
of an isolated brown dwarf. Dynamic cloud formation models for HD 189733 b
from Lee et al. (2016) predict that SiO, will condense on top of TiO; seed particles
to form small grains (< 0.1 pum), and that these small grains will dominate the
aerosol distribution at low dayside latitudes and low pressures. In these models,
Lee et al. (2016) find that in the hottest regions of HD 189733 b’s day side, the
growth of other silicate particles is suppressed. However, their models also predict
that MgSi0O3 and Mg,Si0O4 should dominate in the terminator regions probed by
transmission spectroscopy. This prediction is testable with the upcoming MIRI
transmission spectroscopy of HD 189733 b (Program IDs GTO 1185, PI Thomas P.
Greene, and GO 1633, PI Drake Deming), which will be sensitive to the composition

of cloud species closer to the terminator.
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Comparison to other JWST MIRI Silicate Cloud Detections

Two recent studies of exoplanet transmission spectroscopy with JWST MIRI LRS
have also produced detections of silicate clouds in the atmospheres of WASP-17 b
(Grant et al., 2023) and WASP-107 b (Dyrek et al., 2023). Emission spectroscopy
with MIRI LRS and JWST NIRCam has also provided evidence that aerosols are
potentially present in the dayside atmosphere of WASP-69 b (Schlawin et al., 2024),
with silicates being one of the models explored to reproduce their data. In terms of
atmospheric equilibrium temperatures, HD 189733 b (T,, ~1191 K) sits in between
WASP-17 b (T., ~1771 K) and WASP-107 b (T., ~736 K) (Southworth, 2011),
which provides an opportunity to explore the formation of silicate clouds across this

important phase space.

Grant et al. (2023) detected absorption from small particles (0.01 um) of SiO, in
their JWST MIRI LRS transmission spectrum of hot Jupiter WASP-17 b with a sharp
spectral peak near 8.6 um. The predicted peak dayside temperatures of HD 189733 b
at the pressures probed in emission (~100 mbar) are very similar to the predicted
temperatures along WASP-17 b’s terminator at the pressures probed in transmission
(~1 — 10 mbar) (e.g. Kataria et al., 2016). However, their cloud properties in these
regions might still differ if they have different atmospheric compositions; Grant et al.
(2023) highlight the dependence of the condensation curve for SiO; on atmospheric
metallicity. WASP-17 b appears to have a super-solar atmospheric metallicity (up
to 100x solar; Alderson et al., 2022; Grant et al., 2023). Although we cannot place
strong constraints on HD 189733 b’s atmospheric metallicity from our JWST MIRI
emission observations alone, previous studies of HD 189733 b’s transmission and
emission spectrum indicate that it is best-matched by an atmospheric metallicity
that is 3-10x solar values (e.g. Zhang et al., 2020). Potentially, HD 189733 b’s
lower atmospheric metallicity could cause SiO, to condense at lower temperatures
as compared with WASP-17 b (see Figure 4.7).

Dyrek et al. (2023) also recently detected evidence for sub-micron size silicate grains
in their JWST MIRI LRS transmission spectrum of WASP-107 b. The 5 — 12 ym
transmission spectrum of WASP-107 b does not exhibit a strong 8.6 — 8.7 um
feature explained best by SiO, alone. Instead Dyrek et al. (2023) find that the broad
absorption due to clouds in WASP-107 b’s mid-infrared transmission spectrum is
best explained by composite clouds that include amorphous MgSiO3, SiO;, and SiO,
with strong evidence for SiO[s] as the dominant silicate species. SiO[s] is likely
thermally unstable on the substantially hotter dayside of HD 189733 b compared to
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WASP-107 b’s terminator region (Lee et al., 2016), which could account for their

different cloud compositions.

