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Abstract: Life as we know it originated on Earth in the form of molecules. Where did these molecules come
from? Were they formed on Earth or delivered to Earth from an earlier time? Recent findings indicate that
biologically relevant molecules came from farther back in the solar system timeline than originally thought
- all the way back to the very earliest stages of star formation. Before the Earth and Sun existed, our solar
system existed as a cloud of gas and dust. The dense cloud collapsed to form a new star with a surrounding
disk of material that eventually formed into planets. The objective of this project is to computationally model
the evolution of chemistry over the Solar System history. Until now, no theoretical models have been able
to provide a physically and chemically accurate picture of the star-formation process. The results of my
model are compared to James Webb Space Telescope observations of molecules in solar-type star-forming
regions. My research contributes to the scientific community a more complete story of the chemical content

over the history of the Solar System.
Introduction

Recent findings indicate that many complex — and
potentially pre-biotic — molecules present in the
young solar system may have their origins in the
very earliest stages of star formation.’
Observations of low-mass star-forming cores called
“hot corinos” provide us with insight into the
chemical conditions that were present when the
young Sun was forming, prior to the formation of the
protoplanetary disk (the Class Il Young Stellar
Object or YSO stage) that eventually yielded
planets and comets. Hot corinos, which can be
Class 0 — | YSOs (Figure 1), are particularly
noteworthy because of the great diversity and
complexity of organic molecules that are detected
there, in the gas phase, through microwave
molecular emission spectroscopy using
instruments such as the Atacama Large Millimeter
Array (ALMA). The largest of these molecules,
known as COMs (complex organic molecules),
include species such as methanol (CH30OH) and
glycolaldehyde (HCOCH20H)?, while propanol
(C3H70H)3* and urea (NH2CONH2)® have been
detected in hot cores, the high-mass equivalents of
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hot corinos. These complex molecules are typically
understood to be formed on cold dust-grain
surfaces, forming ices that later desorb during the
“hot” stage (T > ~100 K) when the protostar warms
the surrounding dust and gas. ALMA has provided
much evidence concerning COMs in the hot
regions,” and it is hoped that JWST will soon
provide further information about the presence and
spatial distribution of solid-phase COMSs on the icy
grains in the colder, outer envelope. However, until
recently, no astrochemical models have been able
to provide a physically and chemically accurate
picture of complex organic molecule production
during the low-mass star formation process.

Much evidence now points to many COMs being
formed in the very first stages of star formation
(Figure 1), during the pre-stellar stage before a
protostar is even formed®'2, when dust and gas
temperatures are <10 K. However, further
chemistry must occur after the protostar has formed
within its surrounding envelope (Class 0) and as the
envelope accretes substantially onto the protostar
and nascent disk (Class I). As parts of the envelope
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Figure 1: Young Stellar Object (YSO) stages and corresponding grain-ice chemistry. From the left, a uniform cloud
collapses into a dense pre-stellar core. During this stage, hydrogen and other atoms and simple molecules accrete
onto the dust-grain surface and form an icy mantle, through surface chemistry. As the protostar accretes material from
the surrounding envelope (Class 0), UV-induced chemistry occurs on grain surfaces and molecules in the warm inner
regions start to desorb. In Class |, much of the envelope mass has been accreted onto the protostar and the disk has
grown. Ices near the protostar completely desorb into the gas phase, while grains in the outer envelope stay intact.

and disk reach high temperatures (>100K), grain-
surface species nearest to the protostar will desorb
into the gas-phase and ultimately be destroyed, but
molecules on the dust grains in the cold outer
envelope should survive by avoiding the protostar’s
harsh environment." This would suggest that the
latter could constitute the inheritance that is passed
on to comets.

To test these ideas, it is necessary to have
astrochemical models that are (i) capable of
simulating COM chemistry both on the dust grains
and in the gas, and (ii) physical/dynamical models
to combine with the chemical models, so that the
motions of gas and dust, beginning in the pre-stellar
stage and culminating in the formation of a disk, can
be properly coupled to the chemical evolution. Only
then can a full spatial picture of COM chemistry be
built up.

