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ABSTRACT OF THE DISSERTATION

Moderate Resolution Spectroscopy of Directly Imaged Exoplanets

by

Kielan Kathryn Wilcomb Hoch

Doctor of Philosophy in Physics

University of California San Diego, 2022

Quinn Konopacky, Chair

This thesis is part of larger survey conducted using the OSIRIS IFU on the W. M. Keck
Telescope to directly image exoplanets. I begin this publication with an overview of direct
detection and characterization of exoplanets, the current key scientific questions plaguing the
field such as the formation of these objects and how they are distinct from low-mass brown
dwarfs, and my contributions using OSIRIS. OSIRIS is an ideal instrument for this type of
imaging; an integral field spectrograph (IFU) allows us to distinguish scattered starlight and
speckle artifacts from the planet itself. OSIRIS observations of directly imaged planets have
greatly improved our understanding of their atmospheres, hinted at formation pathways, and,

with sufficient SNR, can reveal individual molecular lines.

xXvii



The three substellar companions were observed, spectrally extracted, and atmospherically
characterized with OSIRIS in K-band (~2.2 yum) — x And b, VHS 1256 b, and HD 284149 b.
The R~4,000 spectra were analyzed via a forward modeling framework with custom PHOENIX
atmosphere models and Husser et al. (2013) models. This framework allowed for the derivation
of effective temperatures, surface gravities, metallicities, and carbon and oxygen abundances. In
particular, the C/O ratio was derived for each source as a possible formation tracer diagnostic.

Finally, this thesis analyzed the C/O ratio formation tracer. Directly imaged planets
remain a mystery for the two main formation pathways—core accretion/pebble accretion. It
was believed an elevated C/O ratio would point towards formation via core accretion, and a
stellar C/O ratio would insinuate formation through gravitational instability. The C/O ratios
of the planets in this thesis, as well as the C/O ratios from other works show that all directly
imaged planets have stellar C/O. A small fraction of transit/eclipse planets also have derived
C/O ratios, thus they were compared to the directly imaged planet C/O ratios against various
system parameters. A trend was revealed between companion mass and the C/O ratio, which
showed that there may be two distinct populations of exoplanets with possible different formation
mechanisms. This thesis expresses a need for new formation diagnostics, a more in depth study
into why the directly imaged planet population have the same C/O ratios, and more analyses that

span across the different exoplanet populations.
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Chapter 1

Introduction

Exoplanets provide an exciting laboratory to answer many questions: How did our
Solar System form and evolve? What is the diversity of planetary systems? and What planetary
parameters are needed to host life and check for biosignatures? The majority of exoplanets known
today were discovered by indirect methods such as measuring the periodic dip in brightness
of a star (transit method) and the sinusoidal trend in radial velocity of a star (radial velocity
method). The only method that directly detects the light from these substellar companions that
is completely free from host starlight is direct imaging. Each of these methods are sensitive to
distinct populations of exoplanets as shown in Figure 1.1 using data from the NASA Exoplanet
Archive!.

Direct imaging challenges include removing/blocking the starlight from the host star
to reveal the companion. Figure 1.2 shows that younger substellar objects are brighter, and
therefore, easier to detect. Thus, the directly detected planets are young, self-luminous gas giants
detected in thermal emission. Also, because of the brightness of the host stars, we are more
sensitive to objects that orbit at moderate to wide separations (~10-250 au; Rameau et al. 2013;
Biller et al. 2013; Galicher et al. 2016; Nielsen et al. 2019; Vigan et al. 2021). These young,
bright, and widely separated substellar objects are unique compared to the indirectly detected
exoplanets (Fig 1.1). Directly imaged planets also span the mass range into brown dwarf regime

with masses of 2 My, or more, so they can uniquely constrain our understanding of planet

Thttps://exoplanetarchive.ipac.caltech.edu
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Figure 1.1: The demographics of planetary-mass companions detected via various methods. Bold
symbols denote companions with spectroscopic measurements and atmospheric characterization.
The directly imaged companions are dominant in this population. This figure was created by
Dmitry Savransky, using data from the NASA Exoplanet Archive (Johnston et al., 2022).
formation distinct from star formation. Direct imaging spectroscopy provides access to the
photons from the planet itself, allowing for atmospheric characterization to probe temperature,
clouds, chemistry, gravity, and possible formation pathways.

The first direct images and spectra of planets relied on adaptive optics (AO) systems that
deblur starlight (Chauvin et al., 2004) or space telescopes like the Hubble Space Telescope with
the use of coronagraphs (Kalas et al., 2008). Many facilities such as the Very Large Telescope
(VLT), the W. M. Keck Telescope, and the Gemini South telescope are outfitted with AO and
coronagraphs and have been used to image many of the directly imaged planets (e.g., Chauvin
et al. 2004; Marois et al. 2008; Macintosh et al. 2014). The first image of a planetary mass
object was 2MASS 1207 b around a 25 My, brown dwarf (Chauvin et al., 2004). The nature
of this object started to raise questions about whether this companion should be considered a
brown dwarf or a planet (Mohanty et al., 2007; Mamajek & Meyer, 2007). The mass ratio of
the companion to the star was >0.16, which is quite large compared to planets around main
sequence stars.

The most famous directly imaged planetary system was imaged using the Keck and
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Figure 1.2: Cooling tracks for planets, brown dwarfs and stars. Each curve is at a constant mass.
Typically today we are sensitive to planets around stars younger than 100 Myr old (Bowler,
2016). The orange lines denote objects greater than 80 Myy,, the green lines denote objects 14-80
Mjyp, and the blue lines denote objects less than 14 Myyp.

Gemini Telescopes in 2008. The HR 8799 system includes 4 companions with semi-major axes
ranging from 15 au to 70 au and a 30 Myr AS-type host star (Marois et al., 2008, 2010). How
these planets formed is still a mystery, given their separations and masses.

Currently, from the NASA Exoplanet Archive, there are about 50 substellar companions
that have been discovered via direct imaging. There are many discovered objects that are, by
consensus, planets (i.e., HR 8799 bcde, 3 Pic b, 51 Eri b, etc), but again the exact criteria to
distinguish them from brown dwarfs is still unclear. The working definition by the International
Astronomical Union (IAU) is a cutoff at 13 My, the deuterium burning limit, but this criteria
does not account for the evolution of low mass objects (Chabrier & Baraffe, 2007; Luhman et al.,
2008). Some objects below the deuterium burning limit have been found in configurations that
suggest formation via cloud fragmentation, or forming like a star, and other objects above this
limit have been found in configurations that imply they formed from a protoplanetary disk, like a

planet (Todorov et al., 2010; Liu et al., 2013).
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Figure 1.3: Comparison of the occurrence rates from the GPIES and other surveys of 5-13 My,
planets (top two panels), 13—80 My, brown dwarfs (bottom left), and 5-80 My, substellar
companions (bottom right) as a function of semimajor axis. Only higher-mass stars from GPIES
were considered for one panel (top left panel), while all 300 stars were used in the other panels.
The slope of the lines is the value (3, the semimajor axis power-law index, and the normalization
showing the planet occurrence rate (Nielsen et al., 2019).

There have been many direct imaging surveys to attempt to uncover more of these objects
and to learn more about this population of exoplanets. Nielsen et al. (2019) conducted a survey
on the first 300 stars observed by the Gemini Planet Imager Exoplanet Survey (GPIES) and
found that stars that were more massive than 1.5 M, are more likely to host planets/companions
between 2—13 My, and semi-major axis between 3—100 au, and that there was a low occurence
rate of brown dwarfs (13-80 Myyp) around all stars between 10-100 au (Fig 1.3). They also
found that giant planets favor smaller semi-major axes consistent with 1-10 au, a similar result
found with radial velocity, while the brown dwarfs exhibited the opposite trend. Vigan et al.
(2021) conducted a 500-star survey performed with SPHERE on the Very Large Telescope and
found the frequencies of systems with at least one substellar companion to be 23.0fé?75, 5.8:@%,

and 12.61“%’9 % for BA, FGK, and M stars. Both results show that the directly imaged substellar

companion population may show different formation pathways for brown dwarfs and gas giant



planets.

In order to shed more light on how these objects formed, we need access to spectral
information, which direct imaging provides. Spectral characterization of these objects allow for
derivation of atmospheric parameters such as effective temperature, surface gravity, metallicity,
and molecular abundances. Integral Field Spectrograph (IFS) instruments have provided low
(R~20-80) and moderate (R~2000—6000) resolution spectra in the near-IR (1-2.5xm) such
as P1640, SPHERE, GPI, SCExAO-CHARIS in combination with extreme AO systems and
Gemini/NIFS, VLT/MUSE and SINFONI, Keck/OSIRIS in combination with standard AO
modules. Low resolution near-IR data can help constrain H,O spectral indices that can point
towards what spectral type these objects are and low resolution H-band continuum data are
gravity sensitive (Allers & Liu, 2013). Moderate resolution near-IR data shows fainter and
narrower molecular bands (FeH, CO), and spectral lines (Na I, K I) that are sensitive to surface
gravity and chemical composition of the substellar companions (i.e. C/O ratio and metallicity).

These measurements are essential to understanding this unique population of exoplanets.

1.0.1 Formation Tracers

Directly imaged planets are massive and widely separated from their host stars as stated
above. They remain a mystery for the two main formation scenarios posed for these objects—
core/pebble accretion (e.g. Safronov & Zvjagina 1969; Goldreich & Ward 1973; Hayashi et al.
1985; Pollack et al. 1996) and gravitational/disk instability (e.g. Kuiper 1951; Cameron 1978).
Core accretion involves the formation of a rocky core through the coagulation of planetesimals
until it is massive enough to accrete a gaseous envelope that is later followed by a phase of
rapid gas accretion. But, the directly imaged companions orbit at a distance that is too large
for core accretion models to create massive planets (Dodson-Robinson et al. (2009)). Pebble
accretion can be more efficient than conventional core accretion, but a very high concentration of
pebbles is required to create gas giants far from their host stars (Johansen & Lambrechts, 2017).

Gravitational/disk instablity involves unstable disk fragments collapsing to form gravitationally-



bound fragments that will go on to become gaseous planets. But, if a disk-instability process
occurred and was very efficient, it would produce a large population of brown dwarf companions
around similar host stars at large separations, which has not been seen by many massive surveys
(Kratter et al., 2010; Rameau et al., 2013; Biller et al., 2013; Galicher et al., 2016). There
are some other mechanisms that can aid in explaining wide orbit planet properties using these
theories such as planetary migration (Goldreich & Tremaine, 1980; Lin & Papaloizou, 1986).
Gas giant planets can cause torques in the protoplanetary disk that are strong enough to clear a
gap in the disk at their respective orbits (Ward, 1997). Once the gap forms, the planet’s orbital
evolution is tied to the disk and the planet will migrate at the same rate as the gas that moves
through the disk (Chambers, 2009). This can help relocate gaseous planets to the separations that
we see in observations, but the degree of migration required varies planet to planet. Migration
history can also affect the composition of exoplanetary atmospheres (Cridland et al., 2020). For
example if a planet does not migrate inside of the ice line before accreting gas, the gas will
have more carbon because water will still be in its ice phase (Cridland et al., 2019). To reveal
elemental abundances of these widely separated companions, we need a detailed understanding
of chemical and dynamical evolution of the giant planets’ atmospheres.

Detailed abundance measurements for specific species, such as oxygen, have been
challenging for the planets in our own Solar System. The ratio of the abundances of carbon
and oxygen (C/O) in a Jovian planet atmosphere has been suggested as a potential way to trace
the formation location and formation mechanism (e.g., Madhusudhan et al. 2011). An in depth
understanding of chemical and dynamical histories of the giant planets’ atmospheres is required
to estimate these elemental abundances. The luminosity and effective temperature of Jovian
planets decrease with time, causing their atmosphere to undergo changes. The composition
of their atmospheres could be further altered by continued accretion of solid bodies from the
planetary disk, or by mixing inside the metal-rich core (e.g., Mousis et al. 2009). For Saturn,
only upper limits on the C/O ratio have been measured (Wong et al., 2004; Visscher & Fegley,

2005). For Jupiter, Li et al. (2020) used Juno data and measured the H,O abundance in the



equatorial zone as 2.5f%% x 10% ppm. This suggests an oxygen abundance of roughly three times
the Solar value. The young, and bright directly imaged planets offer an exciting opportunity for
pursuing detailed chemical abundances, as they have not undergone as many complex changes in
composition as their older Solar System counterparts.

Elemental abundance ratios such as the C/O ratio are fundamental parameters of gas
giant exoplanet atmospheres and their host stars’ protoplanetary disks (e.g, Madhusudhan 2019;
Cridland et al. 2020). The C/O ratio, in particular, is considered a key formation tracer for
how these objects formed and where they formed in their protoplanetary disk. The C/O ratio
1s a function of location of snowlines and abundances of H,O, CO,, and CO relative to the H,
abundance in the disk as shown in Figure 1.4 (Piso et al., 2015). Oberg et al. (2011) analytically
calculated that the C/O ratio is expected to be on order unity, or enhanced compared to the stellar
value, between the CO, and CO snowlines because oxygen is depleted. Expanding upon the C/O
ratio property of disks and companions, particle size and pebble drift are now shown to affect the
C/O ratio because the C/O ratio is mainly reliant on the snowline location for the particle size
hosting the mass in ice (Piso et al., 2015; C)berg & Bergin, 2016).

More recent studies have suggested that pressure bumps, areas in the protoplanetary
disk where large dust grain congregate due to gas-grain drag forces (Birnstiel et al., 2010), are
associated with giant planets and that the accretion they endure will be composed of the gaseous
material at the location of the bump (e.g. Pinilla et al. 2021; van der Marel et al. 2016). The
discovery of low a C/O at the location of an asymmetric dust trap around Oph IRS 48 may
indicate that these pressure bumps could have a key role in regulating the C/O ratio profile of
planet forming disks (Booth et al., 2021). van der Marel et al. (2021) found a correlation between
the presence of a significant CO-icy dust reservoir and high C,H emission, which illustrates
the regulation of the C/O profile in the protoplanetary disk by pressure bump locations and the
CO snowline. This signifies a need to include dust transport in chemical disk models, for better
interpretations of exoplanet atmospheric compositions.

Other factors will affect the ratio as well such as planet formation, chemical evolution,
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Figure 1.4: Estimated C/O ratios in gas (solid lines) and in dust (dashed lines) for an irradiated
disk (top panel), an evolving disk (middle panel) and a viscous disk (bottom panel). The particle
size increases from 0.05 to 700 cm shown by the color bar to the right. The horizontal dotted
line represents the stellar value of 0.54. The arrows indicate the movement of CO; gas inside
the CO, snowline, and of CO, and H,O gas inside the H,O snowline and therefore, due to gas
accretion, this will increase the amount of oxygen gas inside the snowlines and reduce the gas
C/O ratio (Piso et al., 2015).

and physical evolution of protoplanetary disks. Migration of planets on a shorter timescale
than the planet growth can cause a wide range of chemical compositions (Cridland et al., 2020).
Theoretical (Morbidelli et al. 2014; Batygin 2018) and observational (Szulagyi et al., 2014)
evidence shows that the accretion is mostly vertical, so the gas falls from one to three scale
heights rather than the midplane in the disk (Teague et al., 2019). Cridland et al. (2020) shows
that the C/O ratio does vary slightly when considering accretion from the midplane versus
accretion from larger scale heights, but further modeling is needed for the chemical evolution
of the gas above the midplane. Current studies are incorporating more chemical and physical

processes into models to get a better idea of what impacts the C/O ratio and what exactly the

ratio tells us about formation.



1.0.2 An Imaging Spectroscopy Survey of Exoplanetary Atmospheres
with Keck/OSIRIS

An advantage of direct imaging of exoplanets is that they can be characterized spectro-
scopically. Some of the most detailed spectra of extrasolar planets have been obtained using
OSIRIS on the W.M. Keck I telescope (Konopacky et al., 2013; Barman et al., 2015; Ruffio
et al., 2019, 2021; Wilcomb et al., 2020; Hoch et al., 2022) OSIRIS observations of directly
imaged planets have greatly improved our understanding of their atmospheres, hinted at for-
mation pathways, and, with sufficient SNR, can reveal individual molecular lines. OSIRIS is
an ideal instrument for this type of imaging; an integral field spectrograph (IFU) allows us to
distinguish scattered starlight and speckle artifacts from the planet itself. The impact of the
speckles primarily affects the continuum of the imaged planet spectra, but they do not mask
narrow spectral lines. Therefore, we can examine the spectra at the full resolution (R~4000)
that OSIRIS has to offer. These data show an immense suite of molecular lines that can, in
turn, be used to measure abundances and C/H and O/H ratios. These abundance ratios are
potentially useful as diagnostics for formation mechanisms (e.g., Oberg et al. 2011). C/O ratios
that are consistent with the values of the host star could point towards formation via gravitational
instability, while C/O ratios ~1 may indicate core accretion formation.

Chapter 2 analyzes the first planet in the survey, < And b, and determines an effective
temperature, surface gravity, metallicity, and C/O ratio. Chapter 3 analyzes the second substellar
companion in the survey, VHS 1256 b, and measures an effective temperature, surface gravity,
cloud parameter, and C/O ratio. Chapter 4 analyzes the third companion, HD 284149 b, and
obtains an effective temperature, surface gravity, metallicity, and C/O ratio. Chapter 4 contains
a statistical analysis of the C/O ratio as a formation tracer for directly imaged planets and
companions against transit discovered planets. And, Chapter 5 is a summary and describes future

work.



Chapter 2

Moderate-Resolution K-Band Spectroscopy
of Substellar Companion x Andromedae b

We present moderate-resolution (R ~ 4000) K band spectra of the “super-Jupiter,”
Andromedae b. The data were taken with the OSIRIS integral field spectrograph at Keck
Observatory. The spectra reveal resolved molecular lines from H,O and CO. The spectra are
compared to a custom PHOENIX atmosphere model grid appropriate for young planetary-mass
objects. We fit the data using a Markov Chain Monte Carlo forward modeling method. Using
a combination of our moderate-resolution spectrum and low-resolution, broadband data from
the literature, we derive an effective temperature of Tegr = 1950 - 2150 K, a surface gravity
of logg =3.5—-4.5, and a metallicity of [M/H] = —0.2—0.0. These values are consistent with
previous estimates from atmospheric modeling and the currently favored young age of the system
(<50 Myr). We derive a C/O ratio of 0.70f8:(2)2 for the source, broadly consistent with the solar
C/O ratio. This, coupled with the slightly subsolar metallicity, implies a composition consistent
with that of the host star, and is suggestive of formation by a rapid process. The subsolar
metallicity of x Andromedae b is also consistent with predictions of formation via gravitational
instability. Further constraints on formation of the companion will require measurement of the
C/O ratio of Kk Andromedae A. We also measure the radial velocity of x Andromedae b for the
first time, with a value of —1.4 +0.9kms™! relative to the host star. We find that the derived

radial velocity is consistent with the estimated high eccentricity of x Andromedae b.
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2.1 Introduction

The new era of direct imaging of exoplanets has revealed a population of Jupiter-like
objects that orbit their host stars at large separations (~10-100 AU; Bowler 2016; Nielsen
et al. 2019; Vigan et al. 2021). These giant planets, with masses between ~2-14 My, and
effective temperatures between ~500-2000 K, are young (~15-200 Myr) compared to exoplanets
discovered through other methods (e.g., Doppler spectroscopy, transit, gravitational microlensing)
because their detectability is enhanced at young ages (e.g., Baraffe et al. 2008). The formation
of these gas giant planets has traditionally been challenging for the two main planet formation
models, core (or pebble) accretion and gravitational instability (e.g., Dodson-Robinson et al.
2009).