Although the exact properties of the silicate cloud species identified in the atmo-
spheres of WASP-17 b, WASP-107 b and now HD 189733 b may differ, they all
challenge extrasolar giant planet cloud formation and evolution theories. Thermo-
chemical equilibrium cloud formation (e.g. Marley et al., 2015) would predict that
magnesium silicate clouds (MgSiO3[s] or Mg;Si104[s]) would be the primary cloud
species to form in hot Jupiter atmospheres and that these clouds would subside to
below the photosphere for cooler planets such as WASP-107 b. Non-equilibrium
cloud formation models (e.g. Helling et al., 2006) do predict that SiO[s] should
form a substantial fraction of the material composition of clouds in extrasolar giant
planets and brown dwarfs, but not necessarily at the atmospheric temperatures and
pressures where we are now observing them. As highlighted in works such as Lee
et al. (2016), Parmentier et al. (2016), Kataria et al. (2016), Komacek et al. (2017),
and Lines et al. (2018), cloud formation and evolution in hot Jupiters is strongly
shaped by large day-night temperature gradients that also give rise to strong vertical
and horizontal mixing. This strong atmospheric mixing is likely able to sustain
the population of sub-micron size silicate cloud particles observed in WASP-17 b,
HD 189733 b, and WASP-107 b. Further observations of giant exoplanet atmo-
spheres spanning a broad range of temperatures, compositions, and gravities with
JWST MIRI will hopefully provide additional detections of specific cloud species
and constraints on their average particle sizes that will prove valuable to further

refine cloud formation and evolution theories and models.

4.7 Conclusions

We have presented an updated mid-infrared dayside emission spectrum of the hot
Jupiter HD 189733 b spanning 5 — 12 um from two secondary eclipses observed
with JWST/MIRI LRS. We find that our emission spectra from each of our two
secondary eclipse observations are consistent within expectations of random noise
from both our Eureka! and SPARTA data reduction pipelines. These results
showcase the ability of JWST/MIRI LRS emission spectroscopy to identify new gas-
phase absorption and cloud features in the atmospheres of transiting exoplanets at
mid-infrared wavelengths. Our two secondary eclipse observations of HD 189733 b
also demonstrate the repeatability of observations for relatively bright targets with
JWST, while greatly improving upon previous Spitzer/IRS observations of this

planet. We find that our new secondary eclipse observations are consistent with
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the shape of previous Spitzer/IRS mid-infrared spectroscopy of this planet when
we apply a fixed offset to the IRS data. When we bin our spectra to match the
8 um Spitzer bandpass, we find that our new eclipse depths are slightly smaller than
the ensemble of seven published Spitzer 8 um eclipse observations, likely also as
a result of instrumental systematics related to the steep time-dependent ramps in
the Spitzer data. Overall, we find good consistency between the Spitzer and JWST

observations for this planet.

Our dayside emission spectrum confirms the previous detections of H,O in the
dayside of HD 189733 b by Spitzer, HST, and ground-based observations, and
is consistent with expectations for a moderately super-solar metallicity hydrogen-
dominated atmosphere. We find that the absorption feature observed at 8.7 um is
well-matched by models with high altitude, sub-micron, 1.09%0 (¢ x 107> um SiO,
grains, confirming previous indirect inferences of scattering aerosols in this planet’s
atmosphere. Even after accounting for the effect of clouds on the spectrum, we find
that the measured spectral shape at wavelengths beyond 9 um is not well-matched by
our models. However, we were unable to identify any candidate cloud or gas phases
absorbers that could improve the fit in this region using currently available line lists.
CH3OH could potentially produce absorption in this region, but does not have a
complete line list at relevant temperatures and pressures. Future improvements in
mid-infrared opacities and additional JWST secondary eclipse measurements from
NIRCAM at shorter wavelengths should be able to confirm or disprove the presence

of trace species such as CH3;OH.

These same observations can be used to produce 2D eclipse maps of HD 189733
b’s dayside atmosphere; we will present these maps in a future study and compare
them to previously published 8 um Spitzer eclipse maps for this planet. These new
spectroscopic eclipse maps will also allow us to probe variations in the dayside
atmospheric temperature structure over a wide range of pressures, and potentially to
determine the spatial extent of the SiO, clouds in HD 189733 b’s dayside atmosphere.
HD 189733 b will soon be observed with multiple JWST instrument modes in both
transmission and emission (Programs GTO 1185, PI Greene, GO 1633, PI Deming).
By combining these data sets with the mid-infrared observations presented here, we
will be able to fully quantify the molecular inventory of the dayside and terminator
regions of HD 189733 b’s atmosphere. Transmission observations with MIRI LRS
will allow us to see if the clouds on the dayside extend into the terminator, and if

these clouds have the same composition as those on the day side, or if they transition
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to enstatite and forsterite as predicted by Lee et al. (2016). These observations can
also be used to search for trace molecules produced by photochemistry (e.g. Moses
etal., 2011), including their spatially varying abundances, and to quantify the effect
of upward mixing on the observed methane abundance in HD 189733 b’s upper
atmosphere (e.g. Fortney et al., 2021). This extensive suite of JWST observations
will make HD 189733 b a key touchstone for studies of silicate cloud formation and
disequilibrium chemistry in hot Jupiter atmospheres, building on its legacy as one
of the best-studied hot Jupiters with Spitzer and HST.
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Chapter 5

