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A Glance of Exoplanet Atmospheres Through High-resolution Cross-correlation Spectroscopy

TR VER BRI RENST  Project Research Staff at Astrobiology Center, National Institutes of Natural Sciences Nugroho, Stevanus K.

Nine is the total number of
planetary bodies that we
knew in our universe back
before the discovery of the
first exoplanet (a planet out-
side our solar system)
around a sun-like star by Mi-

chele Mayor and Didier Que-
loz in 1995 (and before the demotion of Pluto in
2016). The exoplanet is called 51 Pegasi b, which is
taken from the name of its host star, 51 Pegasi, and
was discovered using a technique called radial ve-
locity.

Celestial bodies in a planetary system are orbiting
the center of mass of the system. As the host star
is the most massive in the system, the center of
mass is very close to the center of the star there-
fore, at glance, it looks like all the other bodies in
the system are orbiting the host star. In reality, the
host star is also orbiting around the center of mass
although very slowly compared to the movement of
other bodies. When it moves toward us, its spec-
trum will appear slightly 'squeezed' or blue-shifted,
and when it moves away from us it will appear
slightly 'stretched' or red-shifted. This phenomenon
is called the Doppler effect. These squeezes and
stretches measure the radial velocity of a moving
object, in this case, the host star. The more massive
the other celestial bodies around the star, the larger
the amplitude of radial velocity of the star, and by
measuring the period of the Doppler effect we can
calculate how far the other celestial bodies are or-
biting the center of mass of the system.

For 51 Pegasi b, the amplitude of the radial velocity
is about 50 meters per second, and the period is 4.2
days. Considering the mass of the star, this trans-
lates to a celestial body with a minimum mass in
between Jupiter and Saturn mass orbiting much
closer to its host star than our Mercury to the Sun.
This extremely tight orbit tidally locked the planet
so that one side of the planet is constantly facing
the host star and makes its equilibrium tempera-
ture (T,,) hotter than 1000 K hence we called it a
hot Jupiter. This discovery marked a new era in as-

tronomy, the era of the exoplanet.

Many exoplanets were found after that. In 2000, a
team led by David Charbonneau found a planet, HD
209458 b, transiting a sun-like star. Unlike 51 Pegasi
b, HD 209458 b passes in front of the star for some
amount of time dimming its light periodically. By
measuring how strong this dimming is the size of
the planet can be calculated, and its period tells us
how far away the planet is from the host star. The
atmospheric elements in the exoplanet atmosphere
influence the stellar light that passes through it,
thus by studying the exoplanet's transmission spec-
trum we will be able to tell the chemical composi-
tion of the atmosphere. Additionally, when an exo-
planet disappears behind the star and reappears
later, we can also study the emission spectrum of
the planet which will tell us not only the atmo-
spheric composition of the dayside of the planet but
also its thermal structure. These atmospheric char-
acterizations can be done using broadband photom-
etry, and low- or high-resolution spectroscopy.

Today, we have known more than 5000 planets or-
biting stars in our galaxy alone, thanks to the dedi-
cated space-borne and ground-based exoplanet sur-
veys like Kepler, TESS, WASP, HAT, etc. The
detailed characterization of Earth-like planet atmo-
spheres, however, is still out of reach with the
available facilities. The most feasible target at the
present is hot Jupiter around bright stars. The ex-
treme temperature inflates their radius making the
scale height and planet-to-stellar flux ratio high
enough. These allow us to obtain their spectrum at
a high signal-to-noise ratio (S/N) ideal for detailed
atmospheric characterization and the development
of more advanced observing and data analysis tech-
niques.