Some planet formation scenarios influence a planet’s final atmospheric composition
more than others. A potential connection between formation and composition highlights the
importance of studying the properties of exoplanet atmospheres. It has long been suggested
that the compositions of giant planets in our Solar System were likely determined by their
initial location in the protoplanetary disk and the accretion they experienced (e.g., Owen et al.
1999). For example, the ratio of the abundances of carbon and oxygen (C/O) in a Jovian planet
atmosphere has been suggested as a potential way to trace the location and mechanism of
formation (e.g., Madhusudhan et al. 2011). To estimate elemental abundances, however, we need
a detailed understanding of chemical and dynamical histories of the giant planets’ atmospheres.
The luminosity and effective temperature of a giant planet decreases with time causing its
atmosphere to undergo considerable changes even over a short period of time equal to the age
of the directly imaged planet population, and certainly over a few billion years. In particular,
the vertical mixing timescales will change as the planet’s atmospheric dynamics evolve and
as the radiative-convective boundary moves to higher pressures. Changes in temperature and
pressure will also result in changes in the atmospheric abundances of gasses and condensates.

The composition of their atmospheres could be further altered by continued accretion of solid
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bodies from the planetary disk, or mixing inside the metal-rich core (e.g., Mousis et al. 2009).
Important trace molecules (H,O, CH4, CO,, CO, NH3, and Nj) of giant planets are greatly
impacted by these complex chemical and physical processes that occur over time (e.g., Zahnle &
Marley 2014).

Because of these challenges, detailed abundance measurements for certain species, such
as oxygen, have been challenging for the planets in our Solar System. For Saturn, only upper
limits on the C/O ratio have been measured (Wong et al., 2004; Visscher & Fegley, 2005).
For Jupiter, previous estimates of C/O were impacted by inconclusive findings on the water
abundance in the atmosphere from the Galileo probe. Using Juno data, Li et al. (2020) recently
measured the water abundance in the equatorial zone as Z.Sf%% x 10 ppm, suggesting an oxygen
abundance roughly three times the Solar value. The directly imaged planets offer an interesting
laboratory for pursuing detailed chemical abundances, as they have not undergone as many
complex changes in composition as their older counterparts.

The x Andromedae (x And) system consists of a BOV-type host star with a mass of ~2.7
M, and a bound companion, x And b (Carson et al., 2013). This system is one of the most
massive stars known to host an extrasolar planet or low-mass brown dwarf companion. x And b
has been described as a “super-Jupiter,” with a lower mass limit near or just below the deuterium
burning limit (Carson et al., 2013; Hinkley et al., 2013).

Zuckerman et al. (2011) proposed that  And is a member of the Columba association
with an age of ~30 Myr, leading Carson et al. (2013) to adopt that age and estimate x And b to
have a mass ~12.8 My,, with DUSTY evolutionary models (Chabrier et al., 2000). However,
Hinkley et al. (2013) suggested that x And b had a much older isochronal age of 220 4+ 100
Myr, a higher surface gravity (logg ~ 4.33 as opposed to logg ~ 4 for 30 Myr), and a mass
of SOﬂg Mjyyp by comparing its low-resolution YJH-band spectra with empirical spectra of
brown dwarfs. Bonnefoy et al. (2014) derived a similar age to Carson et al. (2013) of 301’%(2)0
Myr based on the age of the Columba association and a lower mass limit of 10 My, based on

“warm-start” evolutionary models, but did not constrain the surface gravity. More recent studies
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of Kk And b by Currie et al. (2018) and Uyama et al. (2020) have concluded the object is low
gravity (logg ~ 4-4.5) and resembles an LO-L1 dwarf. Other studies focusing on the host star
found the system to be young (¢ ~ 30—40 Myr; David & Hillenbrand 2015; ?). Using CHARA
interferometry, Jones et al. (2016) constrained the rotation rate, gravity, luminosity, and surface
temperature of x And A and compared these properties to stellar evolution models, showing that
the models favor a young age, 47:%8 Myr, which agrees with a more recent age estimate of 42:?
Myr for the Columba association by Bell et al. (2015).

Understanding the orbital dynamics of exoplanets can also put constraints on formation
pathways. Radial velocity measurements can be used to break the degeneracy in the orientation
of the planets’ orbital plane. While astrometric measurements from imaging are ever increasing
in precision (e.g., Wang et al. 2018b), measuring the radial velocity (RV) of directly imaged
exoplanets is challenging due to the required higher spectral resolution balanced with their faint-
ness and contrast with respect to their host stars. The first RV measurement of a directly imaged
planet was [ Pictoris b using the Cryogenic High-Resolution Infrared Echelle Spectrograph
(CRIRES, R=100,000) at the Very Large Telescope (VLT; Kaeufl et al. 2004). An RV of -15.4
+ 1.7 km s~! relative to the host star was measured via cross-correlation of a CO molecular
template (Snellen et al., 2014). Haffert et al. (2019) detected Ha around PDS 70 b and c, but
the radial velocities measured were of the accretion itself and not of the motion of the planets.
Ruffio et al. (2019) measured the RV of HR 8799 b and ¢ with a 0.5 km s~! precision using a
joint forward modeling of the planet signal and the starlight (speckles).

Here we present R ~ 4000 K-band spectra of x And b. In Section 2.2 we report our
observations and data reduction methods. In Section 2.3 we use atmosphere model grids
and forward modeling Markov Chain Monte Carlo methods to determine the best-fit effective
temperature, surface gravity, and metallicity of the companion. We use our best-fit parameters
and PHOENIX models with scaled molecular mole fractions to derive a C/O ratio of O.7Of8:(2)2
for x And b. In Section 2.4 we use the joint forward modeling technique devised by Ruffio et al.

(2019) to measure ~ And b’s radial velocity and to constrain the plane and eccentricity of its
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orbit. In Section 2.5 we discuss the implications of our results and future work.

2.2 Data Reduction

x And b was observed in 2016 and 2017 with the OSIRIS integral field spectrograph
(IFS) (Larkin et al., 2006) in the K broadband mode (1.965-2.381 pm) with a spatial sampling
of 20 milliarcseconds per lenslet. A log of our observations is given in Table 2.1. Observations
of a blank patches of sky and an AOV telluric standard (HIP 111538) were obtained close in time
to the data. We also obtained dark frames with exposure times matching our dataset. The data
were reduced using the OSIRIS data reduction pipeline (DRP; Krabbe et al., 2004; Lockhart
et al., 2019). Data cubes are generated using the standard method in the OSIRIS DRP, using
rectification matrices provided by the observatory. At the advice of the DRP working group, we
did not use the Clean Cosmic Rays DRP module. We combined the sky exposures from each
night and subtracted them from their respective telluric and object data cubes (we did not use

scaled sky subtraction).

Table 2.1: OSIRIS Observations of x Andromedae b

Date Number of  Integration Total Int.

UT) Frames Time (min) Time (min)
2016 Nov6 5 10 50
2016 Nov7 8 10 80
2016 Nov8 5 10 50
2017 Nov4 13 10 130

After extracting one-dimensional spectra for the telluric sources, we used the DRP to
remove hydrogen lines, divide by a blackbody spectrum, and combine all spectra for each
respective night. An initial telluric correction for x And b was then obtained by dividing the final
combined telluric calibrator spectrum in all object frames.

Once the object data cubes are fully reduced, we identify the location of the planet. The

location can be challenging to find due to the brightness of the speckles even at the separation of
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the planet (~1” separation). Speckles have a wavelength-dependent spatial position behavior,
and the planet signal does not. In order to locate the planet, we visually inspect the cubes
while stepping through the cube in wavelength, and determine which features do not depend on
wavelength. Once we find the planet, we record the spatial coordinates.

During preliminary spectral extraction, we noted that the telluric frames did a poor job of
correcting some absorption features, particularly in the blue part of the spectrum. We therefore
used the speckles from x And A that are present in all datacubes to derive a telluric correction
spectrum for each individual exposure. This correction works well because x And A is a B9 type
star with very few intrinsic spectral lines, so the majority of the spectral features will be from
Earths’” atmosphere. We masked the location of the planet and extracted a 1-D spectrum from
the rest of the datacube to use as the telluric spectrum. As with the AOV star, we removed the
hydrogen lines and blackbody spectrum based on the temperature of < And A.

Once the data cubes were reduced and planet location identified, we used a custom IDL
routine to remove speckles. The program smooths and rebins the data to A/A\ ~50, and then
magnifies each wavelength slice, A, about the star by Am/\ with Am = 2.173 pm, the median
wavelength in the K-band. The generated data cube has speckles that are positionally aligned,
with the planet position varying. The program then fits first order polynomials to every spatial
location as a function of wavelength (Barman et al., 2011; Konopacky et al., 2013). We know
the position of the planet, and use it to mask the planet to prevent bias in the polynomial fit.
The results of the fits are subtracted from the full-resolution spectrum before the slices are
demagnified. The resultant cube is portrayed in Figure 2.1 by showing one of the spaxels before
and after the speckle removal.

Uncertainties were determined by calculating the RMS between the individual spectra at
each wavelength. These uncertainties include contributions from statistical error in the flux of
the planet and the speckles as well as some additional error in the blue end of the spectrum due to
imperfect removal of large telluric features in this region. The OH sky lines are well-subtracted

and have a negligible contribution to the uncertainties.
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Kappa And b

Figure 2.1: An example data cube image frame, collapsed in wavelength via median, from our
OSIRIS x And b data set. The panel on the left shows a reduced cube before speckle removal,
demonstrating the brightness of the speckles at the location of x And b. The right panel shows
the data cube after the speckle removal process. The algorithm effectively removes the speckle
noise, leaving most of the flux from the planet behind for spectral extraction.

We also tested our reduction methodology by planting a fake planet with a flat spectrum
in each data cube and going through the same reduction process as above. When we ran the
speckle subtraction and then extracted the fake planet spectra from each cube, there were some
fluctuations in the spectra, particularly near the ends of the spectral range. We decided to
test the speckle subtraction algorithm and extract the fake planet spectra using a higher order
polynomoial fit, but the continuum fluctuations were much larger. We therefore determined that
the first order polynomial fit introduces the least continuum bias to our data. The uncertainties
from the extracted spectra incorporate most of the impact of this bias, with some residual impact
at the blue and red ends. We mitigate the impact in further analysis through removal of the
continuum (see Section 2.3.3).

Once the speckles are removed, we extract the object spectrum using a box of 3 x 3

spatial pixels (spaxels). Once we extracted the x And b spectra from each frame for all data,

we then normalize each individual spectrum to account for seeing and background fluctuations,
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and we apply a barycentric correction to each spectrum. Finally, we median-combine all 30
individual spectra. To calibrate the flux of our spectra we calculated the flux at each wavelength
such that, when integrated, the flux matches the K-band apparent magnitude (14.37 4+-0.07) from

Currie et al. (2018). Figure 3.2 shows the combined, flux calibrated spectrum for ~ And b.
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Figure 2.2: Our fully reduced, combined, and flux calibrated moderate-resolution OSIRIS K-band
spectra of x And b. The errors are shown as a shaded light blue region.

Once we had our fully reduced, combined, and flux calibrated spectra, we wanted to
analyze the spectrum both with and without the continuum. The expectation is that by removing
the continuum, some of the residual correlated noise from the speckles get removed as well.
To remove the continuum, we apply a high-pass filter with a kernel size of 200 spectral bins
to each of the individual spectra. Then we subtract the smoothed spectrum from the original
spectra. Once all the individual spectra had been continuum subtracted we median combined
them as well, and find the uncertainties by calculating the RMS of the individual spectra at each

wavelength.
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2.3 Spectral Modeling
2.3.1 Synthetic Spectra

Our first goal is to constrain the temperature, surface gravity, and metallicity of x And
b. In order to do this, we must construct a model grid that spans the expected values of these
parameters. In a number of previous works on x And b, the temperature was estimated to be
~2000 K and the surface gravity (logg) < 5 (e.g., Hinkley et al., 2013; Bonnefoy et al., 2014;
Todorov et al., 2016; Currie et al., 2018; Uyama et al., 2020). The metallicity has not been
constrained, but estimates from the host star suggest values near solar or slightly subsolar (Wu
et al., 2011; Jones et al., 2016).

Based on these measurements, we generated a custom grid based on the PHOENIX model
framework. The details on the computation of this grid are described in Barman et al. (2011,
2015), with the updated methane line list from Yurchenko & Tennyson (2014) and the optical
opacities from Karkoschka & Tomasko (2010). The grid spans a temperature range 1500-2500 K,
a log g range of 2-5.5 dex, and a metallicity range of —0.5-0.5 dex, which encompasses the range
of values previously reported for £ And b. For a ~2000 K object, the C is already in CO instead
of CHy4 throughout the atmosphere, and thus the amount of CO should be constant with height.
Therefore, for x And b, we chose not to model vertical mixing (Kzz = 0).

The cloud properties for young gas giants and brown dwarfs are notoriously complex.
In our modeling framework, we are able to incorporate clouds in several different ways. We
can generate a thick cloud with an ISM-like grain size distribution (DUSTY, Allard et al. 2001),
a complete lack of cloud opacity (COND, Allard et al. 2001), or an intermediate model that
spans these two extremes (ICM, Barman et al. 2011). Given the estimated temperature and
surface gravity of x And b, we chose to use a (DUSTY) cloud model in our grid, which has been
shown to do a reasonably good job at reproducing brown dwarf spectra with similar properties
(e.g., Kirkpatrick et al., 2006). We will therefore refer to the custom grid constructed here as

PHOENIX-ACES-DUSTY to distinguish it from other models based on the PHOENIX framework.
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We explore the results of this choice of cloud model and describe the results from a few other
models in Section 2.3.3.

The synthetic spectra from the grid were calculated with a wavelength sampling of 0.05 A
from 1.4 to 2.4 pum. Each spectrum was convolved with a Gaussian kernel with a FWHM
that matched the OSIRIS spectral resolution (Barman et al., 2015). Both flux calibrated and
continuum subtracted data were modeled and analyzed. The synthetic spectra was flux calibrated

and continuum subtracted using the same routines as the data.

2.3.2 Forward Modeling

To determine the best-fit PHOENIX-ACES-DUSTY model, we use a forward-modeling
approach following Blake et al. (2010), Burgasser et al. (2016), Hsu et al. (in prep), and Theissen
et al. (in prep). The effective temperature (7¢¢r), surface gravity (log g), and metallicity ([M/H])
are inferred using a Markov Chain Monte Carlo (MCMC) method built on the emcee package
that uses an implementation of the affine-invariant ensemble sampler (Goodman & Weare, 2010;
Foreman-Mackey et al., 2013).

We assume that each parameter we are solving for should be normally distributed, and

thus the log-likelihood function is computed as follows

InL=-0.5 x [Z {C“"ta[ng)[p} +3 " In@ro? )] 2.1)

where o is the provided uncertainties, data[p] is our science data, and D[p] is the forward-
modeled data. The uncertainty is taken as the difference between the 84th and 50th percentile
as the upper limit, and the difference between the 50th and 16th percentile as the lower limit
for all model parameters. If the posterior distributions follow normal (Gaussian) distributions
then this equates to the 1-0 uncertainty in each parameter (e.g., Blake et al. 2010; Burgasser
et al. 2016). Assuming that there are no additional systematic uncertainties in the data or in the

models, these uncertainties should be an accurate reflection of our knowledge of each parameter.
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We discuss and attempt to account for additional systematic uncertainties in the data and the
models in Section 2.3.3.

The data is forward-modeled using the following equation:

D[p]l=Cx KM {P (A {1 —Igb s Tetr,log g, [M/H]] )] * KG(AVingt) + Chiux- (2.2)

Here, p()\) is the mapping of the wavelength values to pixels, M[p(\)] is the stellar atmosphere
model parameterized by effective temperature (7¢f), surface gravity (logg), and metallicity
(IM/H]), C is the dilution factor, (radius/distance)?, that scales the model to the observed fluxes,
(which is measure of radius since the distance is known, e.g., Theissen & West 2014; Kesseli et al.
2019), and kG(Aving) is the line spread function (LSF) calculated from the OSIRIS resolution of
R =4000 to be 34.5 km s~!. The RV is the radial velocity that is used here only to account for
wavelength calibration errors in the OSIRIS DRP, ¢ is the speed of light, and Cqyx 1s an additive
continuum correction to account for potential systematic offsets in the continuum. This final
parameter (Cqyy) is only used when fitting the continuum normalized data. Our MCMC runs

used 100 walkers, 500 steps, and a burn-in of 400 steps to ensure parameters were well mixed.

2.3.3 Temperature, Gravity, and Metallicity

We ran our MCMC fitting procedure on both the flux calibrated spectrum and the
continuum-subtracted spectrum. The best-fit parameters for our flux calibrated data are Tys =
1588+5K,logg= 4.72f8:8g, and a metallicity of [M/H] =0.5+0.01. For the radius, which comes
from the multiplicative flux parameter, we found R = 1.00 & 0.02 Ry,,. For our continuum-
subtracted data the best-fit parameters were Tegr = 2048 11 K, logg = 3.77 +0.03, and a
metallicity of [M/H] =—0.1140.02. Radii cannot be derived for the continuum-subtracted data.
Figures 2.3 through 2.6 show the best-fit spectrum overplotted on our data, and the resulting
corner plots from our MCMC analysis for both the initially extracted and continuum-subtracted

spectra.
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Table 2.2:  Summary of atmospheric parameters derived from MCMC fits.

Spectra Effective Temperature Surface Gravity Metallicity Radius Luminosity
5 Andb T (K) logg [MH] Rup)  logyo (£)
PHOENIX-ACES-DUSTY
OSIRIS Including Continuum 1588 +5 4.72700 0.50700T 1.0+£0.02  —4240.1
OSIRIS Continuum Subtracted 2048 £ 11 3.77+£0.03 -0.114+0.02 n/a n/a
CHARIS All Bands 2021729 3.6440-18 0.461003 0.99+£0.02 -3.8040.02
CHARIS K Band Only 17074147 4.62‘:%83:‘8‘3 -0. 12tg;§§ 14402 -3.840.1
SpeX 2MASS J01415823-4633574 19721 2.93+0.08 0.49+0.01 n/a n/a
BT-SETTL
OSIRIS Including Continuum 16307 3.5%0> n/a 1.10£0.10 —4.11+£0.1
OSIRIS Continuum Subtracted 2128419 4.47t§;$§ n/a n/a n/a
CHARIS All Bands 1817f‘1‘§ 5.15* 13 n/a 1.240.1 -3.8+0.1
CHARIS K Band Only 1647+t 4.16j§-~3§ n/a 15403 -3.840.2
DRIFT-PHOENIX
OSIRIS Including Continuum 22007199 4.0703 n/a 1.070% -3.6+0.2
OSIRIS Continuum Subtracted 21261’}%% 4.19&% n/a n/a n/a
CHARIS All Bands 174748 3.99f8-'8 n/a 1.5+0.1 -3.7+0.1
CHARIS K Band Only 18631%%3 4.22f§3§§ n/a 1.34+03 -3.7+0.2
Adopted Values 2050 3.8 -0.1 1.2 -3.8
Range of Allowed Values 1950 - 2150 35-45 -0.2-0.0 1.0-15 -35--39

~“The grid used in each case is noted above derived parameters. Using the range of best-fit values and our estimates of systematic
uncertainties, range of adopted atmospheric parameters for x And b are shown in the last row. We are using the convention for metallicity

where [M/H] = log;q (3 ) ~logyq (3

The discrepancy between the two fits, one with the continuum and one without, is not
entirely unexpected. The continuum is strongly impacted by residual systematic errors from
the speckle noise, which injects features at low spatial frequencies. Effective temperature is
particularly sensitive to continuum shape, and as a bolometric quantity is better estimated by
including data from a broader range of wavelengths. Subtracting the continuum mitigates and
removes some of these residual errors.