KPF OBSERVATIONS OF THE ULTRA-HOT JUPITER
TOI-2109 B

5.1 Introduction

Ultra-hot Jupiters (UHJs) are a rare and extreme class of gas giant exoplanets.
Characterized by equilibrium temperatures exceeding ~2200 K, these planets host
dayside atmospheres that contain primarily atomic and ionic species, with only a few
molecular species (e.g. CO) present at an observable abundance Parmentier et al.,
2018; Tanetal., 2019, e.g. Their unique chemistry and the presence of strong optical
and UV absorption due to a combination of atomic species such as Fe and Mg drives
the formation of large thermal inversions in their dayside atmospheres without the
need for molecules such as TiO or VO (Hubeny et al., 2003; Lothringer et al., 2018;
Gandhi et al., 2019), creating strong emission features that are readily observable in
transmission and emission spectroscopy. Ultra-hot Jupiters therefore offer a unique
laboratory to explore the physics and chemistry of planetary atmospheres in extreme

temperature regimes .

These close-in planets are expected to be tidally locked with their host stars, resulting
in large day-night temperature gradients that drive fast winds that redistribute heat
from the day to night side (Miller-Ricci Kempton et al., 2012; Showman et al.,
2012; Parmentier et al., 2013). General circulation models (Komacek et al., 2017;
Parmentier et al., 2018; Tan et al., 2019) predict that the efficiency of this day-night
heat redistribution should decrease as the incident flux increases, in good agreement
with published dayside emission and phase curve observations of hot Jupiters. At
the high temperatures reached in ultra-hot Jupiter atmospheres, there are additional
effects that can alter the efficiency of day-night transport. As the temperature
rises, the atmosphere becomes increasingly ionized; if the planet possesses a strong
magnetic field, this can result in a frictional drag force that reduces the speed of
zonal winds carrying energy to the planet’s night side (Beltz et al., 2021; Beltz
et al., 2024). However, at temperatures above ~ 3000 K dissociation of H, on
the day side followed by recombination on the cooler night side can also increase
the efficiency of day-night energy transport (Bell et al., 2018; Tan et al., 2019).
This means that although it is generally expected that UHJs will have large day-
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night temperature gradients, their observed atmospheric circulation patterns and

longitudinal temperature profiles can vary from planet to planet.

The high atmospheric temperatures of UHJs mean that they contain measurable
amounts of gas-phase refractory species. By measuring the abundances of these
species, we can directly constrain the gas-to-solid ratio of the materials incorpo-
rated into the atmosphere, breaking degeneracies in the interpretation of C/O ratio
measurements from CO and H;O abundances measured at infrared wavelengths
(Chachan et al., 2023). We can measure the abundances of both refractory and
volatile species in UHJ atmospheres using high-resolution spectrographs on large
ground-based telescopes. This technique exploits the large radial velocity shift over
the course of an observation due to the planet’s orbital motion to separate the at-
mospheric signal of the planet from that of its host star. These observations have
revealed that the dayside atmospheres of UHJs are dominated by Fe I and CO fea-
tures, while water is largely dissociated. Many additional atomic species have been
detected, including Na, Mg, Ca, Sr, Ti, V, Cr, Fe, and Ni, (see review by Snellen
(2025) and references within). The progressive disappearance of these species with
decreasing stellar irradiation can be used to constrain the condensation of these
species into cold traps on the planets’ night sides (Gandhi et al., 2023). At the same
time, the measured broadening and velocity shifts of lines probing different pres-
sures can also be used to characterize their global atmospheric circulation patterns
(e.g. Showman et al., 2012; Kesseli et al., 2024).