One of the most successful techniques is high-reso-
lution cross-correlation spectroscopy. Unlike low-
resolution spectroscopy, high-resolution spectrosco-
py resolves the atomic/molecular bands in the
exoplanet spectrum into individual absorption lines.
Compared to the movement of its host star around
the center of mass of the system, the exoplanet
moves at a much higher velocity (e.g., in tens or
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Figure 1. Left: The exaggerated OH emission spectrum
of WASP-33b (bright lines) simulated being observed
after its secondary eclipse phase as a function of or-
bital phase (@). The planetary spectrum can be ro-
bustly distinguished from the static telluric lines (dark
lines) allowing us to detect OH unambiguously. Right:
the schematic of the “observed orbital phase” of
WASP-33b.

hundreds of km/s rather than several m/s). The
variation of Doppler shifts caused by its orbital mo-
tion enables absorption/emission lines in the exo-
planet spectrum to be distinguished from the quasi-
static telluric lines (see Figure 1). Although each of
these absorption/emission lines has quite a low S/N,
we can boost its overall S/N by combining thou-
sands of unique lines using cross-correlation, thus
the atomic/molecular signatures can be identified
and detected unambiguously. This technique is ex-
tremely sensitive to the planetary line profiles (posi-
tion, width, strength) such that if the detected sig-
nal is strong enough, we can constrain the thermal
structure of the atmosphere, measuring the project-
ed rotational spin, wind speed, and even investigat-
ing the homogeneity of the exoplanet atmospheres.

By applying this technique, we searched for atomic
and molecular signatures on the emission and
transmission spectrum of ultra-hot Jupiters, hot Ju-
piters with T., of 2200 K. Using High Dispersion
Spectrograph (HDS) on the Subaru telescope, we
detected the emission of TiO and Fe on the dayside
of WASP-33b indicating the existence of strato-
sphere in one of the hottest exoplanets ever discov-
ered. Recently, we also detected the emission of OH
on its dayside using the InfraRed Doppler instru-
ment (IRD) on the Subaru telescope. This is the
first detection of OH in the atmosphere of a planet
beyond the solar system.

In the atmosphere of our planet, the reaction of ul-
tra-violet with H,O and O, produces OH. This gas
has an important role to remove CH,, CO, and other

pollutant gasses that can be dangerous to life or
contribute to global warming in the Earth's atmo-
sphere. Meanwhile, in the atmosphere of a much
hotter planet like WASP-33b, most of the molecular
species are destroyed, leaving those with high dis-
sociation temperatures like CO and OH, and indeed
we detected the signature of OH emission as a
product of thermal dissociation of H,O consistent
with the theoretical prediction. In this planetary
population, OH determines the chemistry of the at-
mosphere through interactions with H,O & CO and
1s expected to be one of the most dominant O-bear-
ing molecules. This discovery shows that we can
begin to understand the detailed chemistry in the
atmosphere of the ultra-hot Jupiter population.

Using archival data of HARPS-N and CARMENES,
we detected the signature of Fe absorption in the
transmission spectrum of KELT-20, an ultra-hot Ju-
piter with T, of 2200 K. Interestingly, the signal is
highly blue-shifted and has a double-peak feature
seen in four different transits. We showed qualita-
tively that this can be explained due to the inhomo-
geneous atmosphere, an explanation that was re-
cently confirmed by a more sophisticated 3D global
circulation modeling which also shows that it is
possible to tell if the atmosphere has a strong or
weak atmospheric drag.

Future transit, radial velocity, and direct imaging
surveys will hopefully find Earth-like planets in the
habitable zone of nearby bright M-dwarfs. These
planets would likely be tidally locked producing a
large day-night temperature difference. This cre-
ates unique atmospheric dynamic phenomena af-
fecting the global distribution of atmospheric bio-
signatures (e.g., extreme day-to-night winds,
rotational-induced circulation) which, if not fully un-
derstood, might lead to a false-positive/negative
conclusion of its habitability. High-resolution cross-
correlation spectroscopy can help us to improve
our understanding of the atmospheric dynamics
and 3D atmospheric properties of tidally locked
planets. By applying it with future facilities like
Thirty Meter Telescope, European Extra-Large
Telescope, and combining with James Webb Space
Telescope, we will hopefully come closer to answer-
ing the ultimate question, “Are we alone in the uni-
verse?”.
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