In order to verify that the temperature estimates we derived from the flattened spectra are
robust, we ran our MCMC fitting code using the PHOENIX-ACES-DUSTY grid on the CHARIS
spectrum from Currie et al. (2018), which spans a much larger range of wavelengths (Figure 2.7).
We adjusted our MCMC code for the CHARIS data by changing the LSF to 7377 km s~! for the
instrument. We fit all near-infrared bands simultaneously, and also performed a fit using only the
K-band. For the fit to all the bands simultaneously, we obtained Tor = 2021*%) K, log g =3.6470-18

-0.10°
[M/H] = 0.4673-93, and R = 0.99 = 0.02. When we fit only the K-band of the CHARIS spectrum
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Figure 2.3: Results from the MCMC model fit to the OSIRIS spectrum for x And b without
continuum removal (black). The best matching PHOENIX-ACES-DUSTY model has T.¢ = 1588
K, logg =4.72, and a [M/H] = 0.50 (magenta). The residuals between the data and the model
are plotted in gray. The shape of the continuum is impacted by speckle noise, which modulates
at low spatial frequencies and leaves residual noise in our dataset post speckle removal. The fits
are then driven to lower temperatures and higher metallicities than previously found for x And b
due to the continuum shape impact, particular at blue wavelengths.
+147 +0.48 — +0.28 —

we obtained Terr = 1707775 K, logg =4.627 3, [M/H] = —0.12753, and R=1.4+0.2. The all-
wavelength fit is consistent with the results we obtained for our continuum-normalized spectrum
fitting of the OSIRIS data, while K-band only is slightly lower in temperature, albeit with large
uncertainties. Our fits to the CHARIS data are also consistent with the results obtained in Currie
et al. (2018) and Uyama et al. (2020) (Ter =~ 1700-2000 K,logg ~ 4—-4.5, R=1.3-1.6 Ry,,).
For a more detailed comparison of the OSIRIS continuum to the CHARIS spectrum, we binned
our OSIRIS K-band spectra to the same sampling as the Currie et al. (2018) spectra shown in
Figure 2.7. The spectra were consistent except for the OSIRIS spectral peak was shifted very
slightly towards the red. Two CHARIS data points are less than 1.5-0 off from our OSIRIS data,
and the rest (4 additional points) are consistent within the error bars.

Figure 2.7 also shows a comparison between our spectrum and the best-matching brown

dwarf from the SpeX prism library (Burgasser et al., 2016) found by Currie et al. (2018), 2MASS
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J01415823-4633574 (Kirkpatrick et al., 2006). This source is a young, early L-type object
associated with the Tucana-Horologium association (age ~ 40 Myr). Since the match to this
brown dwarf is quite good, we also fit its spectrum using the same model grid and our MCMC
framework, adjusting the model resolution to match SpeX. We found fully consistent properties
with temperatures between ~2050-2130 K and a log g ~ 3—4 for this source.

Figure 2.8 shows all available spectral and photometric data for x And b. Overplotted on
the spectrum is the best-fit PHOENIX-ACES-DUSTY model based on the continuum-subtracted
OSIRIS spectrum. The model is scaled to match the continuum flux at K-band, which in turn
is derived using the K-band magnitude in Currie et al. (K = 14.37 £0.07; 2018). The match
to the Currie et al. (2018) spectrum is quite good, in alignment with the consistent effective
temperature we derive from fitting that data set with our models. While the shape of the J- and
H-band spectra is similar to the CHARIS spectrum, the model over-predicts the flux by 2-7-0 in
the H-band and 1-4-¢0 in the J-band, and slightly underpredicts the flux by ~1.5-0 near 4 pm.
The reason that a similar temperature is derived from an all-band fit to the CHARIS spectrum
using our models is that the flux scaling parameter, and thus the radius, is lowered in this case
such that it results in the model “trisecting” the three wavelengths, matching J- and H-band quite
nicely, but then underpredicting the K-band flux.

The mismatch at J and H bands could almost certainly be due to the cloud properties
used in our grid. We are using a DUSTY cloud model, which is meant to be a limiting case of
a true thick cloud model. Generally, DUSTY models do a reasonable job at matching spectra
in this temperature range (2000-2500 K). A slight modification to the cloud properties could
result in a general change to the flux at a given band without dramatically impacting the spectral
morphology. Given the insensitivity of the continuum-normalized OSIRIS spectrum to clouds, it
is encouraging that all fits are returning consistent temperatures in spite of the flux offsets.

A recent analysis of the CHARIS data by Uyama et al. (2020) found a slightly lower
temperature using models from Allard et al. (2012), Chabrier et al. (2000), and Witte et al. (2011)

(BT-SETTL, BI-DUSTY, DRIFT-PHOENIX). These models have different assumptions about
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cloud properties than we used in our grid. The BT-SETTL grids treat clouds with number density
and size distribution as a function of depth based on nucleation, gravitational settling, and vertical
mixing (Allard et al., 2012). The DRIFT-PHOENIX grids treat clouds by including effects of
nucleation, surface growth, surface evaporation, gravitational settling, convection, and element
conservation (Witte et al., 2011). Uyama et al. (2020) were able to get very good matches at
all wavelengths using these models, with temperatures of 1700-1900 K and log g between 4-5.
The range of uncertainties they found encompasses ~2000 K, and were close to the range of
temperatures we find with PHOENIX-ACES-DUSTY.

Since our subsequent analysis of the chemical abundances of x And b relies on knowledge
of the temperature and gravity, we did additional modeling to look at the comparison between
these models and our continuum-normalized OSIRIS data. In addition to differences in cloud
parameters, each set of models incorporates slightly different assumptions that lead to systematic
differences in the output spectra for the same parameters such as temperature and gravity (e.g.,
Oreshenko et al. 2020). These systematics are not captured in the formal uncertainties from each
MCMC run. We attempt to account for these systematics by looking at the range of values given
from the three models.

We incorporated both the BT-SETTL and DRIFT-PHOENIX models into our MCMC
analysis code, and fit our OSIRIS spectrum using the same procedure described above. The
best-fit using BT-SETTL yielded T = 2128*79 K and log g = 4.47%002. The DRIFT-PHOENIX
models generally provided poor matches to the higher resolution data, but yielded 7¢¢ = 21263(3)‘1t
K and logg = 4.19J_r8:%2 as best-fit parameters. We found no fits with DRIFT-PHOENIX that
properly captured the first drop of the CO bandhead at ~2.9 ym. We also fit the CHARIS data
using our code and these model grids, and found parameters consistent with Uyama et al. (2020).
We then looked in detail at the difference between our best-fits to the OSIRIS data and these
lower temperature models at R ~ 4000. The XZ of the best fits (Te¢r = 2100 K) is significantly
better than the y2 of a Tor = 1700 K, log g = 4 model, by roughly 5¢ using either grid.

Table 3.3.2 shows the results for all atmospheric parameters derived in this work. We use
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the range of best-fit values from the OSIRIS continuum-normalized data to define the adopted
parameters for temperature, gravity, and metallicity, as the resolved line information offers the
most constraints on those parameters. We adopt values a value of T = 2050 K, with a range of
1950-2150 K, log g = 3.8, with a range of 3.5-4.5, and [M/H] = -0.1, with a range of -0.2-0.0.
For radius, we use the median value from the OSIRIS continuum-included data and the CHARIS
data to arrive at R = 1.2 Ry,,, with a range of 1.0-1.5 Rj,;,. This yields an implied bolometric
luminosity of log(L/Ls) = —3.7, with a range of —3.5 to —3.9, consistent with the estimate from
Currie et al. (2018). While it is possible that lower temperatures could be invoked for x And
b, a more detailed analysis including a variation of cloud models will be required to determine
whether this is a viable solution that also matches the OSIRIS data. Since our high resolution

data is not particularly informative for cloud properties, we leave such analysis to future work.

2.3.4 Mole Fractions of CO and H,O

With best-fit values for temperature, surface gravity, and metallicity we can fit for
abundances of CO and H,O in our OSIRIS K-band spectra. Once best-fit values were determined
for Tetr, log g, and [M/H], we fixed those parameters to generate a grid of spectra with scaled mole
fractions of the molecules for the K-band (Barman et al., 2015). Since our best-fit metallicity
was slightly subsolar (roughly 80% of the solar value), we note that the overall abundances of
these molecules will be slightly less than that of the Sun, but their unscaled ratios will match the
Sun. The molecular abundances of CO, CHy4, and H,O were scaled relative to their initial values
from 0 to 1000 using a uniform logarithmic sampling, resulting in 25 synthetic spectra. We fit for
the mole fraction of H,O first, holding CO and CHy at their initial values. The fit was restricted
to wavelengths less than the CO band head to avoid biasing from overlapping CO. Next, the H,O
mole fraction was set to its nominal value, and we fit for scaled CO. While in principle we could
do the same analysis for CH,4, we did not do so because in this temperature regime there is no
expectation of a significant amount of CH4 present in our K-band spectrum.

Figure 2.9 shows the resulting y* distribution as a function of CO and H,O mole fraction.
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The models with the lowest x> when compared to the flattened data gave us the best-fits for both
H,O and CO. The best fit for H,O had a scaling of 1, and the best fit for CO had a scaling of
1.66. To calculate the 1-0 uncertainties in each mole fraction value, we used the values from
models within &1 of our lowest y2. Using interpolation along the curves shown in Figure 2.9,
the range of mole fractions encompassed by these uncertainties is 0.599 to 3.24 times the initial
mole fraction of CO, and 0.599 to 1.791 times the initial H,O mole fraction.

Todorov et al. (2016) derived a water abundance for x And b using spectral retrieval
with a one-dimensional plane-parallel atmosphere and a single cloud layer that covers the whole
planet. This modeling was done on the low-resolution spectrum from P1640 presented in Hinkley
etal. (2013). They derived the log(ny,o) for four cases that varied in the treatment of molecular
species and clouds. In each case, they found consistent values for the mole fraction of water,
with log(ny,0) ~ —3.5. Our best-matching mole fraction for water is log(ny,0) ~ —3.7, which is

consistent within the uncertainties in Todorov et al. (2016).

2.3.5 C/O Ratios

For giant planets formed by gravitational instabilities, their atmospheres should have
element abundances that match their host stars (Helled & Schubert, 2009). If giant planets form
by a multi-step core accretion process, it has been suggested that there could be a range of
elemental abundances possible (Oberg et al., 2011; Madhusudhan, 2019). In this scenario, the
abundances of giant planets’ atmospheres formed by core/pebble accretion are highly dependent
on the location of formation relative to CO, CO,, and H,O frost lines and the amount of solids
acquired by the planet during runaway accretion phase. This can be diagnosed using the C/O
ratio.

The C/O ratio dependence on atmospheric mole fractions (N) is

C _ N(CH4)+N(CO)
O N(H,0)+N(CO)’
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and for small amounts of CHy, as in Kk And b’s case, the C/O ratio can be determined by H,O and
CO alone (Barman et al., 2015). The C/O ratio we derive for £ And b is 0.70)9%. In Figure 2.10
we show a visual comparison of three different models with different values of C/O, with our
best-fit model in the middle panel. Clearly, the models with low C/O do not make deep enough
lines in the CO bandhead, and the models with C/O near unity make the first drop in the CO
bandhead too wide. With lower resolution, it would be difficult to distinguish this difference,
thus demonstrating the need for higher spectral resolution to probe these abundance ratios.
Due to the remaining uncertainty in the temperature of the planet, we verified that lower
temperature model grids with scaled mole fractions return C/O ratios encompassed by our model.
We explored a grid with a temperature of ~1900 K and a log g ~4, scaling the ratios of H,O and
CO by the same values as above. We find that the best matching spectrum at this temperature is
also ~0.70, with similar uncertainties. Given the obvious changes in the spectral morphology
expected at high and low C/O ratio as shown in Figure 2.10, it is not surprising that a small
temperature change does not dramatically change the best-fit C/O ratio. Thus we assert that our

uncertainties properly capture our current knowledge of the C/O ratio for x And b.

2.4 Kinematic Modeling

2.4.1 Radial Velocity Measurement

b

Radial velocity measurements can be used to help determine the orientation of the planets
orbital plane. We measure the radial velocity of x And b following a similar method to the
one described in Ruffio et al. (2019). A significant limitation of Ruffio et al. (2019) is that the
transmission of the atmosphere in Ruffio et al. (2019) is calculated using AO star calibrators,
which assumes that the tellurics are not changing during the course of a night. This assumption
is not valid for the x And b data presented in this work, as discussed in Section 2.2. We therefore
improved upon the method to correct for the biases due to the variability of the telluric lines

compared to the calibrator.
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A common way to address such systematics in high-resolution spectroscopic data is to
use a principal component analysis (PCA)-based approach to subtract the correlated residuals
in the data (Hoeijmakers et al., 2018; Petit dit de la Roche et al., 2018; Wang et al., 2018a).
However, this approach can lead to over-subtraction of the planet signal and therefore also bias
any final estimation. For example, the water lines from the companion can be subtracted by the
telluric water lines appearing in the PCA modes. The over-subtraction can be mitigated by jointly
fitting for the planet signal and the PCA modes, which is possible in the framework presented in

Ruffio et al. (2019). The original data model is,

d= M ¢y +n. (2.3)

The data d is a vector including the pixel values of a spectral cube stamp centered at the
location of interest. The data vector has N;j =35 x 5 X N, elements corresponding to a 5 X 5
spaxel stamp in the spatial dimensions and N spectral channels (e.g., Ny = 1665 in K-band).
The matrix M includes a model of the companion and the spurious starlight. It is defined as
My = [co planet; €15 - - - , C25], Where the ¢; are column vectors with the same size as the data vector
d. The companion model cp piane; is also a function of the RV of the companion. The linear
parameters of the model are included in ¢; and the noise is represented by the random vector n.

A spectrum of the planet can be extracted at any location in the image by, first, subtracting
a fit of the null hypothesis (i.e., My = [cy,. .., c25]) from the data, , = d— M@y, and then, fitting
the companion PSF at each spectral channel to the residual stamp spectral cube. We perform this
operation at each location in the field of view and divide the subsequent residual spectra by their
local low-pass filtered data spectrum.

This results in a residual vector 7y, which has been normalized to the continuum, for
each spaxel in the field of view. After masking the spaxels surrounding the true position of the
companion, a PCA of all the ry, for a given exposure defines a basis of the residual systematics

in the data. These principal components can be used to correct the model of the data. Before
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they can be included in the data model, each principal component needs to be rescaled to the
local continuum, which is done by multiplying them by the low-pass filtered data at the location
of interest. Finally, these 1D spectra are applied to the 3D PSF to provide column vectors that
can be used in the model matrix M. We denote these column vectors {rpc 15Tpc2s - - - } ordered by
decreasing eigenvalues.

A new data model M including the first K principal components is defined as

M, = [CO,planeu Cly-++5,C25,Tpcly- - - 7TpcK]- (2.4)

We define a new vector of linear parameter ¢, including K more elements than ¢,. The advantage
of this approach is that the PCA modes are jointly fit with the star and the companion models
preventing over-subtraction. Additionally, the general form of the linear model is unchanged,
which implies that the radial velocity estimation is otherwise identical to Ruffio et al. (2019).

Figure 2.11 shows the RV estimates for each exposure as a function of the number of
principal components used in the model. The final RV converges from —11.9 +0.4kms™! to
~13.9+£0.4kms™! as the number of modes increases suggesting a 2kms~! bias in the original
model. In order to increase our confidence in the robustness of the RV estimate and uncertainty,
we calculate the final RV and uncertainty after binning the data by pair to account for possible
correlations between exposures. Each pair of measurements is replaced by their mean value and
largest uncertainty. We note that the reduced x? is lower than unity, which suggests that the final
uncertainty is not overestimated.

Additionally, we perform a simulated companion injection and recovery at each location
in the field of view to estimate possible residual biases in the data. The corrected RV estimates
are shown in Figure 2.12, which prove to be consistent with the results from Figure 2.11. Table 3
summarizes the RV estimates, uncertainties, and X% as a function of the different cases presented
previously. The uncertainties are inflated when x? is greater than unity.

We conclude that the RV of x And bis —14.1+0.4kms™" (cf Table 4), while the estimates
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Table 2.3:  x And b RV estimates summary.

Independent Binned Independent + injection & recovery ~ Binned + injection & recovery

#PCs RV X2 RV X2 RV x? Offset RV X2 Offset
(kms™) (kms™) (kms™) (kms™) (kms™) (kms™)
None -11.9+£04%| 1.8 -11.9+£03*| 1.1 -132+£03*| 1.6 -1.28 -13.1+£03 | 0.8 -1.28
1 -1324+03*| 1.5 -13.1+03 | 0.8 -13.3+£04*| 1.6 -0.14 -1334+03 | 09 -0.15
5 -13.84+0.3*| 1.4 -13.8+03 | 0.8 -14.0£0.3*| 1.6 -0.16 -14.0+03 | 09 -0.17
10 -1394+03*| 1.4 -139+03 | 0.8 -14.1+£04*| 1.6 -0.19 -14.14+03 | 1 -0.19

~(Columns 2-3) RVs calculated using a data model that includes principal component as defined in Equation 2.4. The final RVs
were calculated with a weighted mean assuming that each individual exposure is independent. (Columns 4-5) Same as columns 2-3,
but pairs of consecutive exposures were averaged and the largest of their uncertainties used. (Columns 6—7) RVs are corrected for
biases using simulated planet injection and recovery. The resulting offset on the final RV with and without the injection and recovery
is given in column 8. (Columns 9-11) Same as columns 6-8, but combining consecutive pairs of exposures.

aUncertainties have been inflated by x? when 2 is greater than unity.

for the RV of the star are —12.74+0.8kms™! (Gontcharov, 2006) and —11.87+1.53kms™" (Becker
et al., 2015). These values are consistent within the uncertainties - we use —12.7 +0.8kms~! in
the following because the uncertainty is smaller. The relative RV between the companion and
the star is —1.4 £0.9kms™~! for which the error is dominated by the stellar RV. Similar to Ruffio
et al. (2019), this highlights the need to better constrain the stellar RV of stars hosting directly

imaged companions.

Table 2.4: Final RVs for k Andromedae b.

Date RV (kms™1)

2016 Nov 6-8 —-14.34+0.4
2017 Nov 4 -13.6+0.6

2.4.2 Orbital Analysis

The orbit of £ And b has been explored using astrometry by several authors (Blunt et al.
2017; Currie et al. 2018; Uyama et al. 2020; Bowler et al. 2019). Though the orbit is highly
under-constrained in terms of phase coverage, current fits to astrometry have yielded some
constraints on orbit orientation and eccentricity of the companion. In particular, the eccentricity

is currently estimated to be fairly high (>0.7).
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The measurement of an RV for the companion with our OSIRIS data offers a valuable
new piece of information, wherein degeneracies in the orbit orientation can be resolved. To
determine the constraints provided by the RV measurement, we performed a series of orbit fits
with both astrometry from the literature (Carson et al. 2013; Bonnefoy et al. 2014; Currie et al.
2018; Uyama et al. 2020) and our OSIRIS RV using the code described in O’Neil et al. (2019).
Specifically, we use the EfitS code (Meyer et al., 2012), which uses MULTINEST to perform
a Bayesian analysis of our data (e.g., Feroz et al. 2009), and we use two different priors. We
first use the typical flat priors in orbital parameters, including period (P), eccentricity (e), time of
periastron passage (T(), inclination (flat in sini), longitude of the ascending node (€2 or O), and
longitude of periastron passage (w or w). We also use the observational-based priors derived in
O’Neil et al. (2019). Although we believe the latter are more appropriate in this case due to the
biases introduced by flat priors for under-constrained orbits, we include both for completeness.
We performed fits both with and without the RV point derived above to determine the impact
of including the RV. We fix the distance to 50.0 &= 0.1 pc (Gaia Collaboration et al., 2018), and
the mass to the value of 2.7 + 0.1 M, estimated by Jones et al. (2016), which encompasses the
range of values they found given uncertainty in the internal metallicity of x And A.

The results of these fits are given in Table 2.5 and shown visually in corner plots in Figures
2.13-2.16. The addition of the RV constrains €2 to most likely be ~85-90deg, although due to
the large uncertainty in the RV the secondary peak is not completely ruled out. Additionally, the
RV pushes the distribution of eccentricities slightly higher than the astrometry alone, with global
minima >0.8, although the uncertainties encompass the previous values. Figures 2.17 and 2.18
demonstrates the impact of the RV on the best-fit orbits. Although the best fits are not strictly
meaningful due to undersampling of the period, there are clear differences in orbit predictions
when the RV is included - the best fit with astrometry alone favors RVs that are closer to 0 km
s71.