Here, we utilize high-resolution emission spectroscopy at optical wavelengths to
characterize the atmosphere of the recently discovered UHJ TOI-2109 b (Wong et
al., 2021). This planet orbits a main sequence FO star with an effective temperature
of 6530 K. With an orbital period of just 16 hours, TOI-2109 b is located closer
to its host star than any other giant planet currently known (see Table 5.1 for a
complete list of system parameters). With an equilibrium temperature of 3650 K,
this makes TOI-210b b the second hottest transiting planet after Kelt-9 b (T,, =
4050 K Gaudi et al., 2017). This planet therefore serves as a critical transition point
between Kelt-9 b and the rest of the ultra-hot Jupiters, which all have T,, < 3000
K. TOI-2109 b also has a relatively high mass of 5 + 1 M, making it the second
most massive UHJ after WASP-18 b (Hellier et al., 2009). Although its high surface
gravity makes this planet challenging to observe using transmission spectroscopy,
its high dayside temperature means that it is one of the most favorable UHJ targets

for emission spectroscopy.
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Phase = 0.5

Phase = 0

Figure 5.1 The TOI-2109 b system, to scale, showing the relative size of the planet
and host star, as well as the orbital axis. The phase coverage of our KPF observation
is shown.

We observed TOI-2109 b for slightly more than 1/4 of its orbit using the high-
resolution optical spectrograph the Keck Planet Finder (KPF) on Keck I. In Sec-
tion 5.2 we describe our observations and data reduction process. In Section 5.2
we show the results of our cross correlations analysis on the processed data, and in

Section 5.3 we discuss the current status of our data and the next steps.

5.2 Observations and Data Reduction

We observed TOI-2109 b for one night using Keck/KPF (Gibson et al., 2016)
on 2025-06-11 UT. Clouds were present throughout the observations, and as a
result we used an exposure time of 6 minutes in order to achieve adequate SNR
for each exposure. We also discarded several exposures with low SNRs at the
beginning of our observations. We observed TOI-2109 b for a total of ~ 5.3 hours,
corresponding to 33% of its 16 hour orbital period. Our observations began at an
orbital phase of 0.12 and continued until the start of secondary eclipse (orbital phase

of approximately 0.45).

We extracted 1D spectra using version 2.7.1 of the KPF Data Reduction Pipeline
(DRP). KPF features both a red and green channel spanning ~4450 — 6000 A over
35 orders and ~6000 — 8700 A over 32 orders, respectively. Additionally, KPF
splits the light from its primary science fiber over three smaller fibers, resulting in
three science spectra per exposure. We treated both the chips, individual science
spectra, and orders as separate during the blaze function correction and continuum

removal steps.
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Table 5.1. Summary of the previously derived system parameters and data used
in our analysis of TOI-2109 b.

Parameter Value Reference
Primary (TOI-2109 A)

RA (J2000) 16 52 44.71 Gaia Collaboration (2022)
Dec (J2000) +16 34 47.70 Gaia Collaboration (2022)
SpT F Wong et al. (2021)

m, (mag) 10.217 £ 0.004 Hgg et al. (2000)

distance (pc) 262.041*% 753 Gaia Collaboration (2022)
Vsys (km/s) -19.2 (Gaia Collaboration, 2020)

Age (Myr) 1.77+0.88 Wong et al. (2021)

M, (M) 1.447t%-§75 Wong et al. (2021)

R. (Ro) 1.698+0:002 Wong et al. (2021)

Teir (K) 6530*% Wong et al. (2021)

log g. (cgs) 4.139+0.1 Wong et al. (2021)

[Fe/H] 0.068+9:070 Wong et al. (2021)

Companion (TOI-2109 b)

Period (days) 0.672469 + 0.000015 Wong et al. (2021)

T: O 2459378.459370 + 0.000059 Wong et al. (2021)

inc (°) 70.74 + 0.37 Wong et al. (2021)

a/R, 2.60*%30 Wong et al. (2021)

a (au) 0.0179 = 0.00065 Wong et al. (2021)

R Ry) 1.347 £ 0.047 Wong et al. (2021)

M My) 5+1 Wong et al. (2021)

Teq (K) 3646 + 88 Wong et al. (2021)

In order to correct for the blaze function in each order, we used our 2D flat-field
images to reconstruct a “smooth lamp pattern” for each order. First, we smoothed
the smooth lamp pattern over 200 pixels in the dispersion direction and 1 pixel in the
cross-dispersion direction. We removed outliers greater than 30~ and then extracted
the 1D smooth lamp pattern using the KPF DRP. We then divided the 1D spectra of
TOI-2109 by this function.

