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ABSTRACT

High-contrast imaging has revealed a population of substellar companions, generally
classified as giant planets (2 13 ""j,p) orbrowndwarfs (13 75 *"jy), orbiting
at large separations (3 1000 au) from their host stars. Past studies have mostly
relied on low-resolution spectroscopy (* 20 100) to study their atmospheres, but
encountered hurdles in measuring reliable atmospheric abundances. In my thesis, I
work to overcome these challenges by studying these objects using high-resolution
spectroscopy from Keck/KPIC, a unique single-mode fiber feed into NIRSPEC that

provides 35 000 spectra in the near-infrared. Besides studying substellar
atmospheres with KPIC, I contributed significantly to its data reduction pipeline

and calibration procedure.

With KPIC, I used atmospheric retrievals to characterize a large sample of planetary-
mass companions and brown dwarfs to shed light on their formation history. First, I
measured the carbon and oxygen abundances of high-mass brown dwarfs and low-
mass M dwarfs (< 60 90 ""j,p) and showed they are chemically homogeneous
to their host stars (Chapters 2 and 3). I also made one of the first estimates of the
vertical mixing rate in a L/T transition brown dwarf companion from its relative
H,0, CO, and CH4 abundances (Chapter 2). Next, I carried out a survey of eight
planetary-mass companions with estimated masses between 10 30 *"j,, (Chapter
4). Ifound that these companions also have C and O abundances clustered around the
solar value, similar to abundances of stars in the same star-forming regions. In these
studies, I made several isotopologue ratio measurements including '2CO '3CO and
showed that a late-M dwarf companion has the same '>C '3C and 0 30 as its
K6V host star. Overall, my KPIC studies show that companions with < f 10 *"j,
likely form as the tail-end of star formation, consistent with the conclusions from

demographic and orbital architecture studies of substellar companions.

Next, I worked on addressing the over-massive brown dwarf problem, an emerging
phenomenon where several brown dwarf companions have dynamical masses higher
than predictions from evolutionary models given their luminosities. This problem
can be solved if these objects are not single entities. Using VLTI/GRAVITY and
VLT/CRIRESH+, I resolved the first brown dwarf companion, Gliese 229B, into two
nearly-equal mass brown dwarfs, Gliese 229 Ba and Bb, on a 12 day orbit (Chapter
5). Gliese 229Bab is the tightest substellar binary orbiting a star, and indicates that

other over-massive brown dwarfs might also be unresolved, tight binaries. As a



vii
follow-up study, I analyzed JWST/MIRI spectrum (5 14 “m) of Gliese 229 Bab

to show that both brown dwarfs have similar C/O and metallicities as their host star,

as expected for a star-like formation scenario (Chapter 6).
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Chapter 1
INTRODUCTION

To an extraterrestrial astronomer, the most obvious feature of the solar system
besides the Sun is likely Jupiter. A patient radial velocity expert will readily recover
the 12 m/s motion that Jupiter induces on the Sun after carefully removing stellar
activity. An astrometry a cionado 10 parsecs from us will see the Sun make loops
in their night sky with a size of 0.5 milliarcseconds small but measurable by their
equivalent mission t&aia. A direct imaging specialist, after battling atmospheric
turbulence for years, will detect Jupiter as the rst planet in our system after the
launch of a dedicated space telescope. These astronomers will likely ponder about
the formation of Jupiter, and compare it with the planets in their home system. They
will nd it remarkable how diverse the structure of di erent stellar neighborhoods
can be, and become enthusiastic about the possibility of life elsewhere. For Earth-
based astronomers today, Jupiter-like gas giant planets remain the most accessible
exoplanets to study. Brown dwarf companions to stars, close cousins of gas giant
planets, are also excellent laboratories to study the various physical and chemical
processes governing both classes of objects.