The current prediction (whether RVs are included or not) is that £ And b is on its way

towards closest approach in the next 20-30 years. It is possible this prediction is impacted
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by systematics in the astrometric dataset, which is drawn from multiple different cameras and
reduction pipelines. Indeed, the observational prior is meant to account for this known bias in
To), and using it pushes the prediction of periastron later by about 10 years (Table 2.5). If it is the
case that the planet is heading towards closest approach, the predicted change in RV in the next
several years is significant and thus can be easily confirmed with more data of similar quality in
the next decade. Thus spectroscopy has the potential to provide much more stringent constraints

on the orbit in the near term than more astrometric measurements.
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Figure 2.4: Corner plot corresponding to the fit shown in Figure 2.3. {The diagonal shows
the marginalized posteriors. The subsequent covariances between all the parameters are in the
corresponding 2-d histograms. The blue lines represent the 50 percentile, and the dotted lines
represent the 16 and 84 percentiles. C corresponds to the dilution factor that scales the model by
(radius)*(distance)> as mentioned in Section 3.3.2
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Figure 2.5: Results from MCMC model fit to the OSIRIS spectrum after continuum removal
(black). The best fitting model has T = 2048 K, logg = 3.77, and [M/H] = -0.11 in magenta.
The residuals between the flattened data and the flattened model are in gray.
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Figure 2.6: Corner plot corresponding to the fit shown in Figure 2.5. The diagonal shows the
marginalized posteriors. The subsequent covariances between all the parameters are in the
corresponding 2-d histograms. The blue lines represent the 50 percentile, and the dotted lines
represent the 16 and 84 percentiles. Cgyy is the additive flux parameter and C corresponds to the
dilution factor that scales the model by (radius)*(distance)™ as mentioned in Section 3.3.2
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Figure 2.7: OSIRIS K-band data of x And b compared to Currie et al. (2018) low-resolution
CHARIS data of x And b and their best-matching field source, 2MASS J01415823-4633574
from the SpeX Library (Kirkpatrick et al., 2006). A fit to the SpeX spectrum (not shown) reveals
temperatures and gravities consistent with the OSIRIS and CHARIS data on x And b.
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Figure 2.8: All available spectral and photometric data for x And b compared to the best-fit
PHOENIX-ACES-DUSTY model, shown in gray, of T = 2048 K, logg =3.77, and M/H = —0.11
over the near-infrared. Our OSIRIS data are shown in black. Currie et al. (2018) low-resolution
CHARIS spectra is plotted in dark blue. Photometric data points are taken from Bonnefoy
et al. (2014), Carson et al. (2013), Currie et al. (2018), and Uyama et al. (2020). The model
matches the data at K-band, but predicts higher flux in H- and J-band (though the morphology is
consistent). The mismatch at the low and high wavelength range is likely due to our use of a
DUSTY cloud model.
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Figure 2.9: Results of Te¢ = 2048 K and log g = 3.77 model fits with varying mole fractions for
both H,O and CO to our continuum-subtracted OSIRIS spectrum. The mole fractions are given
in units relative to the ratio in the Sun, such that a value of zero implies the solar value. Both

scalings of CO and H;O prefer values near solar. From these fits we find C/O = 0.70f8:‘2)?1.
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Figure 2.10: Visual comparison of three different 7z = 2048 K and log g = 3.77 models with
different values of C/O in our scaled mole fraction grid. The best fit C/O ratio is shown in
the central panel, while values of very high (bottom) and very low (top) C/O ratio are clearly
disfavored by our data. The relative strengthening or weakening of the primary CO bandhead at
~2.29 pm is a fairly clear discriminator at R~4000 that might otherwise be lost at lower spectral
resolution.
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Figure 2.11: Radial velocity (RV) measurements of x And b by individual exposures and epoch
of observation. The grey region represents the current uncertainty in the RV of the star. The
RVs are shown for different number of principal components (None, 1, 5, and 10 respectively)
included in the data model. The weighted mean RVs (solid horizontal lines) converge as the
number of principal components increases. The final RV values and uncertainties are available
in Table 2.4.1.
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Figure 2.12: Same as Figure 2.11, but corrected for biases using simulated planet injection and
recovery. The final RV values and uncertainties are available in Figure 2.3.
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Figure 2.13: Corner plot showing the results of fitting the orbit of x And b, including both
astrometry and radial velocities. In this case, we use the observationally based prior presented
in O’Neil et al. (2019), which can help account for biases in parameters like T that arise in
undersampled orbits. Note that this prior does increase the range of T, included in our 1o
uncertainties more than is seen when flat priors in the orbital parameters are used (e.g., Figure
2.15). The allowed parameter space for w also shrinks considerably when RV is included (see
for comparison Figure 2.14).
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Figure 2.14: The same as Figure 2.13, but with no RV included in the fit. The results give values
for orbital parameters consistent with previous fits found in the literature. A secondary peak in
2 can be seen more prominently here around ~270° that is nearly absent in Figure 2.13. The
addition of the RV eliminates this degeneracy in the orbit plane orientation.
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Figure 2.15: Corner plot showing the results of fitting the orbit of x And b, including both
astrometry and radial velocities. In this case, we use the typical flat priors in fit parameter space
for easier comparison to previous work. Note that the use of these priors leads to a highly peaked
prediction for T(. Since velocity changes rapidly at this orbital phase, we will be able to test
whether this prediction holds true in the next few years (Figure 2.18).
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Figure 2.16: The same as Figure 2.15, but with no RV included in the fit. The results give values
for orbital parameters consistent with previous fits found in the literature. Again, a secondary
peak in €) can be seen more prominently here around ~270 that is nearly absent in Figure 2.15.
The addition of the RV eliminates this degeneracy in the orbit plane orientation (regardless of
prior choice).
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Figure 2.17: Best-fit orbits with (red) or without (blue) inclusion of the OSIRIS RV using the
observationally-based prior. Because of the large parameter space allowed by the astrometry,
the best-fits are used here only for illustrative purposes. The left panel shows the orbits on the
plane of the sky while the right panel demonstrates the variation in relative RV of the planet with
time. Including the RV increases the preferred eccentricity of the best-fit solution, though the
astrometry drives solutions to high eccentricities regardless. Based on the right hand panel, the
RVs clearly have more diagnostic power in the next several years than the astrometry. If the
planet is indeed approaching periastron passage, a rapid decrease in the relative radial velocity is
predicted.
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Figure 2.18: The same as Figure 2.17, but using flat orbit parameter priors. Either choice of prior
yields preferred orbit solutions that approach periastron in the next several years, stressing the
utility of more RVs.
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2.5 Discussion and Conclusions

Using moderate-resolution spectroscopy, we have greatly expanded our knowledge of
the low-mass, directly imaged companion, x And b. In recent years, most studies of the s
And system have led to the conclusion that it is young, as originally predicted by Carson et al.
(2013). Our derivation of low surface gravity (logg <4.5) using our OSIRIS spectrum is another
piece of evidence in favor of a young age. If we consider the age range adopted by Jones et al.
(2016) of 47:% Myr, the predicted mass for a roughly ~2050 K object range from ~10-30
Mjyyp (e.g., Baraffe et al. 2015). We note that our best-fit surface gravity of 3.8 is too low to be
consistent with evolutionary models for this mass range, which predicts log g ~ 4-4.7. However,
our uncertainties allow for gravities up to log(g)~4.5. The OSIRIS data does not favor logg
greater than 4.5, which argues for an age less than ~50 Myr. Our derived radius is also on the
low end of what is allowed by evolutionary models, which predict R = 1.3 Ry, for older, more
massive objects through R = 1.8 R, for younger, lower mass objects. Our uncertainties again
are sufficient to encompass this range. The implied bolometric luminosity is consistent with
Currie et al. (2018), who note that it is similar to other young, substellar objects.

Additional constraints on the temperature, cloud properties, and radius in the future
via additional photometry, spectra, or modeling could yield tighter constraints on the mass of
x And b. £ And b is an excellent candidate for moderate-resolution spectroscopy at shorter
wavelengths to look for lines from higher atomic number species beyond carbon and oxygen.
With future measurements of highly gravity sensitive lines, like potassium in the J-band if
detectable, stronger limits can be placed spectroscopically on log g, which will provide a more
robust age. Further mass constrains could also come from astrometric measurements with Gaia
or more radial velocity measurements that include velocity measurements for the star, although
the precision of such RVs may be limited.

Given the size and separation of x And b, its formation pathway is of considerable interest.

Our measurement of C/O here provides one possible diagnostic of formation. We note that in a
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number of recent works, it has been demonstrated that the C/O ratio is impacted by a variety of
phenomena beyond formation location in the disk. These include the grain size distribution (Piso
et al., 2015), migration of grains or pebbles (Booth et al., 2017), migration of planets themselves
(Cridland et al., 2020), and whether the accreted material is from the midplane (Morbidelli et al.
2014; Batygin 2018). Current studies are therefore incorporating more chemical and physical
processes into models to get a better idea of what impacts the C/O ratio and what exactly the
ratio tells us about formation.

With these studies in mind, we turn to the C/O ratio we have measured for x And b.
Although our current uncertainties allow for somewhat elevated C/O ratios, the most likely
scenario is that C/O is roughly consistent with the Sun. This result diagnostically points to
a very rapid formation process, potentially through either gravitational instability or common
gravitational collapse similar to a binary star system. The complication, however, is that the
comparison must be made to the host star in order to draw definitive conclusions about formation.
The C/O ratio of the host star, x And A, has not been measured or reported in the literature. As a
late B-type star, probing these abundances is challenging, although certainly possible (Takeda
& Honda, 2016). However, the rapid rotation of x And A (~162 km s7h; Royer et al. 2007),
may make abundance determinations difficult. High resolution optical spectroscopy for the
star would be able to probe potential diagnostic lines, such as the OI triplet at 7771 A. Until
individual abundance estimates for C and O are available, however, we can only conclude that
the evidence points to roughly similar values for the host star and the companion if the star has
similar abundances to the Sun.

In terms of overall metallicity, the [Fe/H] abundance of x And A was estimated by
Wu et al. (2011) to be subsolar, [M/H] = —0.32+ 0.15. However, Jones et al. (2016) argue
this is unlikely to be the true internal metallicity of the star, instead adopting a roughly solar
abundance range of [M/H] = 0.00+0.14 based on the range of metallicities in nearby open
clusters. Interestingly, our slightly subsolar best-fit metallicity for x And b may suggest that

indeed the star is metal poor overall. A number of theoretical works have suggested that formation
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via gravitational instability would preferentially occur around low metallicity stars. Metal poor
gas allows for shorter cooling timescales, allowing planets to quickly acquire sufficient density
to avoid sheering (e.g., Boss 2002; Cai et al. 2006; Helled & Bodenheimer 2011). Since metals
are difficult to measure in high mass hosts like £ And A, direct metallicity measurements of the
planets themselves could provide insight into measurements for the host star. We note that the
derived abundances could be impacted by non-equilibrium chemistry effects in the K-band, and
measuring atomic abundances can mitigate this issue and may be preferable (e.g., Nikolov et al.
2018). Additional metallicity measurements for directly imaged planets will also help probe the
intriguing trend that the correlation of planet occurrence and metallicity breaks down at ~4 My,
(Santos et al., 2017). The apparently low metallicity of x And b is certainly consistent with this
finding.

x And b now represents a fourth case of a directly imaged planet, in addition to three of
the the HR 8799 planets (Konopacky et al., 2013; Barman et al., 2015; Molliere et al., 2020),
where the C/O ratio formation diagnostic did not reveal ratios that clearly point to formation
via core/pebble accretion. The scenario certainly cannot be ruled out given the uncertainties in
the data and the range of possible C/O ratios predicted by models (e.g., Madhusudhan 2019).
Because of this uncertainty, other probes of formation will be needed to shed additional light
on this fascinating population of companions. That includes the suggestion that the the high
eccentricity of £ And b is a result of scattering with another planetary mass object. Our results
cannot shed light on potential formation closer to the star using C/O as a diagnostic until we
can improve our uncertainties. Since the C/O ratio is largely a function of the amount of solids
incorporated into the atmosphere, it is possible that the massive size of these planets simply
implies that they very efficiently and rapidly accreted their envelopes. This could have included
enough solid pollution in the envelope to return the C/O ratio to the original value. Indeed, there
are pebble accretion scenarios proposed in which it is possible to achieve slightly superstellar
C/H and C/O, but stellar O/H ratios via significant accretion of large, metal-rich grains (Booth

et al., 2017), which is consistent with our results for x And b.
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The next steps for the x And system going forward will be confirmation of the high
eccentricity solutions currently favored using more RVs, and continued monitoring with astrome-
try using consistent instrumentation to limit astrometric systematics. The strong CO lines and
favorable contrast make x And b an excellent candidate for high-resolution, AO-fed spectroscopy
with instruments like KPIC on Keck, IRD on Subaru, or CRIRES on the VLT (e.g., Snellen et al.
2014; Wang et al. 2018a). We can also determine whether the bulk population of directly imaged
planets show C/O ratios consistent with solar/stellar values by continuing to obtain moderate
or high-resolution spectra of these companions. If the population of directly imaged planets
shows C/O distinct from what has been seen with closer in giant planets probed via transmission
spectroscopy, this could point to distinct formation pathways for these sets of objects.

Chapter 2, in full, is a reproduction of the material as it appears in The Astronomical
Journal 2020, Hoch, K. K. W., Konopacky, Q. M., Barman, T. S., Theissen, C. A, Ruffio, J.-B.,
Brock, L., Macintosh, B., Marois, C., 160, 207. I (the dissertation author) was the primary

investigator and author of this publication.
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Chapter 3

Moderate-Resolution K-Band Spectroscopy
of the Substellar Companion VHS 1256 b

We present moderate-resolution (R ~ 4000) K band spectra of the planetary-mass com-
panion VHS 1256 b. The data were taken with the OSIRIS integral field spectrograph at the W.M.
Keck Observatory. The spectra reveal resolved molecular lines from H,O and CO. The spectra
are compared to custom PHOENIX atmosphere model grids appropriate for young, substellar
objects. We fit the data using a Markov Chain Monte Carlo forward modeling method. Using a
combination of our moderate-resolution spectrum and low-resolution, broadband data from the
literature, we derive an effective temperature of 1240 K, with a range of 1200-1300 K, a surface
gravity of log g = 3.25, with a range of 3.25-3.75 and a cloud parameter of log P,;,,q = 6, with a
range of 6.0-6.6. These values are consistent with previous studies, regardless of the new, larger
system distance from GAIA EDR3 (22.2*]] pc). We derive a C/O ratio of 0.590%03%9 for VHS
1256b. Both our OSIRIS data and spectra from the literature are best modeled when using a
larger 3 pm grain size for the clouds than used for hotter objects, consistent with other sources
in the L/T transition region. VHS 1256 b offers an opportunity to look for systematics in the
modeling process that may lead to the incorrect derivation of properties like C/O ratio in the high

contrast regime.
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3.1 Introduction

Direct imaging of exoplanets has revealed a population of Jupiter-like objects that orbit at
wide separations (~10-100 au; Bowler, 2016; Nikolov et al., 2018; Vigan et al., 2021). In some
cases, massive Jovians are found at separations of hundreds of au (e.g., Bailey et al., 2013). This
population of widely-separated giants remains a puzzle for planet formation models. The orbits
are too large for conventional core accretion models to make massive planets, while large-scale
disk instabilities would create many more brown dwarf companions at wide separations than
have been discovered in surveys around young stars (e.g., Rameau et al., 2013; Biller et al., 2013;
Galicher et al., 2016; Nielsen et al., 2019; Vigan et al., 2021).

Directly imaged exoplanets are difficult to observe in detail because they are faint
compared to their bright host stars. Young, free floating and/or widely separated substellar
and planetary mass objects often share the same color space as directly imaged gas giants
(Faherty et al., 2013; Liu et al., 2016). These objects are extremely useful because of the ease in
observation and insight they provide into atmospheric properties of gas giant exoplanets.

Formation of molecules and condensates are the dominant opacity sources of the at-
mospheres of giant planets and brown dwarfs. Prominent molecules include H,O, H,, CO,
CH4, NH3, CrH, FeH, and CaH and their absorption features establish much of the L and T
spectral shapes. As these materials condense in the atmospheres, clouds are expected to form.
Clouds are a nearly ubiquitous feature of substellar objects, but have remained difficult to model.
The presence of clouds is a function of both temperature and surface gravity, which makes
directly imaged companions, that can span the L/T transition, excellent candidates for cloud
characterization.

Brown dwarfs have similar spectral features as young directly imaged planets, and
therefore are excellent test cases for verifying modeling procedures that result in atmospheric
characterization. In particular, brown dwarfs that are members of binary systems are extremely

useful, as they offer a means to verify properties such as metallicity if their companion is stellar
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(Wang et al., 2022). Additionally, since they formed from the same material, brown dwarfs
that form in binary systems of two substellar companions should at least have the same relative
composition. Many brown dwarfs also have existing constraints on effective temperature, surface
gravity, and composition. Processes that impact the atmospheric abundances such as mixing and
condensation vary with effective temperature and gravity, so it is important for those parameters
to be constrained with independent data.

VHS J125601.92-125723.9b (VHS 1256 b, Gauza et al. 2015) is a wide orbit (8" separa-
tion) substellar companion to the late M dwarf binary star system VHS 1256-1257 AB (Stone
et al., 2016). The age of this system has not been determined, but weak absorption from neutral
gases (Na and K) and collision-induced absorption by H, detected in VHS 1256 b’s atmosphere
indicate low surface gravity and therefore suggests a young age (Gauza et al., 2015). Gaia EDR3
measured a new parallax for VHS 1256 AB b which yielded a new distance, 22.23:% pc, adjusted
from the previous estimate 12.7+1.0 pc (Gauza et al., 2015). This change in distance has the
potential to affect the temperature and mass measurements of VHS 1256 b. This object is also
highly variable and can cause some uncertainty when interpreting atmospheric parameters. The
rotation (vsini) of VHS 1256 b was measured by Bryan et al. (2018) to be 13.53:? km s~!. The
apparent redness of this object and previous modeling of the optical to mid infrared photometric
data suggests that VHS 1256 b has a very cloudy atmosphere (Rich et al., 2016). Gauza et al.
(2015) estimated that VHS 1256 b is an L7.0+£1.5 object, right in the L/T transition. Miles et al.
(2018) presented L-band spectra of the object that shows signs of weak methane absorption and
a thick cloudy atmosphere. This companion is also a target in an ERS program for the James
Webb Space Telescope (Hinkley et al., 2017). A summary of the VHS 1256 system parameters
and photometry is given in Table 3.1.

Here, we present R ~ 4000 K-band spectra of VHS 1256 b using the OSIRIS instrument
on the W.M. Keck Telescope. In Section 3.2 we report our observations and data reduction meth-
ods. In Section 3.3 we use atmosphere model grids and forward modeling Markov Chain Monte

Carlo methods to determine the best-fit effective temperature, surface gravity, and metallicity of
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both the VHS 1257 b and VHS 1256 AB. We use our best-fit parameters and PHOENIX models
with scaled molecular mole fractions to derive a C/O ratio for VHS 1256 b and basic atmospheric
parameters for the host star. In Section 3.4 we discuss the implications of our results and future

work.

3.2 Data Reduction

VHS 1256 b was observed on 2017 June 10 with the OSIRIS integral field spectrograph
(IFS) on the W.M. Keck I telescope (Larkin et al., 2006). We used the K broadband mode
(1.965-2.381 pm) with a spatial sampling of 20 milliarcseconds per lenslet. Since the primary
star in the system is faint (V~18), we used the Keck I facility laser guide star adaptive optics
system to achieve close to diffraction-limited performance (Chin et al., 2012). The primary star
was used as the tip/tilt reference (R~15), while the laser was used for all other corrections. We
acquired the primary, and then offset to the location of the companion, since the OSIRIS field
of view in 20 milliarcsecond mode is only 0.32” x 0.28”. In total, we integrated on the object
for 70 minutes (7 exposures of 10 minutes each, where we dithered up and down by a between
exposures). Observations of an AQV telluric standard (HIP 67139) were obtained close in time
to the data. We also obtained dark frames with exposure times matching our dataset. We did not
obtain separate sky exposures, electing instead to nod the object up and down on the detector
for efficiency and then use the nod pairs for sky subtraction. The data were reduced using the
OSIRIS data reduction pipeline (DRP; Krabbe et al., 2004; Lockhart et al., 2019). Data cubes are
generated using the standard method in the OSIRIS DRP, using rectification matrices provided
by the observatory. At the advice of the DRP working group, we did not use the Clean Cosmic
Rays DRP module (T. Do, priv. comm). We did not use scaled sky subtraction.