Next, we removed the continuum by utilizing an iterative spline fitting procedure
to the median spectrum of each order. After continuum normalizing each other,
we combined all the orders on the red and green chip into one spectrum for each
of the 3 science fibers. At shorter wavelengths, there is a large amount of overlap
between orders, but at the reddest wavelengths gaps appear between subsequent
orders. Before combining the orders into one spectrum, we first performed a clip
for low SNR utilizing the raw 1D spectra. Wavelength values within the gaps were

assigned a flux value of zero. We then interpolated the orders onto a uniform
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Figure 5.2 Upper panel: Processed 1D KPF spectra as a function of orbital face
before applying SYSREM. Lower panel: The residuals as a function of orbital phase
after applying 5 iterations of SYSREM to the data.

wavelength grid in log-space that closely matched the original wavelength spacing.
The flux values in the overlapping regions were determined using a mean of the

overlapping orders.

After continuum normalizing and combining individual order to produce a 1D
spectrum for each of the three science fibers, we then interpolated the spectra onto
a common wavelength grid and coadded them to produce one spectrum for each
exposure. Householder et al. (in prep) considered how combining the three fibers
with their varying LSF functions could introduce errors into the final atmospheric

analysis, but found that had a negligible effect in their observations.

After creating a single combined spectrum for each exposure. We then removed
the spectrum of the host star and tellurics from our observations by dividing by
the median spectrum. We remove outliers deviating from the median spectrum at
greater than 40-. We removed residual time-varying telluric and stellar features
using the SYSREM algorithm (Tamuz et al., 2005). We compare the significance of

our detection of Fe using different numbers of SYSREM iterations and find that using
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Figure 5.3 K, - Av,y plots for our TOI-2109 b observations using individual
templates for Fe, Mg, and Ti, as well as a full model template generated by
petitRADTRANS. The expected K, and Avy,, are indicated by the white dashed

lines.

four iterations leads to the strongest signal. We finally shift the spectra into the

stellar rest frame by correcting for the reflex motion of the star due to the planet,
which has a measured amplitude of 0.86 + 0.13 km/s Wong et al. (2021).
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Cross-Correlation Analysis

We used the cross correlation method to search for signals from different potential
atmospheric constituents. First, we generated atmospheric model templates for
individual atomic and ionic species including Fe I, Fe I, Mg [, Ti [, Cr I, V I, and Ca
I. We then generated a template atmospheres containing all species with significant
detections using the radiative transfer code petitRADTRANS (Molliere et al., 2019).
We used an inverted P-T profile calculated with the parameters reported for TOI-
2109b in Cont et al. (2025). Other planetary parameters, such as log g, are fixed to
the values from Wong et al. (2021), and displayed in Table 5.1. We did not include
the effect of the planetary rotation rate on the measured line shapes and velocity
shifts in these initial models. The chemical abundances are computed assuming

equilibrium chemistry at solar atmospheric abundances.

Next, we Doppler-shifted the template model onto an RV grid with a range of
—400 km/s to 400 km/s in increments of 1 km/s. We then interpolated the shifted
template onto the wavelength grid of the data and calculated the corresponding cross-
correlation value for that RV shift. We arranged the cross correlation functions
(CCFS) for each exposure in a two dimensional array to create a CCF map for
this observation and aligned this map to the rest frame of TOI-2109b for a range
of possible values of the system velocity, v, and planet radial velocity semi-
amplitudes, K,,. The resulting K, —v,,, plot was divided by the standard deviation
to convert to units of detection significance. In Fig. 5.3, we plot our resulting K,,-
Vsys maps for the three atomic species with a detection significance > 30 at the

expected K, and vy,;.

When we plotted the CCF map as a function of orbital phase for Fe before applying
the SYSREM algorithm, (Fig. 5.4), we found that there was a strong structure located
at velocity shifts between -80 and 80 km/s, which is similar in magnitude to the
measured rotational velocity of the host star. This structure is not present for
any other atomic species aside from Fe I, which has many lines spanning the
entire wavelength range of KPF and is present in both the planet and host star.
This structure overlaps with the expected radial velocity of the planet just before
secondary eclipse ingress (phases > 0.45). We tested the effect of this region on our
Fe 1 detection significance by masking out the phases greater than 0.45 and found
that the detection significance changed by less than 0.10. We found that applying
SYSREM to the observations partially removed this structure, but likely removes some

of the planetary signal as well. As this signal occurs near the rotational velocity of
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Figure 5.4 Upper panel: Cross correlation function map for Fe as a function of
orbital phase and radial velocity shift calculated prior to applying SYSREM. Lower
panel: Cross correlation function map for the same template as above calculated
after five iterations of SYSREM.