1.1 Exoplanet detection techniques

Radial velocity

The rst detection of an exoplanet around a main-sequence star was achieved using
the radial velocity (RV) technique back in 1995 (Mayor et al., 1995). The planet
51 Pegasi b, a gas giant with a maséf " j,p, was found to orbit its host star
every 4.2 days. This exceedingly short orbital period meant that the star exhibited
radial velocity shifts with a semi-amplitude of 60 ms?!. The radial velocity
semi-amplitude is given by (Lovis et al., 2010)

284329 msl<,sing " | <, *3 o 3
- T ! " 1yr

(1.1)

where4, 8and %are the orbital eccentricity, sky-projected inclination and orbital
period, respectively, and » and" are the masses of the planet and host star.
Traditionally, only the radial velocity of the star could be measured, since even
giant planets are generally thousands to millions of times fainter than their stars.
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More recently, advances in infrared high-resolution spectroscopy have enabled RV
measurements of giant planets and brown dwarf companions Y 1.3, which has
provided useful orbital and dynamical mass constraints for the companions, and
enabled searches for exomoons and brown dwarf binaries (Ru o et al. 2023a; Do O
et al. 2023; Horstman et al. 2024, Chapters 3 and 5).

By measuring the host star's RV at all orbital phases, we can measure the semi-
amplitude and the minimum mass of the planat{sing§. Strictly speaking,

this is only possible when the total mass (, <-») is known. In the exoplanet
case<, ", so given an estimate of the host star's masssin8can readily
obtained. For a random distribution of orbits, the inclination along the line of sight
(8 is uniform insing meaning that it is statistically more likely to observe edge-on
orbits than face-on ones. In general, additional information from astrometry or

transits is required to measuand the true planet mass.

Long-term radial velocity campaigns have obtained decade-long baselines, and are
now sensitive to giant planets on Jupiter-like scales. Recent studies have shown that
gas giants are most commonly found betwgerl0AU of their stars, with the peak

in occurrence rate roughly corresponding to the location of the water snowlines in
the protoplanetary disk (Fulton et al., 2021), which is the radial location where water
starts to condense around young stars.

Transits

The transit technique relies on a special geometry between the observer and the
observed planetary system, where the exoplanet's orbiBhkse t090°. In this

con guration, the planet would periodically transit in front (and eclipse behind) its
star, which then exhibits variations in brightness. The transit depth can be used to
measure planetary radii, as it is proportionattoe' °2, where' - is the planet's
radius and' is the stellar radius. Stellar radii can be measured by modeling
spectroscopy, photometry, or interferometry observations. When combined with
precise parallax measurements from thaia mission, our knowledge of stellar
radii is now accurate to the few percent level for many planet-host stars (e.g. Fulton
et al., 2018; Berger et al., 2020).

The rsttransiting exoplanet detection was announced by Charbonneau et al. (2000),
and featured the gas giant HD 209458 b, which orbited its star every 3.5 days. Thanks
to the success of space observatories Kepler (Borucki et al., 2010) and the
Transiting Exoplanet Survey SatellifEBESSRicker et al. 2015), the transit technique
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has yielded by far the most exoplanets known to date (Fig. 1.1), revolutionizing our
understanding of exoplanet demographics. While giant planets on short orbits are
the easiest to detect from the transit and radial velocity techniques, we now know that
such planets, dubbed hot Jupiters, are rare, with an occurrence rat@@®f 12%

(e.g. Wright et al., 2012; Petigura et al., 2018). On the other hand, transit detections
have shown that planets with sizes between Earth and Neptune, with radd’

are the most common type of planets in the galaxy and exist around at least a third
of Sun-like stars at orbital distanc&s1 AU (Winn et al., 2024). It is remarkable

that there is no equivalent planet in our solar system.

As the transit light curve is sensitive to the line of sight inclination, combining
transit and radial velocity measurements directly constrains the planet's mass. This
is extremely useful, both as a way to con rm transiting planet candidates, and as
input for detailed characterization. For example, knowledge of the mass, radius,
and by extension surface gravity is crucial to interpreting transmission spectroscopy
measurements, whose signal strength inversely is proportional to the planet's surface
gravity (Kreidberg, 2018).