After extracting one-dimensional spectra for the telluric sources, we used the DRP to
remove hydrogen lines, divide by a blackbody spectrum, and combine all standard star spectra

for each respective night. Once the standard star spectra were combined, a telluric calibrator
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Figure 3.1: An example data cube image frame, collapsed in wavelength via median, from our
OSIRIS VHS 1256 b data set. The field of view is 0.32” x 1.28”. The dark spot represents the
negative value from the companion subtraction at the other nod position. The bright spot shows
the companion clearly visible without any need for speckle removal. The elongation of the PSF
is due to the imperfect LGS AO correction, but does not impact the resulting extracted spectra,
which are created by summing the spectra from multiple spaxels around the core of the PSE.
spectrum was obtained. The telluric correction for VHS 1256 b was then done by dividing the
final combined telluric calibrator spectrum from all object frames.

Once the object data cubes are nod subtracted and fully reduced, we identify the location
of the target. In high contrast observations with OSIRIS, the location of a companion can be
challenging to find due to the brightness of the speckles. For VHS 1256 b, the starlight from
the host star is not bright enough to impact the spectrum of the companion, and identification is
straightforward (see Figure 3.1).

We extract the object spectrum using a box of 3 x 3 spatial pixels (spaxels). Once

we extracted the VHS 1256 b spectra from each frame for all data, we then normalize each

individual spectrum to account for PSF and background fluctuations. Finally, we median-
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combine all 7 individual spectra. To calibrate the flux of our spectra we calculated the flux at
each wavelength such that, when integrated, the flux matches the most recent K-band apparent
magnitude (14.665 £ 0.01) from Gauza et al. (2015).

We note that the telluric correction in the blue portion of the spectrum appears to leave
some residual telluric signal. In our previous work, simultaneous telluric correction was possible
using the speckles from the early-type host stars (Wilcomb et al., 2020). This is not the case
for the well-isolated VHS 1256b. We attempt to mitigate the impact of the imperfect telluric
removal in our subsequent analysis.

Uncertainties were determined by calculating the RMS between the individual spectra at
each wavelength. These uncertainties include contributions from statistical error in the flux of the
planet as well as some additional error in the blue end of the spectrum due to the residual telluric
features in this region. The OH sky lines are well-subtracted and have a negligible contribution
to the uncertainties. The median uncertainty for our spectrum with the continuum included is
~7%.

By removing the continuum, narrow spectral features are more easily analyzed by
avoiding low spatial frequency errors that impact the overall continuum shape. We remove the
continuum from our fully reduced and flux calibrated spectra using a similar continuum removal
strategy we have employed in the past for OSIRIS data (e.g., Barman et al. 2015; Wilcomb et al.
2020). To remove the continuum, we apply a high-pass filter with a kernel size of 200 spectral
bins to each of the individual spectra. Then we subtract the smoothed spectrum from the original
spectra. Once all the individual spectra are continuum subtracted, we median combine them and
find the uncertainties by calculating the RMS of the individual spectra at each wavelength. The
median uncertainty on our flattened spectrum is 0.4%, much smaller than the uncertainty on the

spectrum with the continuum included.
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Figure 3.2: Our fully reduced, combined, and flux calibrated moderate-resolution OSIRIS K-band
spectra of VHS 1256 b. The errors are derived from the RMS of the individual spectra at each
wavelength. Such as error includes uncertainties in both the continuum and the lines, the former
of which tends to be larger and is removed via continuum subtraction in portions of our analysis.
These total spectral uncertainties are represented as a shaded blue region. The median uncertainty
is ~7% in flux. The CO bandhead is clearly visible at 2.3 pm.

3.3 Spectral Modeling
3.3.1 Synthetic Spectra

In order to determine the atmospheric properties of VHS 1256b, we use models computed
through the PHOENIX model atmosphere code (Hauschildt et al., 1999). The atmospheric
properties for young gas giants and brown dwarfs are notoriously complex, with cloud modeling
being particularly challenging. In our modeling framework, we are able to parameterize clouds in
several different ways. They are incorporated as a thick cloud layer with a log-normal ISM-like
grain size distribution in all three types of cloud models; DUSTY (Allard et al., 2001), COND
(Allard et al., 2001), and an Intermediate Cloud Model (ICM) (Barman et al., 2011). DUSTY

models have inefficient gravitational settling so dust is still in the atmosphere, and COND models
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Table 3.1: Summary of VHS 1256 AB b System

Parameter Central Binary Companion Reference

Distance (pc) 22.2ﬂ:£ - a

Separation (arcsec) 0.10940.0018 8.06£0.03 be

Projected Separation (au)  2.4240.0399 102+9 be
Spectral Type M7.5£0.5 L7.0£1.5 ¢

Apparent Magnitudes

2MASS J-band 11.018+0.023 16.662£0.287 d
2MASS H-band 10.473£0.023 15.595+0.209 d
2MASS Kj-band 10.044£0.021 14.568+0.121 d
VHS Y-band <11.72 18.558+0.051 ¢
VHS J-band < 11.36 17.136+0.020 €
VHS H-band < 11.02 15.777+0.015 ¢
VHS K;-band <10.42 14.665+0.010 ¢
Subaru/IRCS L-band 9.76£0.03 12.99+0.04 f

References. — (a) Dupuy et al. (2020), (b) Stone et al. (2016), (c) Gauza et al.
(2015), (d) Skrutskie et al. (2006), (¢) McMahon et al. (2013), (f) Rich et al. (2016)

have efficient gravitational settling therefore no dust is left in the atmosphere. For VHS 1256 b,
we used an ICM approach that has a base pressure set by equilibrium chemistry. The vertical
extent of the cloud is parameterized by a pressure value that, when above the value, allows the
cloud particles number density to fall off exponentially. The cloud particle sizes follow a log
normal distribution that is characterized by a median grain size. We will therefore refer to the
custom grid constructed here as PHOENIX-ICM to distinguish it from other models based on
the PHOENIX framework. We also used two other grids to fit the data; PHOENIX-ACES, the
custom grid used for k And b (Wilcomb et al., 2020), and PHOENIX-HR8799, the custom grid
used in Ruffio et al. (2021). We explore the results of our choice of cloud model and describe the
fits from a few other models in Section 2.5.

Our first goal is to constrain the temperature, surface gravity, and cloud parameters of
VHS 1256 b. In order to do this, we must construct a model grid that spans the expected values of
these parameters. In a number of previous works on VHS 1256 b, the temperature was estimated
to be in the range of 800—1200 K and the surface gravity (logg) 3.2-4.5 (e.g., Miles et al., 2018;
Gauza et al., 2015).

Based on these measurements, we generated a custom PHOENIX grid. The details on the
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computation of this grid are described in Barman et al. (2011, 2015), with the updated methane
line list from Hargreaves et al. (2020) and the optical opacities from Karkoschka & Tomasko
(2010). The grid spans a temperature range 800-2100 K, a log g range of 3.5-5.5 dex, and a cloud
property range Pe,.q dyne/cm? of 5x10°—4x10°, which encompasses the values previously
reported for VHS 1256 b. Vertical mixing (Kzz) was modeled in Miles et al. (2018) and was
determined to be ~ 108 cm?s™! because with a cooler object of about 1200 K some of the C will
still be in CHy4, and therefore CO will not be constant with height. This custom grid also varied
grain size, but initially we used a fixed mean grain size of 0.5 pm.

The synthetic spectra from the grid were calculated with a wavelength sampling of 0.05 A
from 1.4 to 2.4 um. Each spectrum was convolved with a Gaussian kernel with a FWHM
that matched the OSIRIS spectral resolution (Barman et al., 2011). Both flux calibrated and
continuum subtracted data were modeled and analyzed. The synthetic spectra were flux calibrated

and continuum subtracted using the same routines as the data.

3.3.2 Forward Modeling

To determine the best-fit model for each grid, we use a forward-modeling approach
following Blake et al. (2010), Burgasser et al. (2016), Hsu et al. (2021), and Theissen et al.
(2022) The effective temperature (7¢fr), surface gravity (logg), and cloud parameter (1og Pjpuq)
are inferred using a Markov Chain Monte Carlo (MCMC) method built on the emcee package
that uses an implementation of the affine-invariant ensemble sampler (Goodman & Weare, 2010;
Foreman-Mackey et al., 2013). The assumptions and description of the MCMC calculations are
described in Wilcomb et al. (2020).

We also forward modeled the primary, VHS 1256 AB, spectra from Gauza et al. (2015).
The data span 0.47-1.35 pum, 1.48-1.78 pum, and 1.95-2.41 pum. Since they are a late-M
binary pair, we used the Gottingen spectral library (Husser et al., 2013) that varies the effective
temperature (7gf), surface gravity (logg), and metallicity ([M/H]) and covers the range of

values expected for an M star. The results show that the host binary has approximately solar
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metallicity. The best fit parameters for VHS1256AB from K-band data are Ti¢ = 275632 K,logg
=4.99*9-0976 "and [M/H] = 0.0093%0:01%,. For the short wavelength data the best fit parameters
are Togr = 2668f§ K, logg = 3.57£0.060, and [M/H] = 0.2040.040. The H-band data best fit
parameters are Tupr = 2758ﬂ§ K, logg = 3.921“8:280, and [M/H] = 0.391“8:%;‘. Since there is no
higher resolution data available for the host binary, our precision in metallicity or abundance
measurements is limited and further discussion about the systematics in the uncertainties is in
Section 3.3.3. We report the allowed values of these fits to be an effective temperature of 2661 —

2773 K, a surface gravity of 3.51 — 5.00, and an [M/H] of 0.0030 — 0.53. The full results of the

fits are shown in Table 3.2.

Table 3.2: Summary of atmospheric parameters derived from MCMC fits for the Primary.

Spectra Effective Temperature ~ Surface Gravity Metallicity
VHS 1256 b Ter (K) logg M/H
Gottingen PHOENIX Spectral Library
Gauza Primary K-band 2756ji§ 4.99*0:0076 0.0093*3012,
Gauza Primary Optical+/ band ~ 2668*5 3.57+£0.060 0.20£0.040
Gauza Primary H-band 2758+12 3.92#0.090 0.3910-14
Allowed Range of Values 2661 - 2773 3.51-5.00 0.0030 - 0.53

3.3.3 Temperature, Gravity, and Cloud Parameters

We ran our MCMC fitting procedure on both the flux calibrated spectrum and the
continuum-subtracted spectrum of VHS 1256b. Objects like VHS 1256b that straddle the L/T
transition are notoriously difficult to fit with an unconstrained MCMC, primarily due to the
complexity of modeling the clouds at low surface gravities (e.g., Barman et al. 2011). Therefore,
we constrained the bounds of the fits via two methods. First, we used previously derived literature
values for temperature and surface gravity as a starting point for a plausible range of values (e.g.,
Gauza et al. 2015; Miles et al. 2018). Then, we plotted the models in those temperature ranges
over the data to verify by-eye that the matches were reasonable before running the full MCMC.

We therefore narrowed the prior ranges for the temperature to be between 1000-1300 K and a
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log g between 3.0-3.5. The best-fit parameters for our flux calibrated data are 7o = 12405 K
logg =3. 25+8 (1)], and log P.;,,q = 6 0.01. For the radius, which comes from the multiplicative
flux parameter, we found R = 1.00 4= 0.02 R,,,. For our continuum-subtracted data the best-fit
parameters were Topr = 12237 1 K, logg =3. 6+8 8%, and log Ppuq = 6.61“8:8;. Radii cannot be
derived for the continuum-subtracted data. Figures 3.3 through 3.5 show the best-fit spectra
overplotted on our data, the residuals from the fits, and the resulting corner plot from our MCMC

analysis for the continuum-subtracted spectra.
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Figure 3.3: Our fully reduced, combined, and flux calibrated moderate-resolution OSIRIS K-band
spectra of VHS 1256 b in black plotted alongside our best-fit model in pink. The residuals are
shown below in gray. Even our custom PHOENIX-ICM had trouble fitting the continuum of our
spectrum, specifically on the bluer end. However, this grid still provided the lowest residuals of
any we considered.

In order to verify that the temperature estimates we derived from the OSIRIS spectra are
robust, we ran our MCMC fitting code using the three custom PHOENIX grids on the Gauza
et al. (2015) optical, J-band, H-band, and K-band spectra and the Miles et al. (2018) L-band
spectra shown in Table 2. We adjusted our MCMC parameters for the Gauza et al. (2015) spectra

by setting the line-spread function (LSF) to 229.77 km s~!, which we derived from the data. We
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Figure 3.4: Our OSIRIS continuum subtracted K-band spectra in black plotted against our
MCMC best-fit model in magenta. The bump in the center of the spectrum between 2.1 and 2.2
pm is due to residual telluric. By removing the continuum, we remove uncertainties that were
tied to the continuum, thus the residuals for the flatted fit are much smaller.

fit each band in the data set separately and obtained T = 12011% K, logg =4.81 £0.06, and
log P.jpuq = 6.59 £ 0.01 for the optical+J band spectra, Teg = 12811%3 K, logg = 3.671“8:82, and
log P.jpua = 6.06 +0.02 for the K-band spectra, and Tog = 1201f% K, logg =3.514+0.01, and
log Pejoya = 5.971“8:8% for the H-band spectra using our custom PHOENIX-ICM grid. We also
adjusted our MCMC parameters for the Miles et al. (2018) by using an LSF of 106.95 km s~! to
account for the lower resolution of the data and obtained an Ty = 1205fZ K, logg = 3.53f8:8§,
and log P,j,q = 6.23 +0.02.

Since our subsequent analysis of the chemical abundances of VHS 1256 b relies on
knowledge of the temperature and gravity, we did additional modeling to look at the comparison
between our custom cloud model grid and similar grids with different treatment of clouds.
In addition to differences in cloud parameters, each grid of models incorporates different

assumptions that lead to systematic differences in the output spectra for the same parameters

such as temperature and gravity (e.g., Oreshenko et al. 2020). These systematics are not captured
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in the uncertainties that come from each MCMC run output, and therefore those uncertainties,
while reported here for completeness, are underestimates of the true uncertainties. These
systematics also partially explain why fitting different parts of the spectra give slightly different
best fit values, a very common occurrence for substellar object fits (e.g.,Cruz et al. 2018). We
attempt to account for these systematics by looking at the range of values given from the three
PHOENIX grids.

We incorporated our PHOENIX-ACES grid from Wilcomb et al. (2020) and the custom
PHOENIX-HRS8799 grid from Ruffio et al. (2021) into our MCMC analysis code, and fit our
OSIRIS spectrum using the same procedure described above. The best-fit using PHOENIX-
ACES yielded T = 150045 K and log g =3.9239%. The PHOENIX-HR8799 models generally
provided poor matches to the higher resolution data, yielding much higher residuals than other
grids. With this grid, we found T = 8203 Kand logg = 3.01:’8:8% as best-fit parameters. We
found no fits with PHOENIX-HR8799 that properly captured the continuum shape of our OSIRIS
data. The fits to the continuum were generally poor across all grids, including the PHOENIX-
ICM grid, and we speculated that this was due to our assumption about grain size in the models
(see Section 3.3.3). We also fit the three Gauza et al. (2015) spectra and the Miles et al. (2018)
spectra with these additional grids. The PHOENIX-HR8799 grid did a poor job of fitting the
Miles et al. (2018) spectra, while the PHOENIX-ACES grid fit the data well but gave unphysical
parameters when the radii were derived shown in Table 3.3.3. Overall, the PHOENIX-ICM grid
fit the spectra of this object the best and we adopt the values from these fits in this paper.

Table 3.3 shows the results for all atmospheric parameters derived in this paper. We use
the range of best-fit values from the OSIRIS continuum-included data to define the adopted
parameters for temperature, gravity, and cloud parameter, as the resolved line information
coupled with the continuum offers the most constraints on those parameters. To derive more
robust uncertainties on the atmospheric parameters that account for the systematics described
above, we consider the range of values from all fits using the PHOENIX-ICM grid when deriving

th allowed values for VHS 1256b. We adopt values of T.¢ = 1240 K, with a range of 1200—
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1300 K, log g = 3.25, with a range of 3.25-3.75, and log P,;,,,q = 6.0, with a range of 6.0-6.6. For
radius, we use the median value from the OSIRIS continuum-included data and the Gauza et al.
(2015) spectra to arrive at R = 1.0 R, with a range of 1.0-1.2 R,,,. This yields an implied
bolometric luminosity of log(L/L) = 4.67, with a range of 4.60 to 4.70. These values are all in

excellent agreement with previous studies (Gauza et al., 2015; Miles et al., 2018).
Cloud Grain Size

VHS 1256 b is an L/T transition object, and these objects spectra are strongly impacted
by the depth of clouds and the grain size in the atmosphere (Brock et al., 2021). Since our custom
PHOENIX-ICM grid also varied in grain size, we explored different mean grain sizes to get a
better fit to the continuum in our OSIRIS data, as well as a better match to data in all wavebands.
We held all other parameters constant, except for the multiplicative factor that is a proxy for
radius, and allowed the mean grain size to vary from 0.5 gm to 3 pm. For our OSIRIS data,
the best fit grain size was about 3691 pm, which did hit the edge of our grid. For the Gauza et al.
(2015) spectra, the best fit grain size was 0.51f8:8(2)94um at the short wavelengths, 0.50f8:8(1)28 pm
for the H-band spectrum, and 0.99f8:8§§ for the K-band spectrum. The best fit grain size for the
Miles et al. (2018) spectrum was 0.51’_“8:(1){,um.

Since the fits to the short and long wavelength data yielded different preferred grain sizes
than the OSIRIS data, we examined both 0.5 ym and 3.0 um models across the full range of
available wavelengths simultaneously. Figure 3.2 shows all available spectral and photometric
data for VHS 1256 b. Overplotted are the two PHOENIX-ICM models with two different grain
sizes, 0.5 pm and 3 pm. The models are scaled to match the continuum flux at K-band, which in
turn is derived using the K-band magnitude in Gauza et al. (K; = 14.665 £0.01; 2015). First,
we note that the lower resolution K band spectra from Gauza et al. (2015) spectra are a good
overall match to the OSIRIS data. We note that when we look at the model in comparison to
the flux calibrated shorter wavelength data, the 3 ;m grain size model is a good match overall

though not a perfect match to the continuum shape. However, the 0.5 pm model, the model
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strongly underpredicts the short wavelength flux if it is scaled to match K band. This means that
the best-fit of 0.5 pm at these short wavelengths was dependent on scaling the radius to much
larger values was required for the K band. Indeed, with a the best-fit value for K band is a radius
of ~1 Ry, whereas the best fit at short wavelengths with a small grain size is ~1.4 Rj,,. This
implies that the fits were being pulled by the continuum shape when performed individually, and
a comprehensive look at data at all wavelengths is more appropriate for determining the grain
size. We do note that in the case of the long wavelength data from Miles et al. (2018) spectra
and the photometry from Rich et al. (2016), the red side of the spectrum matches the 0.5 ym
model better, and the radius is consistent with K band and roughly the same for either grain size.
However, the overall shape of the Miles et al. (2018) spectrum does not match either model.
Taken together, we conclude that a larger median grain size of 3.0 pum is appropriate for this

object.