the star, this is likely the result of imperfectly removed stellar lines. There is a known
instrument drift over the course of the night on the order of 10s m/s, which has not
been corrected in our current data reduction and may have resulted in residual stellar
lines in the processed data. An imperfect correction for the stellar radial velocity
shifts due to the orbiting planet, which has a semi-amplitude of ~1 km/s, could
also have contributed. Alternatively, this signal may be due to stellar pulsations,
which have been observed in other high-resolution datasets, most significantly in
observations WASP-33b, which have made detections of features in the planetary
atmosphere challenging (Cont et al., 2022; Snellen, 2025).
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5.3 Current Results and Next Steps

Our detection of Fe is consistent with the previously published observations of this
system from Cont et al. (2025) utilizing CARMENES, who detected Fe at a SNR
of 30. Our Fe detection is only slightly stronger with a detection significance of
3.50, despite the larger aperture size of Keck. This is likely due to a combination of
factors, including the lower-than-expected SNR of the observations due to clouds,

as well as the residual structure in the CCF phase map shown in Fig. 5.4.

As in Cont et al. (2025), we find that template models with a thermal inversion are
preferred. In addition, we detect both Ti (4.20") and Mg (3.70"), neither of which
was detected in the CARMENES observations. We find that the velocity of the
CCEF peak differs slightly for each species detected, but this shift is sensitive to the
number of SYSREM iterations used. This suggests that SYSREM may be subtracting
off part of the planetary signal; this is something that we can explore in more depth
using injection recovery tests if needed. The measured shift is also strongest for Fe
I, which is affected by additional structure in the CCF map as noted in the previous
section. Our detections of Fe I, Mg I and Ti I are consistent with previous studies
of ultra-hot Jupiters. Currently, Ti I has only been detected in WASP-189 b (T,, =
2640 K), WASP-33 b (T, = 2780 K) and KELT-9 b (T,, = 4050 K), and now in
TOI-2109 b, whereas Mg I and Fe I are detected in every ultra-hot Jupiter with T,
greater than ~2000 K (see references in Snellen, 2025).

Moving forward, we intend to re-reduce these data with an updated version of the
KPF pipeline, which should improve the SNR of the observation and better correct
for the radial velocity drift over the course of the night. We will also correct
for telluric absorption in individual exposures using the forward model molecfit
rather than removing them using PCA with SYSREW, as this can remove part of the
planetary signal. If we conclude that the residual structure in the CCF map is due

to stellar pulsations, we will mask out that region of the CCF space.

After improving our data analysis process to maximize the retrieved signal, we
will perform retrievals on these observations to convert our detected signals into
abundances for Fe, Mg, and Ti. We will additionally measure other parameters, such
as the line broadening, to constrain the properties of the atmospheric circulation.
If we can separate out our detections into subsets of lines that probe different
atmospheric pressures, we may also be able to measure the magnitude of the velocity

shift as a function of depth in the planet’s atmosphere (e.g. Kesseli et al., 2024).

We additionally have a JWST/NIRSpec cycle 4 program (GO 8877) that recently
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observed a near infrared (3—5 pm) phase curve of TOI-2109 b, which will allow us to
obtain robust constraints on vertical temperature profile of this planet as a function of
longitude. We also have two complementary phase curves of TOI-2109 b observed
with HST/WFC3 G141 (1.1 - 1.7 um). These spectroscopically resolved phase
curve observations can be used to map both the planet’s longitudinally varying
thermal structure and to measure the spatially resolved abundances of species such
as Si0, H,O, H-, CO; and CO. Using these data, we will be able to quantify
changes in the extent of dissociation of molecules like H;O and H, from the day
to the night side, infer the direction and strength of atmospheric winds using the
wavelength-dependent offset in the location of the hot spot near the substellar point,
and potentially constrain the onset of cloud formation via the removal of SiO from

the gas phase.

