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Since the first discovery in 1995, over 5,500 exoplanets have been detected. As
the number of discovered planets grows, so does the number of exoplanets suitable for
atmospheric characterization. The current primary targets for atmospheric
characterization are hydrogen-rich atmospheres, typical of gas giant planets or brown
dwarfs because these are more easily observed than smaller, fainter planets. Spectral
analysis of these atmospheres is a window into various physical and chemical
properties of the atmosphere, advancing our understanding of not only atmospheric
processes but also the formation and evolution processes of the planet.

Among several characterization methods, spectroscopic observations of directly
imaged planets have enabled robust detections of molecular species. However, the
challenge lies in their low contrast against host stars and such observations have been
limited to the low wavelength resolution (R~20-100) so far. This limitation makes it
difficult to fully understand atmospheric properties, as low- or medium-resolution
spectra can lead to degeneracies in the Temperature-Pressure (T-P) profile, the effect
of clouds, and the abundances of molecular species.

Recently, with the development of near-infrared high-resolution spectrographs
and the establishment of observation techniques combined with Adaptive Optics (AO),
the high-resolution spectra of such faint targets have become available. In this thesis,
we developed a novel analysis method for the high-resolution spectra taken by IRD
(InfraRed Doppler, R~70,000) and REACH (R~100,000) on the Subaru Telescope, aimed
at unveiling the atmospheric features of exoplanets and brown dwarfs. REACH is the
combination of IRD and the Subaru Coronagraphic Extreme AO (SCExAOQO). As this is
the first attempt to analyze a REACH spectrum for a very high-contrast system with a
faint companion, we observed a companion L dwarf, HR 7672B. Brown dwarfs are key
objects to fill the gap in physical and atmospheric properties between giant planets
and stars. Moreover, brown dwarfs orbiting main-sequence stars, like HR 7672B, have
an important role in characterization because their fundamental properties, such as
dynamical mass, age, and metallicities, can be inferred from their host star.

Firstly, we introduce PyIRD, a new reduction pipeline for IRD and REACH,
developed as a Python-based open-source code. The most important feature is that it is
optimized for extracting faint target spectra. A major challenge in achieving a higher

signal-to-noise ratio for faint target spectra is the large systematic noise from the



detector's readout channels. PyIRD achieved an improvement in noise removal
compared to the standard reduction process typically used for bright stellar spectra.
This readout noise removal is particularly effective with REACH data, probably
because its narrow aperture does not prevent accurate noise modeling. Additionally,
we found periodic noise that significantly appears in faint target spectra observed by
REACH. We found a wavelength dependence in the noise periodicities and estimated
that this noise arose from instrumental effects; however, further investigation is
required to determine its exact cause.

We then developed an atmospheric retrieval model and applied it to the spectra
of an L. dwarf, HR 7672B. The retrieval is a method to fit a spectrum by flexibly
adjusting parameters such as molecular abundances, P-T profile, and other physical
properties. Our model framework is based on the ExoJAX spectrum code, and we
developed three additional models: a cloud model for the L dwarf's atmosphere, a model
accounting for the contamination of the host star's speckle light, and a telluric
transmittance spectrum model. We applied this model to the spectrum in the
wavelength range less affected by periodic noise, corresponding to the J band and a
shorter wavelength range in the H band. For the longer wavelength range in the H
band, which suffers from significant periodic noise, we developed an additional fourth
model utilizing the Gaussian Process to remove the noise.

From the joint analysis of the J and H band spectra, we successfully identified
H20 and FeH as major absorbers. The resolution of this spectrum is the highest ever
for this target, effectively resolving the degeneracies that lower-resolution spectra fail
to address by providing the posterior probabilities of each parameter. Our findings
indicate the necessity of an additional continuum opacity source to reproduce the
observed spectra: In a clear sky model that excludes cloud opacity from the retrieval,
Collision-Induced Absorption (CIA) opacity is necessary, while in a cloudy model that
allows clouds to be set at any altitude, clouds serve as a continuum at higher altitudes
than CIA. The retrieved T-P profile from the cloudy model suggests potential cloud
formation by TiO2 and/or Al20s. The abundances of H20 and FeH are higher than
expected in chemical equilibrium, which might indicate a quenching condition for FeH.
Given that only a limited number of brown dwarfs have been thoroughly characterized,
applying this new method to various brown dwarfs and exoplanets promises to shed

light on the formation and evolution processes of substellar companions.
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