3.3.4 Mole Fractions of CO, H,O, and CH,4

With best fit values for temperature, surface gravity, and clouds, we can derive abundances
of CO, H,0, and CH, using our OSIRIS K-band spectra. Once best fit values were determined
for Ty, log g, and log P4, we fixed those parameters to generate a grid of spectra with scaled
mole fractions of these molecules, which are visible in the K-band (Barman et al., 2015). We used
solar metallicity for this grid because there is no evidence for non-solar metallicity. Therefore,
the unscaled mixing ratios in this grid will match the composition and mole fractions of the Sun.
The molecular abundances of CO, CH4, and H,O were scaled relative to their initial values from
0 to 1000 using a uniform logarithmic sampling, resulting in 25 synthetic spectra. We fit for
the mole fraction of H,O first, holding CO and CHy4 at their initial values. Next, the HO mole
fraction was set to its nominal value, and we fit for scaled CO. We did the same analysis for CHy.

Figure 3.7 shows the resulting y? distribution as a function of CO, H,0, and CH4 mole
fraction. The models with the lowest x> when compared to the flattened data gave us the best-fits

for both H,O and CO. For CHy, there is no change in x> with any change in the mole fraction,
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Table 3.3: Summary of atmospheric parameters derived from MCMC fits.

Spectra Effective Temperature Surface Gravity Cloud Layer  Grain size Radius Luminosity
VHS 1256 b Tegr (K) log g 102 Pefoud pm (Rup)  lozyg (1)
PHOENIX-ACES

OSIRIS Including Continuum 150073 3.9270:08 n/a n/a 0.64 —4.73
OSIRIS Continuum Subtracted 15001’5 4.47;%:32 n/a n/a n/a n/a

Gauza K-band 1839t$ 4.837041 n/a n/a 0.41 —4.76

Gauza Optical+J band 1659*3 3.72‘:838? n/a n/a 0.52 -4.73

Gauza H-band 165 81’% 4.65;%:% n/a n/a 0.54 -4.70

Miles L-band 1096+12 4.38:011 n/a /a 1.18 —4.74

PHOENIX-ICM

OSIRIS Including Continuum 12407} 3.25%00 6.0£0.01 3.0£0.1 1.0 -4.67
OSIRIS Continuum Subtracted 12231} 3.6:002 6.670-01 2.970:001 n/a /a

Gauza K-band 128112 3 .67j§;‘8)§ 6.06+0.02 0.99t3;§;§ 0.92 —4.69

Gauza Optical+J-band 1201%% 4817008 6.59+£0.01  0.5199%, 1.2 -4.57

Gauza H-band 1201%% 35 1;%;% 5.97+5:92 0.0575:000% 1.18 —4.58

Miles L-band 1205%] 3.53%00 623£0.02 051700 1.13 -4.61

PHOENIX-HR8799

OSIRIS Including Continuum 82072 3.017002 5.770 n/a 2.9 —4.46
OSIRIS Continuum Subtracted ~ 1300*} 3.0j3;3% 6,0j°;%{ n/a n/a n/a

Gauza K-band 1298+ 3.2810-2 5.7t§;§1 n/a 0.9 —4.68

Gauza Optical+J-band 1097%{ 3 .28;%:%; 5.96ﬁ§;é;‘ n/a 1.8 -4.37

Gauza H-band 10315, 3‘01_8:81 5.84%:8‘%t n/a 1.8 —4.48

Miles L-band 8361 3.064001 5715007 n/a 2.1 -4.71

Adopted Values 1240 325 6.0 3.0 1.0 -4.67

Allowed Range of Values 1200 - 1300 3.25-3.75 6.0-6.6 10-30 1.0-12 -460--4.70

~“Based on our fitting and a comparison of all datasets, we have chosen to adopt the best-fit values from the PHOENIX-ICM fit to the
OSIRIS data with the continuum included. However, we allow for uncertainties that encompass the range of most fits to all datasets using the
PHOENIX-ICM grid, excluding the surface gravity value from the Gauza et al. (2015) optical data, which is an outlier.

suggesting that if any methane is present in the spectrum, it is below the detection threshold of
our data. We exclude CH4 from further analysis. The best fit for H,O had a scaling of 0.2151’8}2‘7‘,
and the best fit for CO had a scaling of 0.5993:234{. To calculate the 1-0 uncertainties in each
mole fraction value, we used the values from models within #1 of our lowest 2.

Because of the potential issues with telluric correction in the blue side of the spectrum
mentioned in Section 3.2, we explored the mole fractions on different portions of the spectra,
splitting it in half and performing the fit again. Shown in the left panel of Figure 3.8, for the first
half of the spectrum, the best fit HyO mole fraction is 0.215 and CO is unchanging as there are
no CO features in this section of the spectra. For the second half of the OSIRIS spectra, shown
in right panel of Figure 3.8, the H,O scaled mole fraction is higher at 0.599 and the uncertainties

encompass the lowest x? from the full spectrum analysis. The lowest y> CO matches the values
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found when fitting the full spectrum (Figure 3.7). Because of concerns about the blue half of the
spectrum, we elect to use the C and O values from the second half of the spectrum. This yields

an H,O mole fraction of O.599J_r8:§'(8)}t and a CO mole fraction of 0.599f(1):(3)gi.

3.3.5 C/O Ratios

In our previous work, we have used OSIRIS data to constrain the C/O ratios of directly
imaged companions to massive stars such as HR 8799 b, ¢, and d, and x Andromedae b (e.g.,
Konopacky et al. 2013; Wilcomb et al. 2020; Ruffio et al. 2021). For giant planets formed by
rapid gravitational instabilities, their atmospheres should have elemental abundances that are the
same as their host stars (Helled & Schubert, 2009). If giant planets form by a multi-step core
accretion process, it has been suggested that there could be a range of elemental abundances
possible (Oberg et al., 2011; Madhusudhan, 2019). In this scenario, the abundances of giant
planets’ atmospheres formed by core/pebble accretion are highly dependent on the location of
formation relative to CO, CO,, and H,O frost lines and the amount of solids acquired by the
planet during runaway accretion phase. This can be diagnosed using the C/O ratio.

For VHS 1256 b, a substellar companion to a small binary pair, it is unclear if C/O is a
useful formation diagnostic, as it is likely to have formed like a binary star rather than a planet
(see Section 3.4). However, we still compute the ratio here and discuss the implications below.

The C/O ratio dependence on atmospheric mole fractions (N) is

C _ N(CH4)+N(CO)
O N(H,0)+N(CO)’

and for small amounts of CHy, as in VHS 1256 b’s case, the C/O ratio can be determined by H,O
and CO alone (Barman et al., 2015). The C/O ratio we derive for VHS 1256 b is 0.590)-230.
The large uncertainties encompass potential systematics and any differences in C/O ratio from
the two halves of the spectrum. Variability of the object is unlikely to affect the measurement of

C/O because CO is formed higher in the atmosphere than the predicted location of cloud decks.
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The variability at K band has been shown to be less significant than at other wavelengths (e.g.,
Vos et al. 2019; Bowler et al. 2020). Figure 3.9 shows our lowest x> model in the center panel
and two extreme cases to illustrate the sensitivity our OSIRIS moderate resolution spectra has to

the C/O ratio.

3.4 Discussion and Conclusions

Moderate resolution spectroscopy has expanded our knowledge of young directly imaged
planet atmospheres. VHS 1256 b provides an interesting diagnostic because of the low contrast
between the companion and the host system, and the thick cloudy atmosphere. Our results of
Terr = 1240 K, with a range of 1200-1300 K, and log g = 3.25, with a range of 3.25-3.75 agree
with the results from Gauza et al. (2015) that posit VHS 1256 b is a low surface gravity object
and is likely a planetary mass object in a youthful system. Our effective temperature is also in
agreement with the literature regardless of the new distance measured by Gaia EDR3, 22.23:5
pc, which changed the distance from 12.7+1.0 pc (Gauza et al., 2015). Dupuy et al. (2020) also
found a distance 22.22 + 1.19 pc from CFHT parallax measurements. We did not detect methane
in our K-band spectra, which is in agreement with very weak methane absorption in the L-band
spectra pointing towards non-equilibrium chemistry from Miles et al. (2018).

Our OSIRIS data on VHS 1256 b, coupled with data from the literature, preferred a
thick-cloud model, log P,;,,s = 6.0 with a range of 6.0-6.6, with a 3 um mean grain size. Recent
works have demonstrated that earlier L-type objects have higher-altitude clouds with smaller
grains (0.25-0.50 pm), and later T-type objects exhibit deeper clouds and larger grains (> 1 pum;
Brock et al. 2021). We conclude that VHS 1256 b has deep clouds with a large mean grain size
that 1s consistent with being near or just beyond the L/T transition, as indicated by its L7 spectral
type.

Cloudy atmospheres of these Jovian-like objects are not well understood. Data at longer

wavelengths can more deeply probe these cloud parameters and can inform the models to better
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understand the processes occurring in cloudy giant planet atmospheres. VHS 1256 b is also
extremely variable with near infrared photometry in 2MASS J, H, and K/K; that varies by ~37,
~13, and ~3 percent respectively (Miles et al., 2018). This can lead to different colors and flux
calibrations that can influence interpreted atmospheric parameters. Understanding the variability
of this object is important for further constraints on effective temperature and other atmospheric
parameters. Our derivation of cloud properties, including a notional grain size distribution, will
inform studies of variability of VHS 1256 b.

Formation of objects in the gas giant planet mass regime is of considerable interest,
whether the companion orbits a low or high mass star. Formation diagnostics such as C/O ratio
can provide context and potentially point to a formation pathway, although interpretation of the
C/O ratio is complicated by a variety of phenomena (e.g., Madhusudhan 2019). The mass ratio
of the system is 0.16, which is significantly larger than other directly imaged planets such as HR
8799 (q ~ 5 x 1073; Fabrycky & Murray-Clay 2010) suggesting that the companion was likely
too large to form in a protoplanetary disk around the primary (Rich et al., 2016). In measuring
the C/O ratio here for VHS 1256 b, we seek instead to use observations of a similar object to the
directly imaged planets to look for systematics in our modeling that could suggest any biases in
computation of C/O. We derived a C/O ratio of 0.590%0:3%9 for VHS 1256 b. Our finding of a
roughly solar C/O ratio implies that these systematics are not present, which would be suggested
by a ratio that is very different from solar. An unusual C/O ratio compared to the stellar value in
a low mass binary is unexpected, and would suggest issues with modeling L/T transition objects.
It is likely that VHS 1256 b formed like a binary star rather than a planet. There are studies that
claim metallicity measurements could constrain formation location for these types of objects,
but future work is needed to obtain these measurements for the host binary and the wide orbit
companion (Liu et al., 2021). While we do not measure a C/O ratio for the host star because
we did not have moderate resolution spectroscopy for it, there is no indication that a non-solar
metallicity is required to describe the spectra in hand (Gauza et al., 2015). Thus, we are confident

our methodology is sound and reliably provides C/O ratios for directly imaged companions.
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Indeed, Figure 3.9 shows that very large or small C/O ratios are easily probed and ruled out by
moderate-to-high resolution data, and are thus more trustworthy than values computed on low
resolution spectra.

VHS 1256 b now represents an eighth case of an imaged planetary mass object, in
addition to the four HR 8799 planets (Konopacky et al., 2013; Barman et al., 2015; Molliere
et al., 2020; Ruffio et al., 2021), x And b (Wilcomb et al., 2020), HIP 65426 b (Petrus et al.,
2021), and TYC 8998-760-1 b (YSES-1 b Zhang et al. 2021), where the C/O ratio formation
diagnostic did not reveal ratios that clearly point to formation via core/pebble accretion. The
scenario cannot be completely ruled out given the uncertainties in the data and the range of
possible C/O ratios predicted by models (e.g., Madhusudhan 2019). Therefore, other probes
of formation such as the '2CO/!3CO isotope ratio (Zhang et al., 2021) and metallicity, will be
needed to shed more light on this intriguing population of giant companions.

VHS 1256 b has already been targeted with a higher resolution instrument, NIRSPEC at
the Keck II 10 m telescope, which allowed for measurements of radial velocity and rotational
velocity (Bryan et al., 2018). The next steps for the VHS 1256 system will be space-based
spectroscopy to verify the C/O ratio and other atmospheric properties. VHS 1256 b is a target for
the High Contrast Imaging of Exoplanets and Exoplanetary Systems with JWST Early Release
Science (ERS) Program (Hinkley et al., 2017). VHS 1256 b will be studied using NIRSpec and
MIRI to analyze the atmosphere at longer wavelengths to constrain non-equilibirum chemistry,
C/O ratio, and variability of the object. We can also determine whether the bulk population of
directly imaged planets show C/O ratios consistent with solar/stellar values by continuing to
obtain moderate- or high-resolution spectra of these wide orbit, self-luminous companions. If
the population of these objects show distinct C/O from closer in transit giant planets, this could
point towards differing formation pathways for these companions.

Chapter 3, in full, has been accepted and is in preparation for publication of the material
as it may appear in The Astronomical Journal, 2022, Hoch, K. K. W., Konopacky, Q. M., Barman,

T. S., Theissen, C. A, Brock, L., Perrin, M. D., Ruffio, J.-B. Macintosh, B., Marois, C. I (the

70



dissertation author) was the primary investigator and author of this publication.
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Figure 3.5: Corner plot from our MCMC fits for our continuum subtracted OSIRIS K-band
spectra. The diagonal shows the marginalized posteriors. The covariances between all the
parameters are in the corresponding 2-d histograms. The blue lines represent the 50 percentile,
and the dotted lines represent the 16 and 84 percentiles. The "flux mult" corresponds to the
dilution factor that scales the model by (radius)*(distance)™. Our fit prefers a value near the
edge of the grid for pgs, or, P.juq-
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Figure 3.6: Our fully reduced, combined, and flux calibrated moderate-resolution OSIRIS K-band
spectra of VHS 1256 b in black, plotted alongside our best fit model with two different grain
sizes, 3pum in gray and 0.5um in pink, and spectra from Miles et al. (2018) in blue, spectra
from Gauza et al. (2015), and magnitudes from Rich et al. (2016), Skrutskie et al. (2006), and
McMabhon et al. (2013). The 3 um grain size model fits the majority of the data except for the
red end of the L-band spectra and the Rich et al. (2016) photometry point. The 0.5 pm grain size
model underpredicts the flux in the optical, J-, and H-band, but does fit the L-band spectra and
photometry point. We adopt the 3 zm model as the best-fit for the majority of the available data.
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Figure 3.7: Results of Tei = 1240 K, logg = 3.25, log P.j,,q = 6, and grain size = 3 ym model fits
with varying mole fractions for both H,O, CO, and CHy to our continuum-subtracted OSIRIS
spectrum. The mole fractions are given in units relative to the ratio in the Sun, such that a value
of zero implies the solar value. The scalings of CO prefer solar/subsolar and the scalings of H,O

prefer values subsolar. From these fits we find C/O = 0.869f8:82.
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Figure 3.8: Left: The results of our y? analysis on the first half of our continuum subtracted
OSIRIS data. The CO abundances vary minimally during this analysis because of the lack of CO
lines in the first half of our spectra. The best-fit water is still subsolar, with the lowest XZ values
not including solar. Right: The results of our y? analysis on the second half of our continuum
subtracted OSIRIS data. The values allowed by the x? analysis include the solar abundance
model, with the best-fit H>O molecular abundance being slightly subsolar.
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Figure 3.9: Our fully reduced, combined, and continuum subtracted moderate resolution OSIRIS
K-band spectra of VHS 1256 b plotted alongside three models of T=1240 K and log g=3.2 with
varying C/O. The top panel shows the super-solar HyO model with C/O=0.0142 in blue. The
middle panel shows our best fit model with subsolar H,O and solar CO and CHy, which gives
C/0=0.590. The bottom panel shows a supersolar CO model with C/O0=0.993. This demonstrates
how well moderate resolution spectroscopy can constrain C/O ratios of planetary mass objects.
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Chapter 4

Directly Imaged Planets: C/O Ratio For-
mation Diagnostic and Comparisons to
other Exoplanet Populations

We present moderate resolution (R ~ 4000) K band spectra of the substellar companion
HD 284149 b. The data were taken with the OSIRIS integral field spectrograph at the W.M. Keck
Observatory. We used a Markov Chain Monte Carlo forward modeling approach coupled with
models from Husser et al. (2013) to fit our moderate resolution spectra. We derive an effective
temperature of 7o = 2469 K, with a range of 2443-2624 K, a surface gravity of logg =4.58,
with a range of 4.27—4.98, and a metallicity [M/H] = 0.57, with a range of 0.04-0.83. These
values are in agreement with previous studies done by Bonavita et al. (2014, 2017). We derive a
C/O of O.737f8:}13§ for HD 284149 b. Given the fairly large number of C/O ratios measured for
directly imaged planets, we can now begin to look at the population as a whole in comparison to
closer in planets. We therefore compare all measured C/O ratios from our work and from the
literature for directly imaged planets with those available for transiting exoplanets. There seems
to be a trend in C/O ratio with companion mass (Myyp), with a break seen around 4 Myy,. We ran
a Kolmogorov-Smirnov test and an Anderson-Darling test on planets above and below this mass
boundary, and find that they are distinct. This could provide further evidence of two distinct
populations possibly having two different formation pathways, with mass as a primary indicator

of most likely formation scenario.
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4.1 Introduction

Over 4,700 exoplanets are now known, and only about 80 of these objects have atmo-
spheric data from the Hubble Space Telescope (HST), the Spitzer Space Telescope, and/or various
ground-based observatories. There are a few main methods to obtaining atmospheric information
on these companions such as direct imaging and transit or eclipse technique (Sing et al., 2016;
Tsiaras et al., 2018; Pinhas et al., 2019; Mansfield et al., 2021). Direct imaging of exoplanets
and substellar companions has revealed a unique population of Jupiter-like objects that have
masses ~2-14 My, and are widely separated (5-100 au) from their host stars. Revealing these
gas giant companions has inspired a number of novel and complex formation theories such as
core/pebble accretion (Johansen & Lambrechts, 2017), dynamical scattering (Rasio & Ford,
1996; Weidenschilling & Marzari, 1996; Chatterjee et al., 2008), disk instability (Kuiper, 1951;
Cameron, 1978), and cloud fragmentation (Toomre, 1964) to help determine how these objects
formed. These objects still remain a mystery for many of these formation mechanisms, in the
case of core/pebble accretion, the distance that these objects orbit is too large to create planets of
their masses.

Transiting or eclipsing gas giant planets are often considered "Hot Jupiters" with temper-
atures around 1000-2500 K. They orbit close to their host stars (1 au), and can have a variety
of masses spanning from a percent of a Jupiter mass to 30 Jupiter masses. They are thought
to form through a three step process starting from core accretion, to runaway gas accretion to
form the atmosphere, and then migration inwards to replicate what we see today (Mizuno et al.,
1980; Bodenheimer & Pollack, 1986; Ikoma et al., 2000). The core accretion step is thought to
occur in the outskirts of the protoplanetary disk where an abundance of solid material leads to
rapid growth of a planetary core before gas dispersal in the disk. With this scenario in mind,
the composition of these exoplanets should be sub-stellar in C and O because they would be
sequestered in the cores. However, measured bulk metallicities of Jupiter, Saturn, and some

exoplanets are shown to be super-stellar, which complicates tracing the formation scenario from
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composition of the atmospheres.

Spectral characterization of exoplanets and substellar companions can shed light on
how they may have formed. It has been suggested that how a planet formed can be traced
by the composition of the planets’ atmosphere. For the directly imaged companions, they are
young ( 200 Myr), so it is believed their atmospheres have not undergone immense evolution
and could point towards how and where they formed in the protoplanetary disk. For the
transit planets, there is a more complicated picture that involves evolution of the atmosphere,
accretion of the atmosphere, and migration of the planets inward, but atmospheric composition
measurements would still greatly improve our knowledge of their formation. One of these
measurements is the C/O ratio. Elemental abundances such as the C/O ratio has been postulated to
be fundamental properties of the composition of exoplanet atmospheres and their protoplanetary
disks (Madhusudhan, 2019; Cridland et al., 2020). The C/O ratio measurement in particular may
be able to trace the formation location of these objects and how they collected gas and solids in
their evolving protoplanetary disks (Madhusudhan et al., 2017; Mordasini et al., 2016; Booth
et al., 2017; Cridland et al., 2019; Eistrup et al., 2018).