Absolute astrometry

Astrometry measures the precise positions and motions of stars and other celestial
objects in the sky. In contrast to radial velocity, which probes motion in the line of
sight direction, astrometry measures these positions in sky plane, or the tangential
directions (right ascension and declination). Absolute astrometry is the measure-
ment of positions relative to a xed reference frame, such as the The International
Celestial Reference System (ICRS, Charlot et al. 2020). By monitoring the absolute
astrometry of stars over time, one can detect companions around them by searching
for periodic wobbles in the star's trajectory. A star's trajectory is also shaped by
parallax and proper motion, two main observables of absolute astrometry. The
angular displacement on the sky is the relevant quantity in astrometric detections
(Perryman et al., 2014)

U= 2 % 1%2 arcsec (1.2)
where U is known as the astrometric signatufjs the semi-major axis of the
planetary orbit with respect to the barycenter, 8nd the distance to the system.
Provided su cient time baseline (and orbital phase coverage), absolute astrometry

IS most sensitive to massive, long-period planets around nearby stars.
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The Gaia spacecraft, which started operations in July 2014 and collected its last
photons in January 2025, measured absolute astrometry and photometry for billions
of stars and celestial objectSaiabuilds on the success of thi#pparcosspacecratft,

which operated from from 1989 to 1993 and provided a catalog of high precision
astrometry and parallax measurements for over 100,000 stars. Epoch astrometry
from Hipparcoshas yielded detections, orbital solutions, and dynamical masses for
binary stars as well as dozens of brown dwarfs and giant planets, oftenin combination
with complementary RV observations (e.g. Lindegren et al., 1997; Sozzetti et al.,
2010; Sahlmann et al., 2011; Snellen et al., 2018). Epoch astrometryJamaihas

not yet been released, but is expected in 2026, and predicted to uncover hundreds
or even thousands of new giant planets (e.g. Perryman et al., 2014; Holl et al.,
2022). In the meantime, the non-single star catalog was released Gathteam

in 2022 based on processing a subset of stars. This cataloGaadstrometry in
general, have already yielded several candidate and con rmed exoplanets (e.g. Holl
et al., 2023; Stefansson et al., 2024; Winn, 2022; Marcussen et al., 2023), dormant
stellar-mass black holes around nearby stars (El-Badry et al., 2023b; El-Badry et al.,
2023a; Gaia Collaboration et al., 2024), and numerous new binary star systems,
introducing something of a binary star renaissance (El-Badry, 2024).

A powerful advancement over the past years is the combinati@ad and Hip-
parcosastrometry (T. D. Brandt, 2018; T. D. Brandt, 2021a; Snellen et al., 2018;
Kervella et al., 2019). A single star exhibits a nearly linear motion as it orbits in
the galaxy, whereas non-single stars could show di erences in proper motions at
di erent epochs. This is the basis of the proper motion anomaly technique, which
is also known as astrometric accelerations. Speci cally, one constructs a baseline
proper motion vector by di erencing the positions betweenktiiygparcosandGaia
epochs (either DR2 or DR3), which approximates the long-term velocity of the
star in the galaxy. Signi cant di erences between the proper motions measured
in epoch 2016/1991.25 (fdeaia DR3MHipparcog and the baseline proper motion
vector indicate that the star is undergoing orbital motion, thereby providing evi-
dence for companions. This technique has been hugely successful in the exoplanet
and brown dwarf elds. The PMa has increased the success rate of direct imaging
observations, yielding several new exoplanets and brown dwarfs (e.g. Currie et al.,
2020; Kuzuhara et al., 2022; Franson et al., 2023c; Franson et al., 2023b; De Rosa
et al., 2023; Currie et al., 2023Db) in the span of years. When combined with radial
velocities for instance, the PMa technique has provided rare but valuable 3-D orbits
for gas giants (e.g. Li et al., 2023; Venner et al., 2021). In multi-planet systems,



Figure 1.1: Exoplanets detected from the various detection techniques as of 2021.
Bold symbols indicate the 175 planets with spectroscopic measurements: directly
imaged companions represent a substantial fraction of this population. Reproduced
from Currie et al. (2023a) using data from the NASA Exoplanet Archive.

this has resulted in mutual inclination measurements between short-period planets
(% Y 100days) and outer giant planets (J. W. Xuan et al., 2020a; De Rosa et al.,

2020; J. Zhang et al., 2024), as well as giant planets and their debris disks (J. W.
Xuan et al., 2020c), widening our knowledge of planetary system architectures.