In this project, we use the astrochemical model
MAGICKAL (Model for Astrophysical Gas and Ice
Chemical Kinetics and Layering), which is a three-
phase chemical kinetics model (gas, grain-surface,
and mantle-ice chemistry'3). Due to its detailed
COM chemical network and ice kinetics treatments,
it is the most advanced model of grain-surface
COM chemistry in use in the field.'* This model has
many capabilities including the ability to trace ice
and gas abundances of Young Stellar Objects
(YSOs) from Class 0 through I. Coupled with a
multidimensional hydrodynamics model with solar-
type conditions, it creates the most chemically and
physically accurate picture of COM chemistry

Shope

during the early stages of our Solar System
formation.

Methods

Two state-of-the-art models are used to carry out
the project (MAGICKAL for the chemistry and
ATHENA++ for dynamics). The dynamical models
are applied to the pre-stellar collapse through Class
| (stages B — D in Figure 1), with Lagrangian particle
trajectories calculated in post-processing. The
dynamical models work in an Eulerian frame, while
the chemical models require a Lagrangian frame of
reference, requiring that the chemical models be
run in post processing. Trajectories for the earlier
collapse from a uniform cloud to a pre-stellar core
are calculated analytically (stage Ain Figure 1). For
each of the 3413 tracer particles, the chemistry of a
parcel of gas is simulated, with position and
physical conditions evolving over time. The
chemistry is thus traced continuously from a
uniform cloud all the way to a Class | YSO.

Radiation Hydrodynamics Models

The dynamical treatment uses a private version of
the publicly available ATHENA++ v20.0 code'5.16
that includes radiation, self-gravity and dust
modules. These 2-D simulations use a fixed
spherical-polar grid assuming ¢ displacement
symmetry. The protostellar collapse starts from a
pseudo Bonnor-Ebert (B-E sphere), with an initial
solid-body rotation and viscosity assigned. Matter
that passes inside the central (10 au) boundary is
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Figure 2 Sample data of axisymmetric (2-D) radiation hydrodynamics (RHD)/chemical models. The dynamical models
produce trajectories (black dots) with varying physical conditions. Top panels show hydrogen number density
distribution and bottom panels show the temperature distribution throughout from an initial Class 0 state (left) to a later
Class | state (right). The evolution from stages B — D (see Fig. 1) lasts 1.22 Myr and ends when a disk of radius ~300

au has formed.

added to the mass of the protostar. As the mass of
the protostar grows (from zero), it irradiates the
surrounding dust with IR, raising the temperature;
the mass-luminosity relations of Hosokawa &
Omukai (2009)'7 are used.

Based on the RHD model results, which are already
complete, Lagrangian tracer particle trajectories are
calculated in post-processing. Tracers are
positioned to ensure good spatial sampling at 21
evenly-spaced points in time, requiring 3413
particles. Figure 2 shows the gas density and
temperature results of the RHD model, along with
preliminary tracer positions. The tracers provide
gas density, dust/gas temperature, visual
extinction, and position information from the RHD
models that are fed to the chemical models. Due to
the symmetry, tracer particles are only distributed
through the upper quadrant of the simulation space.
The chosen tracer particles are then evolved
backward to approximate the initial collapse to a
pre-stellar core.

Chemical models

The three-phase (gas/surface/ice-mantle) gas-
grain chemical kinetics code MAGICKAL™ includes
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common COMs like methanol and methyl formate,
but also glycine'® and simple sugars. With the
largest chemical network of ~27,000 reactions and
processes, it has perhaps the most advanced
network for COMs, and is unique in having a full,
self-consistent framework for the treatment of both
diffusive and non-diffusive grain-surface and bulk-
ice chemical reactions, using the Kkinetics
framework set up by Jin & Garrod (2020)'" and
Garrod et al. (2022)'4.

Early chemical models relied on gas-phase ion-
molecule chemistry to produce a range of detected
COMSs.'8-20 |n these models, thermal desorption of
simple ice species from the grains drove gas-phase
production. However, measurements of certain
reaction rates and product branching ratios?2'22
indicate that gas-phase ion-molecule chemistry
alone is likely not capable of explaining the
presence of all detected COMs, in particular the
ubiquitous methyl formate (HCOOCH3). Therefore,
in response, most recent chemical models have
incorporated some type of active dust-grain
chemistry that allows simple molecules to be
converted into COMs on the grain surfaces during
the warm-up stage, prior to desorption.!3.23-26
Although these considerations are successful in



broadly  reproducing  observed gas-phase
molecular abundances, the recent detection of
COMs including methyl formate, dimethyl ether
(CH30OCH3) and acetaldehyde (CH3CHO) in cold,
pre-stellar cores,'®'% in quantities as high as
~10-10n[H2] (i.e. ~1% of “hot” values), suggests
the need for models to simulate COM production at
low temperatures.

