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Through direct exploration of solar system bodies and observations of exoplanets using current-generation
telescopes, we have gained not only physical information, such as the size and mass of planets, but also
chemical insights, including the abundances of atoms and molecules that compose them. The composition of
these planets reflects the properties of the dust and gas in the protoplanetary disk as well as the history of their
transport processes within the disk and the chemical evolution that occurs within the planets.

Understanding the transport and inheritance processes of elements from disks to planets is crucial for advancing
planet formation theory, which has traditionally focused on the mass evolution of dust.

The volatile elements that contribute to the diverse composition of protoplanetary disks, driven by dust transport
processes, provide critical insights into the formation location and timing of celestial bodies. For instance, the
C/O ratio in exoplanet atmospheres reflects the proportions of major volatile molecules such as H20, CO., and
CO in the disk gas. A low C/O ratio in a planetary atmosphere suggests that the planet likely formed in the inner
disk (r<3 au), where it could acquire a significant amount of H20 vapor. While such constraints can be
strengthened by examining various elemental ratios, research on other volatile elements, including nitrogen and
sulfur, remains limited. In this thesis, we aim to elucidate the inheritance process of volatile elements, including
nitrogen and sulfur, from the disk to the planet. Furthermore, we seek to uncover when, where, and with what
types of building blocks the observed planetary compositions were formed.

We first developed a theoretical model to investigate the transport processes of nitrogen in the disk and its impact
on the nitrogen abundance of forming planets. A significant fraction of the cosmic nitrogen budget, accounting
for tens of percent, remains attributed to unknown components. Recent detections of semi-volatile ammonium
salts in comets and molecular clouds suggest these salts as potential candidates.

Our model incorporates the transport of nitrogen by ammonium salts in addition to the volatile N2 and NHs, which
have traditionally been considered the main nitrogen carriers in disks. The results show that, under plausible disk
parameters, ammonium salts can increase the nitrogen abundance in disk gas to several times the solar value.
This enrichment is subsequently inherited by the planetary atmosphere forming in the inner region of the disk. In
the solar system, Jupiter's atmosphere exhibits a nitrogen abundance enriched to three times the solar value.
Our model suggests that nitrogen transport via ammonium salts could provide a plausible explanation for this
enrichment.

Then, we performed calculations of disk material transport and, based on these results, developed a series of
theoretical models to calculate the atmospheric structures of planets and predict their transmission spectra.
The disk model incorporates semi-volatile ammonium salts in addition to volatile ices, using cometary
compositions as a reference. This model tracks the evolution of C, O, N, and S abundances in the disk. Our
findings reveal that the dissociation of NHsSH near the water snow line increases the nitrogen and sulfur
abundances in the disk gas to more than twice the solar value. Notably, the disk gas inside the water snow line
exhibits a high N/H, S/H, and O/H ratio and a low C/O ratio, driven by the dissociation of salts and the sublimation
of H20 ice. In the atmospheres of planets that inherit this composition, nitrogen- and sulfur-containing molecules
such as NHz, H2S, NO, SOz, and NS become dominant. Our predictions indicate that transmission spectra will
feature prominent signatures of NHs, H2S, and SO2. These results suggest that the transport of elements via
ammonium salts may explain the detection of SOz in short-period exoplanets by JWST. In particular, we found
that ammonium salts would play a crucial role in the transport and inheritance of volatile elements in WASP-
107b, a warm Neptune where nitrogen and sulfur are simultaneously enriched.

Our disk model is based on the composition of comets; however, it remains uncertain whether this composition
is universal in actual disks, and there are limited observational constraints on the ice composition in disks. To




address this, we developed a model to predict the scattered light spectrum of disk ice, aiming to identify the
distribution of disk ice through observations. By comparing the optical depth in various bands where ice exhibits
absorption features, as predicted by our model, with observational data, it becomes possible to estimate the ice
composition of the disk. Applying our model to observations of HD 100546, we found that a model containing 3-
-20 wt% water ice reproduces the observations within the margin of error for r<50 au.

Our model, which explores the inheritance of volatile elements from the disk to the planet, demonstrates that the
observed spectrum of a planetary atmosphere is closely linked to the planet's formation location and timing. This
model can be tested through future observations of planet-embedded disks. With further development, the model
will enable us to better constrain the origin of planets, including their formation positions and times, based on
their compositions.
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