Direct imaging

The previously described exoplanet detection techniques rely on measuring light
from the host star to infer the presence of planets. Directimaging, on the other hand,
is designed to directly capture photons from exoplanets. This is done by suppressing
and removing the starlight with dedicated instruments, observational, and post-
processing techniques to achieve high-contrast. Recent reviews on direct imaging
include Bowler (2016) and Currie et al. (2023a). Atypical directimaging instrument
uses adaptive optics to reach a nearly di raction limited point-spread function (PSF)
and coronagraphs to remove the di raction pattern of the star. Planet light, which is
slightly o -axis compared to the star, is allowed to transit through mostly unhindered
and imaged on the science detector. Techniques such as angular di erential imaging
(Marois et al., 2006) and reference star di erential imaging (Lafreniére et al., 2009)
are used to isolate the planet signal from the quasi-static speckle eld. At small
separations, direct imaging is generally limited by photon noise from the residual
starlight and the lower throughput of the coronagraph, whereas at larger angular
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separations, thermal background from the sky and instrumental background tends
to limits detectability.

Because planets cool down as they age, direct imaging has been most successful
for young gas giants that are still bright from the release of internal energy from
formation. The planet-to-star ux ratios of the current sample of directly imaged
planets ranges from abo@© # to 10 © in the near-infrared wavelengths. In the
past two decades, directimaging has revealed a population of widely-separdted (
AU), substellar companiond ( 75" jp) to stars. Traditionally, these objects are
classi ed into giant planets{Y 13" 3, and brown dwarfsi3VY <Y 75" 5,

based on the deuterium burning limit (Oppenheimer et al., 2000). These directly
imaged companions, which span the boundary between our own Jupiter and low-
mass M dwarfs, are the subject of this thesis.

Directimaging naturally enables the spectroscopic studies of exoplanets (see Fig. 1.1),
which provide a wealth of information on their atmospheric makeup and dynamics,
internal structure, and evolution. In fact, among the nearly 6000 exoplanets dis-
covered so far, less than 200 have measured spectra (see Fig 1). Directly imaged
planets account for 50 of these, whereas the remaining are from transmission
and/or emission spectroscopy of close-in planets.

1.2 Giant planet and brown dwarf formation

Together, the detection techniques outlined above have revealed a stunning diversity
of exoplanets in our galaxy. These planets range from Mars-sized bodied on day-long
periods to massive gas giants orbiting hundreds of AU from their stars. From transits
and RVs, the myriad super-Earths, sub-Neptunes, and hot Jupiters have revealed
large gaps in our knowledge of planet formation, since the canonical theories were
developed to explain the origin of the solar system. The population of directlyimaged
companions, sometimes referred to as super-Jupiters, represent the other extreme in
terms of mass and semi-major axis. Many of the directly imaged companions blur
the line between giant planets and brown dwarfs and challenge our understanding
of both planet and star formation processes.

While it is very challenging to know a priori how a given companion formed, three
main mechanisms are typically invoked to explain the population of directly imaged
companions. These are core accretion, disk fragmentation, and molecular cloud
fragmentation (in two morphological variants, lament or core). The disk and cloud
fragmentation mechanisms are illustrated in Fig. 1.2. Beyond these, dynamical



Figure 1.2: Summary of mechanisms for multiple formation. Top: Model and
approximate range of time and length scales for each process. Middle: Proposed
observational examples. From left to right: B5 in Perseus (Pineda et al. 2015),
SMI1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al.
2021) and RW Aur (Rodriguez et al. 2018). Bottom: Examples from numerical
simulations. From left to right: Guszejnov et al. (2021) O ner et al. (2016), Bate
(2018), and Munoz et al. (2015). Figure reproduced from O ner et al. (2023).

capture could also be responsible for the widest separation compafipn$q00
AU), though even these objects would still originally be formed through one of the
three mechanisms above.