Fits to the low-resolution night-side emission spectrum can also be used to better
constrain the abundances of volatile species such as water that are partially or
fully dissociated on the day side. These complementary datasets will provide
strong constraints on TOI-2109 b’s atmospheric properties that will enhance our
ability to robustly interpret the high-resolution data presented here and provide new
insights into the atmospheric composition and corresponding accretion history of

this massive planet.
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Chapter 6

CONCLUSIONS

6.1 Summary

In this thesis, I explored how the present day atmospheric properties and orbital
configurations of giant planets can be used to constrain their origins. In Chapter 2,
I measured the atmospheric composition of the directly-imaged companion ROXs
42B b and showed that it is consistent with that of its host binary. I demonstrated the
challenges of using only a single atmospheric composition measurement, such as the
C/O ratio, to distinguish between formation scenarios, especially for companions
that likely formed outside the CO ice line. I also showed how the presence of clouds
in the atmospheres of giant planets can result in strongly biased measurements of key
parameters, such as the atmospheric composition and temperature-pressure profile,
when fitting low-resolution near-infrared spectra. I showed that high-resolution
data can overcome these biases because the cores of individual absorption lines are
formed high in the atmosphere above the location of the clouds. high-resolution
spectroscopy also provides tight constraints on the abundance ratios of different
molecules using their relative line depths, which are relatively insensitive to the
values of other model parameters, such as the temperature-pressure profile. These
two facts combined allowed me to obtain better constraints on the C/O ratio of ROXs

42B b than with the low resolution observations.

In Chapter 3, I used two decades of astrometric observations to constrain the orbits of
both the binary and the planetary mass companion in the ROXs 42 B system in order
to place additional constraints on the origin of the planetary mass companion. When
combined, these two orbital solutions revealed that the companion orbit is highly
misaligned with respect to the plane of the binary orbit. I then considered a range
of possible scenarios that could reproduce this configuration, and concluded that
due to the density of the stellar environment the system formed in and the age of the
system, the companion was unlikely to have been captured and most likely formed
within the circumbinary disk. However, even with all of the available information it
is still challenging to differentiate between formation via core accretion versus disk

instability.

In Chapter 4, I showed how mid-infrared observations with JWST MIRI LRS can
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be used to characterize the compositions of clouds in giant planet atmospheres, a
common obstacle to obtaining robust inferences about other atmospheric properties.
Our MIRI LRS spectrum of the transiting hot Jupiter HD 189733b revealed nm-
sized quartz grains at millibar pressures in the dayside atmosphere, challenging our
current understanding of cloud formation processes. These clouds may have formed
through equilibrium condensation in the hottest region of the atmosphere, just east
of the sub-stellar point. The small sizes of these particles suggest that they might
act as seeds for condensate cloud formation, as they are similar to the expected sizes
of seed particles in microphysical models (Lee et al., 2016). Models predict that
nucleation of these seeds can only occur when the partial pressure of the condensible
species significantly exceeds the saturation vapor pressure. (Lee et al., 2016; Powell
et al.,, 2018). For HD 189733 b, this corresponds to relatively low atmospheric
pressures, comparable to those where the particles are observed to reside.

In Chapter 5, I used high-resolution spectra obtained using Keck I/KPF to observe
the dayside emission of the ultra-hot Jupiter TOI-2109 b, which is expected to
contain multiple refractory species in the gas phase. I was able to obtain preliminary
detections of Fe, Ti, and Mg. Moving forward, I will use these detections to constrain
the abundances of these three species in TOI-2109 b’s dayside atmosphere in order
to infer the temperature of its night-side cold trap and constrain the solid-to-gas ratio
of the materials incorporated into its atmosphere, providing us with new insights

into its past accretion and migration history.

6.2 Lessons Learned and Future Work

One of the main goals of this thesis was to understand the origins of gas giant
planets and explore how measurements of atmospheric composition can be used
to trace formation history. It is clear that a single measurement, such as the C/O
ratio or metallicity [Fe/H], of a given target is insufficient to differentiate between
formation scenarios. Combining these measurements with additional information
about the architecture of the system, such as the thousands of orbital solutions that
will be provided in the upcoming Gaia DR4, can help to rule out more scenarios.
Measurements of elemental abundances for additional species can similarly help to
improve our understanding of the formation and migration histories of individual
systems. If these measurements can constrain the ratio of volatile to refractory
material, this can in turn be used to estimate the solid-to-gas ratio of the accreted
material (e.g Chachan et al., 2023). This was recently demonstrated using sulfur

