K Za

FAL (B 2057 5F)

¥R F S

PR GO H A

PN G- OB

EVA

—F X

- (524)

Kbt K B 2681 =5

2026 /£ 3 H 24 H

SESREEAT B S I (R SCRh e —2)
5L 656 5 56 19 %

The Evolution of Organic Molecules from Star— and Planet—
Forming Regions to the Solar System Traced by Isotopic

Signatures

+ & ARER 2N
RIBFa—R WHER
ZH TEHT
RIBHFa—2 B
A EE
RIBFa—2 B
FROI %6 B
FRKT KZERHEE AR i
YOt R
B ZERT BRI E AT
WOIRR - REE RIS RIEFRE




HERXDER

K 4o — i sEK

im L H @ The Evolution of Organic Molecules from Star- and Planet-Forming Regions

to the Solar System Traced by Isotopic Signatures

This thesis presents a theoretical study on the formation and isotopic evolution of
complex organic molecules (COMs) in star-forming regions, with particular emphasis
on carbon isotope fractionation and isotopomer-specific processes. The work
addresses three central questions: (1) how COMs acquire their isotopic compositions
during the early phases of star and disk formation, (2) which formation pathways
dominate under interstellar conditions, and (3) whether the position of 13C within a
molecule can be used to constrain its formation pathway. To answer these questions,
a three-phase (gas, grain surface, and ice mantle) gas-grain chemical model is
developed and applied, incorporating isotopomer-resolved reaction networks that
track position-specific 12C/13C ratios. The network includes both thermal and non-
thermal chemical processes relevant to COMs formation, such as radical-radical
reactions on ice surfaces, non-diffusive chemistry, and cosmic-ray-induced radiolysis,
enabling the model to follow the coupled chemical and isotopic evolution from

prestellar cores to protostellar environments.

Using this framework, the thesis first investigates the evolution of carbon isotope
ratios of COMs during the prestellar-to-protostellar transition. Particular attention
is paid to how different precursor carbon reservoirs (CO, C, or C+) and isotope
exchange processes in cold cores imprint distinct 13C signatures on COMs. The
results demonstrate that molecules synthesized from CO-derived carbon
systematically exhibit mild 13C enrichment, whereas those originating from C or C+
reservoirs tend to be 13C-depleted due to gas-phase isotope exchange chemistry. When
only classical warm-up chemistry is considered, the model overestimates the isotope
fractionation seen in COMs observed in protostellar environments. However, by
incorporating recently proposed C-atom reactions on CO- and Hz0 ices, the model
introduces efficient grain-surface formation channels that partially erase excessive
fractionation, leading to significantly improved agreement with observed 12C/13C
ratios of selected COMs and highlighting the critical role of cold-grain chemistry in

regulating isotopic signatures prior to ice sublimation.

Building on this result, the thesis then extends the approach to isotopomer-resolved

modeling to examine whether carbon isotope patterns can distinguish among



different COM formation pathways. Motivated by recent ALMA detections of carbon
isotopomers of COMs and JWST detections of COMs in interstellar ices, a reaction
network is constructed to track the position of 13C within each molecule (e.g.,
H13COOCHs3s versus HCOO13CH3), preserving carbon-atom positions throughout grain-
surface and ice-mantle chemistry. This enables predictions of isotopomer- and
functional-group—specific 12C /13C ratios in star-forming cores, accounting for both
thermally driven radical-radical reactions on warm ice surfaces and non-thermal
radiolysis chemistry in bulk ice. The model shows that COMs—particularly those
containing methyl groups such as CaHs0H, CH3CHO, and CH3sCN—can exhibit clear
isotopomer differences in their 12C/13C ratios, reflecting whether their carbon
originates from CO versus C/C* reservoirs and whether their formation is governed

by surface or mantle chemistry under thermal or non-thermal conditions.

These astrochemical results are further discussed in the broader context of meteoritic
organic matter, especially meteoritic amino acids. By comparing isotopomer- and
position-specific signatures predicted for interstellar COMs with compound- and
position-specific isotope measurements of meteoritic organics, the thesis explores
whether meteoritic materials may retain interstellar isotopic memory. Emphasis is
placed on relative intramolecular isotopic patterns, which are more robust to
observational uncertainties, spatial gradients, and parent-body alteration than
absolute bulk ratios, thereby providing a potential conceptual bridge between

interstellar chemistry and Solar System organic matter.

Overall, the thesis demonstrates that isotopomer-resolved astrochemical modeling
provides a physically grounded framework for interpreting molecular isotopic
signatures across star- and planet-forming environments, highlighting the
importance of non-equilibrium chemistry, time-dependent physical evolution, and
material transport. The results point toward closer integration between isotopomer
chemistry, forthcoming high-sensitivity ALMA and JWST observations, and
laboratory constraints, with the ultimate goal of establishing robust isotopic

connections from the interstellar medium to Solar System materials.
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