Giant planets are generally thought to form via bottom-up core accretion (Pollack
et al., 1996). In the classic picture, this is a three-part process, where a solid core
rst coalesces from solids in the protoplanetary disk. These solids could either come
from large kilometer-sized planetesimals, or millimeter-to-centimeter sized pebbles.
Because planetesimal accretion is increasingly ine cient at large orbital distances,
pebble accretion is usually theorized to be responsible for forming the cores of
directly imaged planets wit@ j 10 AU (Johansen et al., 2017). In the second
stage, gas is slowly accreted onto the core along with remaining planetesimals, and
the growth rate is limited by the ability of the protoplanet to cool. Finally, after



8

the envelope has grown to be more massive than the core, runaway gas accretion
ensures and the planet becomes a gas giant. Core accretion models require a large
solid budget to rapidly form the massive cores of giant planets, and therefore prefer
more massive and/or metal-rich stars (Fischer et al., 2005).

An alternative method to explain at least some giant planets is top-down disk
fragmentation (Boss, 1997). Whereas core accretion is a slow process operating on
million-year timescales, disk instability occurs early and fast Myr) and is more

likely to occur in the most massive disks (K. Kratter et al., 2016; Speedie et al.,
2024). The standard reference for quantifying whether a disk undergoes instability
due to its self-gravity is the Toom#& parameter (Toomre, 1964)

& =2 (1.3)

where 2g is the sound speed, is the Keplerian orbital frequency, andis the
disk surface density. A& drops below unity, the disk becomes unstable to collapse
under its own gravity. Becauggis proportional to temperature for an ideal gas, and

is proportional to the disk mass, colder and more massive disks are more prone
to fragment. In typical conditions, gisk*™ | 0l is required for disk instability.

Overall, disk fragmentation is thought to be give rise preferentially to brown dwarf
and stellar companions rather than planets (e.g. Adams et al., 1989; Stamatellos
et al., 2009; K. M. Kratter et al., 2010a; K. Kratter et al., 2016). This is because
disk fragmentation should typically produce massive objects with mas$es ;,p

Ra kov, 2005, which are expected to further accrete from the gaseous disk and grow
into the brown dwarf or stellar regime. To stay in the planetary regime, atypically
cool disks are required and one needs to somehow limit further accretion (K. M.
Kratter et al., 2010a).

Brown dwarf companions are thought to be products of either disk fragmentation or
molecular cloud fragmentation. The latter mechanism certainly gives rise to a wealth
of isolated brown dwarfs. Recent observations suggest that cloud fragmentation
operates down to only a few Jupiter masses (e.g. Luhman et al., 2024; Langeveld et
al., 2024). Within the larger star-forming complex, objects can dynamically interact
and become captured or ejected from their original con gurations. Within a few
AU of stars, there is a so-called brown dwarf desert, where brown dwarfs are found
to be rarer ¥ 1%) than even hot Jupiters (e.g. Halbwachs et al., 2000; Ma et al.,
2014). The existence of the brown dwarf desert likely points to the ine ciency of



9

core accretion to form objects with 10" jp (or at least their ability to survive
disk-driven inward migration, Armitage et al. 2002), and is consistent with a picture
where most brown dwarf companions form at wider separations from disk or cloud
fragmentation.