abundances, in the form of SO, and H,S, from JWST observations of the transiting
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gas giant planets WASP-39b Rustamkulov et al. (2023) and HD 189733b (Fu et
al., 2024; Inglis et al., 2024). Ultra-hot Jupiters like TOI-2109b provide a unique
opportunity to make this measurement, because their dayside temperatures are so
high (>2500 K) that we are able to obtain precise abundance measurements for a
wide range of refractory species including Fe, Mg, and Ti (Snellen, 2025). On the
other hand, due to tidal locking and poor heat redistribution, their night sides are cool
enough for measurements of volatiles such as H,O that are partially dissociated on
the day side. These objects are also useful for understanding cloud formation, as we
can directly measure the gas phase abundances of refractory cloud-forming materials
and observe how these materials are progressively removed from the atmosphere
with decreasing equilibrium temperature (e.g. Gandhi et al., 2023). Eventually,
high-resolution spectrographs on 30 meter-class extremely large telescopes (ELTs)
will be able to provide even stronger constraints on the chemistry and dynamics of
giant planet atmospheres, as well as smaller and cooler planets that are currently not

accessible from the ground.

Clouds appear to be present in most hot Jupiter and directly-imaged planet atmo-
spheres. This means that in order to accurately retrieve the atmospheric compo-
sitions of these objects, it is critically important to understand the relevant cloud
formation and transport processes, which in turn determine the 3D distribution
and optical properties of the cloud particles. Observations with MIRI LRS have
already provided valuable insights into cloud formation processes in hot Jupiter at-
mospheres, revealing the presence of very small SiO, grains rather than the MgSi103
and Mg,SiOy4 particles that are typically used for atmospheric modeling of these
objects. Moving forward, additional mid-infrared observations using JWST/MIRI
LRS of planets spanning the entire range of relevant parameter space (temperature,
log g, and composition) as well as more spatially resolved (day side versus evening
and morning temperature, or phase curves) observations, will be vital in order to

improve our understanding of cloud formation in hot Jupiter atmospheres.

More broadly, it should be an over-arching goal of the field to obtain a much
larger sample of atmospheric composition measurements for both transiting and
directly-imaged gas giants. Xuan et al. (2024) showed that many widely-separated
directly-imaged companions like ROXs 42B b have atmospheric compositions sim-
ilar to those of their host stars, suggesting that they share a common formation
channel. In contrast, the hot Jupiter population appears to span a broader range of

atmospheric compositions, although the published C/O ratios and metallicity mea-
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surements from high-resolution and spaced-based measurements are sometimes
mutually inconsistent (Kempton et al., 2024). Taken at face value, this could be
inferred as evidence that most or all hot Jupiters formed via core accretion, which
can produce a wide range of atmospheric compositions, while the population of
widely-separated planetary-mass companions formed via disk instability. This hy-
pothesis motivated me to begin a survey to measure the metallicities and C/O ratios
of transiting super Jupiters, which have masses that are comparable to those of the
widely-separated directly-imaged companions (approximately 4-13 My). If there is
a shift in formation mechanism from core accretion to disk instability within this
mass range, then we might be able to see this reflected in the measured atmospheric
compositions as a function of planet mass. If such a transition were observed, this
would allow us to empirically constrain the upper bound of the mass distribution
for close-in gas giant planets formed via core accretion. We can then compare
this value to the corresponding constraint from atmospheric composition studies of
directly-imaged companions on wide orbits, and to predictions from core accretion

and gravitational instability models.

We can also obtain complementary constraints on the formation mechanisms of gas
giant exoplanets by measuring their fluid Love numbers, h ¢, which directly constrain
their core-mass fractions. This can be done through measurements of the ellipsoidal
distortion of a handful of ultra-hot Jupiters orbiting within a few stellar radii of
their host stars. Ultra-precise transit and phase curve observations with JWST can
potentially constrain this value for ~ 20 targets. This would greatly improve upon
current estimates based on the observed radii and masses of transiting gas giant
planets (e.g. the work by Thorngren et al., 2016; Thorngren et al., 2019). I am
Co-Pl of a Cycle 4 JWST program (GO 8877) that recently obtained a phase curve of
the ultra-hot super Jupiter, TOI-2109 b, in order to measure its core-mass fraction.
These observations will place additional constraints on the formation mechanism of
this 5 My, planet.
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