Detailed observations of exoplanets are difficult to obtain because the planets are faint
and the stars they orbit are bright. Brown dwarfs tend to be hotter and more luminous than more
high contrast exoplanets, therefore they are easier to disentangle from the host star light and
they can provide insight into atmospheric properties of gas giant exoplanets. Widely separated
brown dwarf companions are also excellent objects to compare to young directly imaged planets
because of their similar spectra features and atmospheric parameters. Many brown dwarfs have
existing constraints on atmospheric properties such as effective temperature, surface gravity, and
molecular composition. HD 284149 b is a substellar companion orbiting at ~3.6” from the F8
star HD 284149 A and a stellar companion HD 284149 B discovered by Bonavita et al. (2014,
2017). The HD 284149 ABb system has been proposed to be a part of the Taurus-Ext association
(Luhman et al., 2017; Kraus et al., 2017; Daemgen et al., 2015) with an age estimate by Bonavita

et al. (2014) of 251%8 Myr. Bonavita et al. (2017) found an effective temperature of 2395 +
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113 K, a spectral type of M9 + 1, and a mass of 26 + 3 My, for the substellar companion HD
284149 b.

Here, we present R ~ 4000 K-band spectra of HD 284149 b using the OSIRIS instrument
on the W.M. Keck Telescope and a compilation and statistical analysis of the C/O ratio formation
tracer. In Section 4.2 we report our observations and data reduction methods. In Section 4.3
we use atmosphere model grids and forward modeling Markov Chain Monte Carlo methods to
determine the best-fit effective temperature, surface gravity, and metallicity of HD 284149 b. We
use our best-fit parameters and PHOENIX models with scaled C and O abundances to derive
a C/O ratio for HD 284149 b. In Section 4.5 we compare C/O ratios of 25 transiting planets
from Changeat et al. (2022) to C/O ratios of the directly imaged planets. We find a slight trend
between C/O ratio and companion mass and compute two metrics to determine if the planets
originate from the same underlying population. In Section 2.5 we discuss the implications of our

results and future work.

4.2 Data Reduction

HD 284149 b was observed on 2017 November 3 with the OSIRIS integral field spectro-
graph (IFS) on the W.M. Keck I telescope (Larkin et al., 2006). We used the K broadband mode
(1.965-2.381 pm) with a spatial sampling of 20 milliarcseconds per lenslet. We integrated on
the object for 50 minutes via 5 exposures of 10 minutes each, where we dithered up and down by
a 2-3 pixels between exposures. Observations of a blank patch of sky and of our AOV telluric
standard (HIP 16095) were obtained close in time with the object data. We also obtained dark
frames with exposure times matching our dataset. The data were reduced using the OSIRIS data
reduction pipeline (DRP; Krabbe et al., 2004; Lockhart et al., 2019). Data cubes (x, y, \) were
generated using the OSIRIS DRP using rectification matrices provided by the observatory for
the correct time frame of the observations. At the advice of the DRP working group, we did not

use the Clean Cosmic Rays DRP module (T. Do, priv. comm) and we did not use scaled sky
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subtraction.

Figure 4.1: An example data cube image frame, collapsed in wavelength via median, from our
OSIRIS HD 284149 b dataset. The field of view is 0.32” x 1.28”. The bright spot shows the
companion clearly visible without any need for speckle removal.

Once the one-dimensional spectra for the telluric sources were extracted, we used the
DRP to remove hydrogen lines, divide by a blackbody spectrum of the appropriate temperature,
and combine all standard star spectra. The individual telluric spectra were median combined
and produced a telluric calibrator spectrum. The telluric correction for HD 284149 b was then
completed by dividing the final telluric calibrator spectrum from all object frames.

Once the object data cubes are fully reduced, we identify the location of the target.
When conducting high contrast observations with OSIRIS, the location of a companion can be
challenging to find due to the brightness of the speckles from the host star. For HD 284149 b,
the separation from the host star is wide enough and the companion is bright enough that the
speckles from the host star do not impact the spectrum of the companion, and identification is

straightforward (see Figure 4.1).
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Figure 4.2: Our fully reduced, combined, and flux calibrated, moderate-resolution OSIRIS
K-band spectra of HD 284149 b. The errors are calculated from the RMS of the individual
spectra at each wavelength. The error includes uncertainties in both the continuum and the lines.
The total spectral uncertainties are represented as a shaded blue region. The CO bandhead is
distinctly visible at 2.3 pm.

We extract the object spectrum from the data cubes using a box of 3 x 3 spatial pixels
(spaxels). Once we extracted the HD 284149 b spectra from each frame for all data cubes, we
then normalize each individual spectrum to account for PSF and background fluctuations. Finally,
we median-combine all 5 individual spectra, and do a barycentric correction on the individual
spectra. To calibrate the flux of our spectra we calculated the flux at each wavelength such that,
when integrated, the flux matches the most recent K-band apparent magnitude (14.332 +0.04)
from Bonavita et al. (2014).

Uncertainties were calculated by determining the RMS between the individual spectra at
each wavelength. These uncertainties include contributions from statistical error in the flux of
the planet and the molecular lines. The OH sky lines are subtracted extremely well and have a

negligible contribution to the uncertainties. The final combined and flux calibrated spectrum is

shown in Figure 4.2.
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Narrow spectral features are more easily analyzed by removing the continuum because
we can avoid low spatial frequency errors (from residual and/or faint speckles) that affect the
continuum shape. We remove the continuum from our fully reduced and flux calibrated spectra
using a similar continuum removal process we have used in the past for OSIRIS data (e.g.,
Barman et al. 2015; Wilcomb et al. 2020; Hoch et al. 2022). To remove the continuum, we
employ a high-pass filter with a kernel size of 200 spectral bins to each of the individual spectra.
We then subtract the smoothed spectrum without spectral lines from the original spectra. Once all
the individual spectra are flattened, we median combine them using the method for the continuum
spectra and find the uncertainties by determining the RMS of the individual spectra at each

wavelength.

4.3 Spectral Modeling

To determine the effective temperature (7.¢r), surface gravity (logg), and metallicity
([IM/H]) of HD 284149 b we used the PHOENIX model-based Gottingen spectral library (Husser
et al., 2013) that varies these three parameters and covers the range of values expected for HD
284149 b based on previous studies. We chose to use the Gottingen spectral library because they
are PHOENIX models that cover the estimated temperature and surface gravity of HD 284149 b,
therefore there was no need to create additional custom PHOENIX models.

Here, we use a forward-modeling process following Blake et al. (2010), Burgasser et al.
(2016), Hsu et al. (2021), and Theissen et al. (2022) to determine the best-fit model from the
grid. The effective temperature (7¢r), surface gravity (log g), and metallicity ([M/H]) are inferred
using a Markov Chain Monte Carlo (MCMC) method built on the emcee package that uses an
implementation of the affine-invariant ensemble sampler (Goodman & Weare, 2010; Foreman-
Mackey et al., 2013). The assumptions and description of the MCMC calculations are described
in Wilcomb et al. (2020).

The results show that HD 284149 b has slightly super-solar metallicity. The best fit
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parameters from our continuum K-band OSIRIS data are Ti¢r = 2469%2 K, logg =4. 58+8 %?, and

[M/H] = 0.57f81%2. The temperature results are in great agreement with the temperature from
Bonavita et al. (2017), which was 2395 + 113 K. Figures 4.3-4.4 show the best-fit model for the

continuum data and the corresponding corner plot from our MCMC analysis.
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Figure 4.3: Our fully reduced, combined, and flux calibrated moderate-resolution OSIRIS K-band
spectra of HD 284149 b in black plotted against the best-fit model in orange. The residuals are
plotted below in gray.

We then ran our fitting procedure on the continuum subtracted data using the same grid.
We employed the same filtering code used to flatten the data on the model grid to flatten the
models. The best fit parameters from our continuum subtracted K-band OSIRIS data are T.¢ =
260513 K, logg = 4.91%0:0%9, and [M/H] = 0.11700/S. Figures 4.5-4.6 show the best-fit model
for the continuum subtracted data and the corresponding corner plot from our MCMC analysis.
Our continuum subtracted results are similar to our continuum results, but are not within the

same error bars. Therefore, we adopt values of Ty = 2469 K, with a range of 2443-2624 K,

logg =4.58, with a range of 4.27-4.98, and [M/H] = 0.57, with a range of 0.04-0.83.
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4.3.1 C and O Abundances

With best fit values for temperature, surface gravity, and metallicity, we can derive
abundances of C and O using our OSIRIS K-band spectra. We chose the best-fit values from
the continuum fits of the data because the residuals were smaller. We constructed a mini-grid
that holds our derived parameters the same, but varies the abundance of C and O. We used the
Husser et al. (2013) grid again, and varied C and O abundances. C and O were each varied from
0 to 1000 using a uniform logarithmic sampling, resulting in 12 synthetic spectra. We fit for the
abundance of C first, holding O at its initial value. Next, the C abundance was set to its nominal
value, and we fit for O.

Figure 4.7 shows the resulting x? distribution as a function of C and O abundance. The
models with the lowest y> when compared to the flattened data gave us the best-fits for both C
and O. The best fit for C had an abundance scaling of 1.25f8:%§, and the best fit for O had an
abundance scaling of solar or 1.001“6:88. To calculate the 1-0 uncertainties in each mole fraction

value, we used the values from models within £1 of our lowest xz.

4.3.2 C/O Ratio for HD 284149b

In our previous work, we have used OSIRIS data to constrain the C/O ratios of directly
imaged companions such as HR 8799 b, c, and d, x Andromedae b and VHS 1256 b (e.g.,
Konopacky et al. 2013; Wilcomb et al. 2020; Ruffio et al. 2021; Hoch et al. 2022). For giant
planets formed by rapid gravitational instabilities, their atmospheres should have elemental
abundances that are similar to their host stars (Helled & Schubert, 2009). If giant planets form
by a core/pebble accretion process, there could be a range of elemental abundances possible
(Oberg et al., 2011; Madhusudhan, 2019). In this framework, the abundances of giant planets’
atmospheres formed by core/pebble accretion are highly dependent on the location of formation
relative to CO, CO,, and H,O frost lines and the amount of solids collected during runaway

accretion phase. This can be diagnosed using the C/O ratio.
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The C/O ratio is dependent on the abundances of C and O in the atmosphere, the equation

used for this derivation is

C IOEC—IZ
o) = 10€0-12”

where ¢ is the scaled abundance relative to Solar. The C/O ratio we derive for HD 284149 b
1s 0.7371’8:}‘13. The next step for this object and for the C/O ratio diagnostic is to study the

metallicity and C/O ratio of the host star and stellar companion.

4.4 Non-Detections

For our Imaging Spectroscopy Survey of Exoplanetary Atmospheres with Keck/OSIRIS
we took data on nine directly imaged planets; x And b, VHS 1256 b, HR 8799 bcd, HD 284149
b, GJ 504 b, and 51 Eri b. GJ 504 b and 51 Eri b were not detected in our OSIRIS data and
details of the observations are in Table 4.4. GJ 504 b is a Jovian planet of 4f‘1‘:(5) My, orbiting
at a projected separation of 43.5 au around the Sun-like GO-type star, GJ 504 (Kuzuhara et al.,
2013). The host star is 1.2 Mg and is 160733° Myr old. GJ 504 b is significantly cooler than
other imaged exoplanets with an effective temperature of about 5 1038 K. GJ 504 b is also the
first directly imaged planet around a metal-rich host star. 51 Eri b is a gas giant planet that was
discovered orbiting the ~20 Myr 51 Eridani star at 13 au (Macintosh et al., 2015). 51 Eri b is
about 600-750 K with a mass of about 2-12 Myy,. Both of these planets are lower temperature
and lower mass than the majority of the directly imaged companions, and would be excellent
candidates for atmospheric characterization to compare to their hotter counterparts.

For GJ 504 b, we used the OSIRIS integral field spectrograph (IFS) on the W.M. Keck I
telescope (Larkin et al., 2006). We conducted observations in the K broadband mode (1.965—
2.381 pum) with a spatial sampling of 0.050” per lenslet for this object with the hope of enhancing
its detectability via coarser spatial sampling. We observed a telluric calibrator star (HIP 65599)

and obtained sky frames in close time to observations of the object. Data cubes (x, y, \) were
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generated after operating the OSIRIS DRP using the observatory provided rectification matrices
for the same time frame of the observations, following the steps described in section 4.2. After
reduction and telluric correction, we tried to locate the planet in the data cubes. The separation of
GJ 504b means that the speckles were not as bright as some of our other targets, so our attempt
to locate the planet was primarily without any speckle removal. We did not see a clear signal
when looking at the datacubes. We then tried a cross-correlation approach using a PHOENIX
model of similar atmospheric parameters (Ruffio et al. (2019)) and still did not see a clear signal
in our OSIRIS data.

For 51 Eri b, we conducted observations in the K broadband mode (1.965-2.381 pm)
with a spatial sampling of 0.020” per lenslet, observed a telluric standard star (HIP 25453) and
sky frames in close time to object observations. Data cubes were generated using the OSIRIS
DRP as with the other sources. We did not see a clear signal in the raw data, and we also tried
a cross-correlation approach using a PHOENIX model of similar atmospheric parameters and
did not detect the planet. Given that the detections of these targets is currently beyond what we
can achieve with OSIRIS, both GJ 504 b and 51 Eri b would be great candidates for JWST and
upcoming extremely large telescopes (ELTs) that may have better sensitivity to objects of high
contrast and/or low temperature.

Table 4.1: Log of two non-detected planets observed for the Imaging Spectroscopy Survey of
Exoplanetary Atmospheres with Keck/OSIRIS.

Companion  Band  Spatial Sampling  Int. Time per ~ Total Number  Total Int. Time Dates Taken
(mas) Frame (sec) of Frames (mins)
S1Erib K 0.02 600 68 680 Nov 6-8, 2016 & Nov 3-4 2017
GJ 504 b K 0.05 900 18 435 May 14, 2017 & May 26-27, 2019

4.5 C/O Ratio Population Analysis

Direct imaging spectroscopy has allowed for the C/O ratio measurements of many imaged

substellar companions. Molliere et al. (2020) derived a C/O ratio of 0.60f8:8§ for HR 8799 e
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through atmospheric retrievals using their code petitRADTRANS (Molliere et al., 2019) with the
added effect of multiple scattering to better treat cloudy objects. They ran retrievals on K-band
GRAVITY data (Gravity Collaboration et al., 2017) and archival SPHERE and GPI data. Petrus
et al. (2021) calculated an upper limit for the C/O ratio of HIP 65426 b to be <0.55 using a
bayesian inference with BTSETTL with the ForMoSA code on SINFONI medium-resolution
K-band data (Petrus et al., 2020). A C/O ratio for TYC 8998-760-1 b (YSES-1 b) was derived
to be O.52J_’8:8‘31 by Zhang et al. (2021) using Bayesian retrieval analysis on SINFONI medium-
resolution K-band data with petitRADTRANS. Our group has derived C/O ratios for six directly
imaged companions using the OSIRIS IFU. C/O ratios for the other HR 8799 planets, HR 8799
b, ¢, and d were derived by Ruffio et al. (2021) to be 0.578*9:90¢, 0.56240.004, and 0.551*5:503
respectively. Ruffio et al. (2021) used a custom PHOENIX model grid and a forward modeling
approach on OSIRIS IFU data to derive these ratios. Wilcomb et al. (2020) derived the C/O ratio
for k And b to be 0.704f8:32 following a forward modeling approach on the OSIRIS data using
custom PHOENIX model grid. We measured VHS 1256 b’s C/O ratio as 0.59OJ_F8:%§4 in Hoch
et al. (2022) following the same approach as Wilcomb et al. (2020) using custom PHOENIX
models that included a cloud parameter to treat the thick clouds of an "L/T" transition object. In
this work, we follow the same procedures from Wilcomb et al. (2020) and Hoch et al. (2022)
to calculate a C/O ratio of 0.737f8:ﬁ§ for the substellar companion HD 284149 b using models
from Husser et al. (2013).

Transiting exoplanets can occasionally offer low-resolution spectra that can, in turn, allow
for the derivation of atmospheric properties such as the C/O ratio. Low-resolution data cannot
reveal individual spectral lines, unlike moderate resolution data, so retrievals are often used to
derive these properties. Changeat et al. (2022) reanalyzed HST WFC3 G141 Grism data using
their open-source pipeline, [raclis (Tsiaras et al., 2016), and Spitzer data of 25 "Hot Jupiters."
The free retrieval code used was Alfnoor (Changeat et al., 2020), and the equilibrium chemistry
retrievals were conducted using the GGChem code (Woitke et al., 2018). Furthermore, Changeat

et al. (2022) used the two retrieval methods on HST and Spitzer data and on them individually to
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obtain C/O ratio measurements for all 25 exoplanets in their sample.

We compiled and compared various parameters of both the directly imaged and transiting
systems such as projected separation (au), companion mass (Myyp), host star mass (M), and age
(Myr) against C/O ratios of the respective planets. We also compiled the same parameters and C/O
ratios of transit planets with retrieval analysis from Changeat et al. (2022). In particular, we chose
Changeat et al. (2022) C/O ratio values that were derived through equilibrium chemistry retrieval
(eq) on the combination of Spitzer and HST data. If the object did not have a measurement
with both, we chose the HST only measurement equilibrium retrieval. We plotted these two
populations against one another, shown in figures 4.9-4.12, and saw a trend when plotting
companion mass against C/O ratio shown in Figure 4.9. All companions that are about 4 My, or
above have C/O ratios around 0.7+0.2, and companions with masses less than 4 My, exhibit a
wider spread of C/O ratios of up to 1.6.

There seemed to be two distinct populations from Figure 4.9, separated by about 3—5
Myyp. To verify this distinction, we performed a few statistical tests. We decided to conduct the
Kolmogorov—Smirnov Test (KS Test), and the Anderson-Darling Test (AD Test) because they
are well-established tests of similarity to see if two distributions come from the same parent
distribution. We first randomly sampled 100,000 values from each parameter (C/O ratio and
companion mass) using a Gaussian distribution centered on the central value with a width defined
by the uncertainty. We chose 4 My, as the distinguishing mass, the central value between 3
and 5 Myy,,. We then split the sample into two components, those with mass below 4 My, and
the other equal to or greater 4 My,,. The two subsamples, with random C/O ratio values and
corresponding random masses were then put through the KS Test using the scipy.stats.ks_2samp
python code and the AD Test using the scipy.stats.anderson_ksamp python code. This generated
100,000 p values and significance values from each test. We show the resulting distributions
in Figure 4.13. The results show that both p values and significance values are less than 1%,
indicating that the two populations were distinct and statistically unlikely drawn from the same

underlying population.
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4.6 Discussion and Conclusions

Direct imaging and moderate resolution spectroscopy have greatly expanded our knowl-
edge of young, intricate, gas giant atmospheres. HD 284149 b is an interesting case for detailed
atmospheric characterization because of it’s wide separation, youth, and brightness. Objects that
are easier to observe can provide insights into higher contrast systems that make it difficult to
obtain moderate resolution spectra. Our results of To¢ = 2469 K, with a range of 2443-2624 K,
log g =4.58, with a range of 4.27-4.98, and [M/H] = 0.57, with a range of 0.04-0.83 agree with
the results from Bonavita et al. (2014, 2017) that posit HD 284149 b is likely a brown dwarf
mass object, in a youthful system. We compared our results to Baraffe et al. (2015) evolutionary
models assuming an age of 25 Myr and found a corresponding mass range of 27-38 My, which
is fully consistent with 26 4= 3 My, from Bonavita et al. (2017)

Formation of objects in the gas giant planet mass and low mass brown dwarf regime
is of considerable interest because formation models have trouble producing these types of
objects. Formation diagnostics such as C/O ratio can provide context as to where and potentially
how these substellar objects have formed. HD 284149 b shares properties with imaged objects
like AB Pic b (Chauvin et al., 2005) and ROXs 42Bb (Kraus et al., 2014), which place HD
284149 b between the planetary mass object regime and the lowest mass brown dwarfs imaged
to date. HD 284149 b represents a challenge in our understanding of formation of low-mass
companions at extremely wide separations. The high mass ratio of this system might point
towards a planet-like formation scenario such as core/pebble accretion, but its estimated mass
is above the deuterium burning limit, which could suggest a star-like rapid formation process
such as gravitational instability. Measuring the C/O ratio of HD 284149 b provides one possible
diagnostic for figuring out how this object formed. The C/O ratio is slightly elevated but the
errors do still include Solar, just like x And b. This result points to a very rapid formation process,
potentially through either gravitational instability or common gravitational collapse similar to a

binary star system. However, this diagnostic involves a comparison to the host star in order to
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draw definitive conclusions about formation. We do not have a C/O ratio of the host star because
the data available were low resolution. The slightly elevated metallicity could shed some light
on formation, but host star metallicity is still required. Until atmospheric characterization is
conducted on HD 284149 A, we can only conclude that the evidence points to roughly similar
values for the host star and the companion if the star has similar abundances to Solar.