The complexity of these various formation processes means that we observe a
diverse range of substellar companions with di erent properties, from Jupiter-like
planets within 10 AU of their stars (Macintosh et al., 2014; Franson et al., 2023b) to
objects with a few Jupiter masses at thousands of AU from their star (Z. Zhang et al.,
2021a). By studying directly imaged substellar companions on a statistical level,
previous studies have uncovered evidence for diverging trends in semi-major axis,
eccentricity, and stellar obliquity around a mass a0 15" j,p(Nielsen et al.,
2019; Bowler et al., 2020; Bowler et al., 2023; Nagpal et al., 2023). In particular,
companions withx Y 10" Jup tend to orbit more massive stars and have more
circular orbits that are aligned with the stellar spin axis. On the other hand, objects
above this mass threshold tend to orbit a variety of stars from low-mass M dwarfs
to massive B stars, and have a more uniform distribution of orbital eccentricities
and stellar obliquities. However, as noted by Do O et al. (2023), the exact boundary
is unclear between planets and brown dwarfs and limited by the small number
of companions with< Y 10" 3, There is also evidence that transiting giant
planets show di erent preferences for host star metallicity above and oW,y
(Schlaufman, 2018). While these studies hint at di erent formation mechanisms at
play, they provide limited information on what those mechanisms are.

The atmospheric compositions of giant planets provide a complementary diagnostic
of formation history. Speci cally, carbon and oxygen are usually the most easy
elements to measure, and the carbon-to-oxygen ratio (C/O) and metallicity have
become popular diagnostics of planet formation (Oberg et al., 2011; Madhusudhan,
2012; P. Molliére et al., 2022). Here, metallicity is usually measured as C/H,
the relative abundance of carbon compared to hydrogen. To rst order, gas giants
formed via core accretion should have varied atmospheric compositions depending
on where they formed and what material they accreted, as solid and gas compositions
vary radially in the protoplanetary disk due to processes such as condensation. Such
planets are also predicted to follow a mass-metallicity relationship, with lower mass
planets having higher atmospheric metallicity (Thorngren et al., 2016). On the other
hand, companions that formed via disk instability or cloud fragmentation should
resemble their stars in terms of atmospheric composition, as found for wide stellar
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Figure 1.3: Metallicity vs. C/O ratio for exoplanets with measurements of both
carbon- and oxygen-bearing species from JWST or high-resolution ground-based
spectrographs as of the writing of this article. Planets formed via core accretion
have varied compositions, whereas disk instability planets should mimic their stellar
compositions (intersection of dashed lines). Figure and caption reproduced from
Kempton et al. (2024).

binaries (Hawkins et al., 2020).

Consistent with this picture, atmospheric surveys have showr®tH#l " ;,, gas

giants orbiting close to their stars (hot Jupiteds® 0«1 AU) tend to have metal-
enriched and varied compositions (Kempton et al. 2024, see Fig. 1.3). What does
the picture look like for higher mass companions (wdth 10 75" ;,9)? Is there

a compositional boundary that can be identi ed as a function of mass or semi-major
axis? In other words, what is the smallest and closest-in planet that can form via
gravitational instability, and what is the most distant and massive planet that can
form via core accretion? This thesis seeks to answer some of these questions from
the lens of spectroscopic observations.
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1.3 Spectroscopy of directly imaged companions

History and overview

Previous atmospheric characterization of substellar companions have mainly relied
on low-resolution spectroscopy (LRS) with resolving powers of 20 100 The
workhorse instruments for low-resolution spectroscopy include the Gemini Planet
Imager (Macintosh et al., 2014) formerly at the Gemini South telescope, SPHERE
IFS (Claudi et al., 2008) at the Very Large Telescope (VLT), and CHARIS (Gro
etal., 2017) atthe Subaru telescope. These instruments all utilize integral eld spec-
trographs (IFS), which collect spectra in a two-dimensional area. After subtracting
stellar contamination using techniques such as angular di erential imaging or spec-
tral di erential imaging, the companion spectra can be extracted. Details on the
procedure for extracting low-resolution spectroscopy for high-contrast companions
can be found in Pueyo (2016) and Greenbaum et al. (2018).