HD 284149 b now represents a ninth directly imaged substellar companion, in addition
to the four HR 8799 planets (Konopacky et al., 2013; Barman et al., 2015; Molliere et al., 2020;
Ruffio et al., 2021), k And b (Wilcomb et al., 2020), VHS 1256 b (Hoch et al., 2022), HIP
65426 b (Petrus et al., 2021), and TYC 8998-760-1 b (YSES-1 b Zhang et al. 2021), with an
approximately Solar C/O ratio and diagnostic that did not reveal formation via core/pebble
accretion. The scenario certainly cannot be ruled out given the uncertainties in the data and the
range of possible C/O ratios predicted by models (e.g., Madhusudhan 2019).

All of the directly imaged planets with C/O ratios have estimated masses of >4 My,,.
Santos et al. (2017) postulated that there may be two distinct populations of exoplanets that
split at 4 My, when comparing stellar metallicity [Fe/H] to companion mass My,,. When we
looked at C/O ratio versus a range of other parameters, the only one that showed a potential
pattern or correlation was mass. Interestingly, the split is around 4 My, exactly the same as
in Santos et al. (2017). The results of our KS test and AD test show that these populations are
distinct populations and could possibly point to two different formation mechanisms. There
are a few directly imaged planets with estimated masses below 4 My, (e.g., 51 Eri, Macintosh
et al. (2015)), but they have not yet had their C/O ratios measured. Such measurements, which
should be possible with the newer generation of instruments such as KPIC on Keck Delorme
et al. (2021), may reveal whether the trend with mass holds.

Our sample of directly imaged planets and Changeat et al. (2022)’s sample of transiting
planets show a possible trend between C/O ratio and companion mass that could probe if there
are indeed two distinct populations of exoplanets. However, there are some outliers in our

samples and in particular there is a large spread in C/O with the planets under 4 Myy,. This
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spread could have a physical meaning, or it could mean better constraints on C/O ratios are
needed. Indeed, the large spread in C/O ratio demonstrated in Changeat et al. (2022) based on the
dataset used for retrieval highlights the potential for systematic errors using currently available
transit spectroscopy. JWST, and future facilities such as ARIEL and Extremely Large Telescopes
(ELTs) will obtain tighter constraints on atmospheric species that trace the C/O value and narrow
this spread.

There are other mechanisms that can impact the C/O ratio that should be studied before
connecting composition to formation of directly imaged planets. Migration has been postulated
as a mechanism for the final location of planets paired with core/pebble accretion, but taking
into account chemical evolution of the protoplanetary disk could show that less migration is
needed to explain the chemical properties of the atmospheres (Molliere et al., 2022). When
considering pebble accretion, the drift, evaporation, and accretion of pebbles is able to reproduce
planetary C/O values, but it is uncertain whether it can reproduce high atmospheric metallicities
that have been seen in some directly imaged planets such as HR 8799 e (Molliere et al., 2022).
Therefore, it is important to have an understanding of the chemical composition and evolution of
the protoplanetary disk to understand the composition of the disk gas and solids that ultimately
build the planets. Measuring the C/O ratio of planets is still important, but tracing a formation
pathway with these measurements require better constraints on elemental abundances and more
detailed evolutionary models of the disk composition.

Population studies of exoplanets and their formation pathways still remain difficult due
to detection biases from each of the discovery methods and the need for a more detailed under-
standing of chemical and physical evolution of the protoplanetary disks. C/O ratio measurements
are also very difficult to measure and constrain using ground-based observatories. However, the
Imaging Spectroscopy Survey of Exoplanetary Atmospheres with Keck/OSIRIS has provided
six out of the nine measured C/O ratios for directly imaged companions. The work presented
here will pave the way for future studies based on the next generation of space telescopes, high

resolution spectrographs, and ELTs.
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Figure 4.4: Corner plot from our MCMC fits for our continuum OSIRIS K-band spectra. The
diagonal shows the marginalized posteriors. The covariances between all the parameters are in
the corresponding 2-d histograms. The blue lines represent the 50 percentile, and the dotted lines
represent the 16 and 84 percentiles. The "flux mult" corresponds to the dilution factor that scales
the model by (rad ius)*(distance)™2.
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Figure 4.5: Our fully reduced, combined, and continuum subtracted moderate resolution OSIRIS
K-band spectra of HD 284149 b in black plotted against the best-fit model in orange. The
residuals are plotted below in gray.
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Figure 4.7: Results of To = 246922 K, logg = 4.58%0:3%, and [M/H] = 0.573-2% model fits
with varying abundances for both C and O to our continuum-subtracted OSIRIS spectrum. The
abundances are given in units relative to the ratio in the Sun, such that a value of zero implies the

solar value. The scalings of C prefer super-solar/solar and the scalings of O prefer solar values.
From these fits we find C/O = 0.737)-185.
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Figure 4.8: The best-fit model from the x? results with a C of 1.25xSolar and a O of Solar. The
model is plotted in blue, the data are in black, and the residuals are shown below in gray.
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Figure 4.9: Population of 25 retrieval exoplanets in blue and 9 directly imaged planets in magenta.
Here are their C/O ratios plotted against the companion masses in Myp. There appear to be two
groupings of planets, one with masses below 4 My, and one with masses greater than or equal
to 4 Myyp, which is shown by the vertical dashed black line. We ran two tests, a KS Test and an
AD Test on 100,000 randomly sampled C/O ratios and companion masses within the error bars
of the objects plotted. The two tests came back with p values and significance values less than
1% indicating these two populations are distinct.
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Figure 4.10: Population of 25 retrieval exoplanets in blue and 9 directly imaged planets in
magenta. Here are their C/O ratios plotted against their projected separation in au from their host
star/system. This plot most likely illustrates the detection bias in separation between the two

populations.
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Figure 4.11: Population of 25 retrieval exoplanets in blue and 9 directly imaged planets in
magenta. Here are their C/O ratios plotted against the host star masses in M. There seems to be
no visible correlation between these parameters.
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Figure 4.12: Population of 25 retrieval exoplanets in blue and 9 directly imaged planets in
magenta. Here are their C/O ratios plotted against the system age in Myr. This most likely
illustrates the differences in the two populations, with the directly imaged planets being younger
because they are more luminous and more easily detectable with direct imaging.
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Figure 4.13: A histogram of p values from the KS Test and significance values from the AD Test.
The results seem to show that both p values and significance values are less than 1% indicating
that the two populations were distinct and not from the same underlying population.
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Chapter 5

Summary and Future Work

5.1 Summary of Results and Conclusions

Moderate resolution spectroscopy of directly imaged planets using OSIRIS has greatly
improved our knowledge of their intricate atmospheres. The OSIRIS IFU on the W. M. Keck
Telescope was used to obtain moderate resolution K-band spectroscopy of three new directly
imaged companions; x And b, discussed in Chapter 2, VHS 1256 b, discussed in Chapter 3, and
HD 284149 b, discussed in Chapter 4. This new data increased the number of C/O ratios for
directly imaged planets by 50%, allowing us to perform a new statistical analysis on C/O ratios

of directly imaged planets and transit/eclipse planets. The main conclusions are discussed here:

1. For k And b, we used our forward modeling procedure and derived atmospheric parameters
for effective temperature, Toir = 2050 K, with a range of 1950-2150 K, surface gravity,

log g = 3.8, with a range of 3.5-4.5, and metallicity, [M/H] = —-0.1, with a range of -0.2-0.0.

2. Most studies of the x And system have led to the conclusion that it is young, as originally
predicted by Carson et al. (2013). Our derivation of low surface gravity (log g <4.5) using

our OSIRIS spectrum is another piece of evidence in favor of a young age.

3. The C/O ratio we derive for x And b is 0.70f8:82. Although our current uncertainties allow
for slightly elevated C/O ratios, the most likely scenario is that the C/O ratio is roughly

consistent with the Sun.
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10.

. We obtained a slightly subsolar best-fit metallicity for x And b, and this may suggest that

the host star is metal poor overall. A number of theoretical works have suggested that
formation via gravitational instability would preferentially occur around low metallicity

stars.

. For VHS 1256 b, we derive an effective temperature of 1240 K, with a range of 1200-1300

K, a surface gravity of logg = 3.25, with a range of 3.25-3.75 and a cloud parameter of
log P.jouq = 6, with a range of 6.0-6.6. These values are consistent with previous studies,

regardless of the new, larger system distance from GAIA EDR3 (22.21“}:% po).

We conclude that VHS 1256 b has deep clouds with a large mean grain size of 3 ym that is

consistent with being near or just beyond the L/T transition, as indicated by its L7 spectral

type.

. We derive a C/O ratio of 0.590*9-3%9 for VHS 1256b. It is likely that VHS 1256 b formed

like a binary star rather than a planet.

. For HD 284149 b, we derive an effective temperature of Toir = 2469 K, with a range of

2443-2624 K, a surface gravity of log g =4.58, with a range of 4.27-4.98, and a metallicity
[M/H] = 0.57, with a range of 0.04—0.83.

. The C/O ratio for HD 284149 b was O.737J_r8: ﬁg. There is no known C/O ratio for the host

star, so a full formation diagnostic was not achieved. However, the C/O ratio is elevated

but the errors do still include Solar, similar to x And b.

All directly imaged planets with measured C/O ratios are consistent with solar, which
could either mean the diagnostic is not as helpful as we previously thought, that all formed
via gravitational instability, or that further theoretical work is needed to interpret the results.
Many studies have shown that the C/O ratio could be impacted by grain size (Piso et al.,

2015), migration of grains or pebbles (Booth et al., 2017), migration of planets themselves
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(Cridland et al., 2020), and whether the accreted material is from the midplane (Morbidelli

et al. 2014; Batygin 2018).

11. Some transiting planets have retrieval derived C/O ratios that vary well beyond the Solar
value. We conducted a statistical analysis of 25 transit planets and 9 directly imaged
planets across various parameters such as companion mass (Myyp), host star mass (Mp),
and projected separation (au) against their C/O ratios. We found a possible trend with
companion mass versus C/O ratio seeing two distinct groups; planets less than 4Myy,
and planets with masses equal to or greater than My,,. We conducted a KS test and an
AD test and the results show that the two groups are indeed distinct from one another.
This is an interesting result because other works have also shown that there may be
two distinct populations of exoplanets separated around 4Myy,, which could suggest a

formation mechanism difference near this boundary.

5.2 Future Work

The future of direct characterization of exoplanets lies in increasing the wavelength
coverage of moderate resolution spectra, but to increase the coverage to long wavelengths we
need to utilize a space-based observatory. Many exoplanets, and exoplanet analogues will
be imaged with the James Webb Space Telescope (JWST). Our team has guaranteed time
observations (GTO) of HR 19647 with JWST’s NIRSpec IFU. While not considered a directly
imaged exoplanet, this “benchmark brown dwarf” IFU data will be an important step to test the
algorithms prepared for high contrast imaging and provide a direct comparison for the incoming
exoplanet data. Additionally, one of the Early Release Science programs (ERS) will use the
NIRSpec IFU to image VHS 1256 b, a companion that was analyzed using OSIRIS in this thesis.
We will analyze and characterize this object again using algorithms adapted for NIRSpec from
the OSIRIS survey and combine the datasets for a complete atmospheric characterization.

Furthermore, our team led a successful proposal in the very competitive Cycle 1 to
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conduct a comprehensive spectroscopic characterization of the young, directly imaged multi-
planet system TYC 8998-760-1 (YSES-1). We will target these two recently-discovered Jovian
exoplanets to obtain (1) complete low-resolution spectra spanning 1-12 pm, for highly pre-
cise measurement of fundamental planetary properties through atmospheric retrievals, and (2)
moderate-resolution (R~2700) spectra across 3—5 pum to measure elemental abundances and
cloud properties as tracers of planet formation processes. The brightness and wide separation
(1.7"” and 3.4") of these planets make this system an extraordinary target for JWST as shown in
Figure 5.1. These observations will enable detailed comparative planetology by assessing the
atmospheres and formation pathways of these worlds against one another, other directly imaged

planets, and young field brown dwarfs.

G395H/F290LF, 3.5 ym G395H/F290LF, 5.0 um

Separation [arcsec]
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Figure 5.1: Simulated data cube slices for our planned NIRSpec IFU pointing. Both companions
are obvious at all wavelengths even before PSF subtraction. This hybrid simulation was generated
by combining ETC simulated cubes containing the planets plus a diffractive model for light from
the star entering the IFU aperture.

TYC 8998-760-1 (hereafter TYC 8998) is one of the newest multiplanet directly imaged
system. Two widely-separated planets orbit a solar-mass star at 160 and 320 au (Bohn et al.,
2020a,b). Multiplanet systems offer a key laboratory for exoplanet studies, as common age and
formation environment eliminates uncertainties that can plague comparisons between objects
in different systems. The inner and more massive TYC 8998 b has an estimated effective

temperature of ~1700 K, while TYC 8998 c has an effective temperature of ~1200 K. Their

inferred masses are 16 My, and 12 Myyp, respectively, therefore likely spanning the deuterium
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burning limit and the canonical “L/T" transition in substellar objects, key boundaries in terms of
classification and atmospheric characterization.

Data that span the full near- to mid-infrared are highly advantageous, allowing for
accurate measurements of effective temperature, bolometric luminosity, radius, surface gravity,
and cloud properties. OSIRIS, and other ground based instruments cannot provide full wavelength
coverage, especially not beyond 3 sm, where water vapor in the Earth’s atmosphere dominates

the opacity.

5.2.1 Low-resolution, full infrared spectra
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Figure 5.2: Simulated PHOENIX model spectra for TYC 8998 b at three different surface
gravities.

NIRSpec prism’s wavelength range from 1-2.5 pm is highly gravity sensitive (Fig 5.2).
This stems from alkali lines that have formed the basis of the gravity classification scheme often
used for brown dwarfs of similar temperatures (Allers & Liu, 2013). From low-resolution spectra
with SNR > 50, we will be able to constrain surface gravity within < 0.1 dex. At the same time,
we will constrain metallicity because of the alkali sensitivity, which cannot be done precisely
with existing photometry.

Longer wavelengths provide an exciting opportunity to explore cloud properties. Clouds
are a nearly ubiquitous feature of substellar and planetary-mass objects, but have remained

difficult to model. The presence of clouds is both a function of temperature and surface gravity,
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this is why objects such as TYC 8998 c can have temperatures consistent with T dwarfs but
spectra clearly impacted by clouds. Data between 5-12 pm will be sensitive to a variety of cloud
features that are not reachable with ground-based NIR bands. Various absorption features from
species such as enstatite, forsterite, and corundum are visible at 9—-11 pm, with the strength of
these features dependent on the structure of the grains (Luna & Morley, 2019). The obtained
low-resolution MIRI spectra will easily distinguish between the presence or absence of such
cloud types, with high sensitivity to grain composition and cloud optical depth.

For the low-resolution data, retrievals will be used to derive the properties of these planets.
Retrievals are an effective way to infer atmospheric composition, providing robust estimates of
temperature, luminosity, gravity, cloud properties, and abundances (Burningham et al., 2017;

Line et al., 2017; Gonzales et al., 2020)).

5.2.2 Moderate-Resolution, NIR spectra

Even the newest models of pebble accretion that incorporate the impact of migration have
difficulty explaining wide orbit multiplanet systems such as HR 8799 (Johansen & Lambrechts,
2017). For TYC, 8998, now the widest known multiplanetary system, there is potential to
distinguish between formation mechanisms such as core accretion and gravitational instability
via constraints from metallicity and abundance ratios. Similar to the OSIRIS directly imaged
planets, we will measure the C/O ratio of the TYC 8998 planets. Although this formation
diagnostic is proving to be less reliable than previously thought, obtaining these measurements
will help characterize the directly imaged planet population. Preliminary estimates from the
VLT/X-Shooter spectra show that the TYC 8998 star has solar metallicity (V. Dorazi, priv.
comm.). Planned observations with HARPS will determine the stellar C/O. The next step is to
measure the planetary abundances for comparison. This can be done in a similar manner to the
OSIRIS data, but with SINFONI and only for spectroscopy of TYC 8998 b. TYC 8998 c is dim
enough to be a difficult target for even 8-m telescopes.

We will also target a new formation diagnostic, the '2CO/!3CO isotope ratio from Zhang
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et al. 2021. They measured the first '>?CO/!3CO isotope ratio in an exoplanet atmosphere (TYC
8998 b). This ratio varies as a function of separation to the host star within the protoplanetary
disk. Previous work has shown that TYC 8998 b is enriched in '3*CO compared to terrestrial and
galactic standards, which suggests formation beyond the CO ice line at ~20 au. This information
is critical to inform formation models and narrow down formation pathways for widely separated

giant planets.
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Figure 5.3: Current and proposed data for TYC8998 b and c, including photometry (black points,
Bohn et al., 2020b,a), and a recent R~ 5000 spectrum in K-band from SINFONI for TYC8998 b.
Simulated examples of the data expected are shown with dotted lines, demonstrating the massive
increase in spectral information enabled by JWST. The model shown for TYC 8998 c, the best
fit BT-Settl model from Bohn et al. 2020b, is unusual compared to typical L/T atmospheres,
potentially due to thick clouds.

Longer wavelengths accessible only from space are a critical regime for confirming
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non-equilibrium chemistry between CO and CH4, which is otherwise degenerate with parameters
such as the C/O ratio as assessed by CO lines in the K-band. For example, the relative strengths
of the CO features at 2.29 pm are impacted by the overall abundance of carbon and the amount
of it that may be locked in CH,4, which is difficult to measure in the K-band (Barman et al.,
2015). On the other hand, the Q-branch bandhead of CH,4 peaks in opacity at 3.3 um (Noll et al.,
2000; Cushing et al., 2005; Kirkpatrick, 2005), therefore this region is an extremely sensitive
measure of non-equilibrium chemistry (Miles et al., 2020). Theoretical work demonstrates that
vertical mixing (parameterized by Kzz) can displace methane from the photosphere with warmer,
CO-dominated gas (Hubeny & Burrows, 2007; Zahnle & Marley, 2014). Once we constrain Kzz
at 3.3 um, we will obtain accurate estimates of C/O using the strength of individual molecular
lines and a forward modeling approach to fit for atmospheric parameters (e.g., Ruffio et al. 2019).
Figure 5 shows the immense amount of spectral data that will be obtained on the TYC 8998
system. The combination of low and moderate resolution data is powerful, as results from

retrievals and forward modeling can be compared for verifying abundances found in retrievals.

5.2.3 Continuation of the Imaging Spectroscopy Survey of Exoplanetary
Atmospheres with Keck/OSIRIS

Looking forward, we will continue collaborative efforts with the Imaging Spectroscopy
Survey of Exoplanetary Atmospheres with Keck/OSIRIS. We will be continuing our efforts
in the K-band, but will also be obtaining J-band data of directly imaged planets to build a
comprehensive spectral library of (R~4,000). By pushing to shorter wavelengths, we will be
able to measure metallicities more precisely than with just the K-band data. This is in an effort
to explore bulk metallicity as a diagnostic of formation that offers a critical tool beyond the C/O
ratio. We will also be adding the results with JWST NIRSpec directly imaged planets to this
library in an effort to create a larger, more comprehensive library to aid in characterizing this

unique population of exoplanets.
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