LRS is sensitive to continuum emission from the deepest observable layer of the
atmosphere and modi ed by opacity sources further up. Some highlights from
LRS studies of directly imaged planets and brown dwarfs include systematic char-
acterizations of HR 8799 planets which nd signi cant di erences in their spectra
(Greenbaum et al., 2018; J. J. Wang et al., 2022), measurements of C/O and metal-
licity from atmospheric retrievals (see Y 1.4 (Gravity Collaboration et al., 2020; P.
Molliere et al., 2020), and the detection of ¢id 51 Eri b (Macintosh et al., 2015).
Previous studies have found several challenges with analyzing low-resolution spec-
troscopy. For instance, an important but poorly understood opacity source comes
from clouds, which signi cantly modify the spectra of many observed exoplanet and
brown dwarf (Gao et al., 2021). Due to our limited knowledge in cloud physics, a
reliable assessment of atmospheric conditions from LRS is often fraught with com-
plex degeneracies between clouds, the atmospheric thermal structure, and chemical
abundances (e.g. Burningham et al., 2017; P. Molliere et al., 2020).

Increasingly, directly imaged companions have been observed with medium-resolution
spectroscopy (MRS; 4000, where molecular bands (i.e. groups of lines) start

to be resolved (e.g. Konopacky et al., 2013; Barman et al., 2015; Hoeijmakers et al.,
2018; Hoch et al., 2020; Hoch et al., 2022; Ru o et al., 2021). Major instruments
include OSIRIS (Larkin et al., 2006) at the W.M. Keck Observatory, and SIN-
FONI (Eisenhauer et al., 2003) at the Very Large Telescope. At medium-resolution,
molecular detections of CO and,8 have been made for several directly imaged
companions, while the non-detection or weak detections of B&ve suggested



12

strong vertical mixing (Barman et al.,, 2015). At medium-resolution, cross-talk
between di erent molecules can sometimes result in ambiguous detections, for in-
stance the validity of the CHletection from Keck/OSIRIS remains unclear for HR
8799 b (Petit dit de la Roche et al., 2018; Ru o et al., 2021).

Towards high-contrast, high-resolution spectroscopy

The next upgrade in spectral resolution brings us to the regime of high resolution
spectroscopy (HRS;j 25000, where molecular bands are resolved into indi-
vidual absorption lines. An excellent review of HRS for exoplanets is provided
by Birkby (2018). The rst successful demonstration of HRS in exoplanets was
published in 2010 by Snellen et al. (2010), who used VLT/CRIRES to detect CO in
the rst transiting hot Jupiter HD 209458 b. Since then, HRS has become a power-
ful tool for the study of hot Jupiters, whose rapid orbital motion induce signi cant
RV shifts (typically hundreds of m/s) over the course of a few hours. This allows
their spectra to be disentangled in velocity space from the relatively static stellar
and telluric spectra. For hot Jupiters, detections are generally made from a cross-
correlation technigue (Brogi et al., 2019), which boosts signal strength by co-adding
multiple spectral lines in the planetary atmosphere. For directly imaged planets, the
rst demonstration of HRS was by Snellen et al. (2014), who also used CRIRES to
measure the projected spin rate\dPictoris b from the rotational broadening of its
CO and HO lines.

Compared to LRS, HRS can provide more robust molecular signatures compared to
medium- or low-resolution spectroscopy. The relative line depths between di erent
molecules such as CO,,B, and CH are directly sensitive to abundance ratios.
The line core-to-continuum ratio provides information on the metallicity. This
makes HRS an ideal tool for measuring atmospheric compositions. Furthermore,
for a given object, the cores of absorption lines form higher up in the atmosphere
compared to the continuum probed by LRS. Speci cally, the line cores generally
form above the common cloud decks and provide a window into the atmosphere
that is relatively una ected by clouds (see Gandhi et al. 2020, Chapter 2). Because
clouds are a major source of confusion in atmospheric studies, the ability of HRS
to probe above clouds can be quite powerful.

High-resolution observations also uniquely enable the measurement of the planet's
projected rotation ratessing and radial velocity (RV), which manifest as broaden-
ing and shifts in the spectral lines (see Fig. 1.4). Rotation rates of substellar com-
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