Production of COMs on grains in the early pre-
stellar stage when grain temperatures are below
10K requires non-diffusive mechanisms. The Jin &
Garrod (2020)?® and Garrod et al. (2022)*
frameworks consider non-diffusive mechanisms
including “three-body” reactions, in which an
initiating surface reaction leads to an immediate
follow-on reaction of the product with some other
nearby species, without mediation by thermal
diffusion. This framework was also applied to
photodissociation-driven chemistry, thus avoiding
any requirement for the thermal diffusion of radicals
in the bulk ices, removing much of the temperature
dependence, and shifting the onset of photo-
production of COMs to low temperatures, in line
with laboratory evidence.3

MAGICKAL is currently the only astrochemical
model that includes a full implementation of
diffusive and non-diffusive chemistry. This makes it
ideally suited to the study of COM chemistry from
the pre-stellar through Classes 0 and | stages of
protostellar YSO evolution, which, based on
laboratory and observational evidence, may be
strongly influenced by the formation of COMs on
cold grain surfaces. Combined with dynamics, the
resulting models are the first to simulate the
unbroken chain of chemistry from a molecular cloud
to a protostar and disk.

These model results allow proper comparisons to
JWST and ALMA210.16-19 data, by integrating
column densities through the source and mapping
them. By modeling the gas and ice chemistry over
time, we obtain snapshots of the spatial and
temporal distribution of COMs and their abundance
in the growing disk.

Column _Density and Excitation Temperature
Calculations

Gas-phase column densitites and excitation
temperatures are calculated with use of an in-house
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RADMC-3D treatment. RADMC-3D is a package
that allows users to conduct radiative transfer
calculations to generate 2D synthetic images of
their data in order to compare to observations. In
addition to these synthetic images, this work makes
use of further treatment as developed by Bonfand
2024 (in prep) to derive gas-phase column
densities and excitation temperatures. Refer to
Bonfand 2024 (in prep) for details pertaining to this
treatment.

This RADMC-3D treatment allows the user to
account for dust emission and radiative transfer in
the calculations of excitation temperatures and
column densities. This treatment is used for the
gas-phase column densities reported in this paper.
All ice column densities are calculated by
integrating the abundances over the line of sight.

Results & Discussion

Stage 1 COM Abundances Over Time

The MAGICKAL model is split into two stages. The
first stage is the collapse stage, as depicted in
letters Aand B in Figure 1. The collapse is assumed
uniform in the polar direction but allowed to vary in
the radial direction.

In this stage, due to cold temperatures (<10K)
COMs are formed on the grain through non-
diffusive mechanisms. In Figure 3, the abundances
of simple species and of COMs at the beginning of
Stage 1 are shown over the entirety of time of Stage
1. The abundances are constant radially at the
beginning and as time progresses (see the bottom
four plots of Figure 3), the abundance of these
species changes spatially.

At the end of Stage 1, most of the species in the
gas-phase show a rampant drop-off due to freeze
out. Note that there are a few species in which the
abundances peak a various places radially within
the disk. When considering gas-phase methanol, its
abundance does peak in the outer rim as seen in
observations. Formaldehyde and acetaldehyde
also show peaks at various radii. As the density
increases, there is more production of these
species. However, as the model reaches the outer
rims, the external radiation increases, leading to
less production. As one reaches radii closest to the
forming star, the lower the visual extinction,



meaning more photodissociation. Once also sees species survive. The rate of hydrogen species
that with methyl formate, there is a peak towards being ripped off methyl formate drops, leading to a
the outer rim. At this radial position, more solid higher abundance.
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Figure 3 Simple Ice Species and COM abundances over time during Stage 1 of the MAGICKAL model for both the
beginning of the Stage 1 when a uniform cold cloud and end time of Stage 1 after the collapse is done. Dotted lines
are grain species and solid lines are gas-phase. In the physical conditions plot, the orange is the visual extinction, the
black is the hydrogen number density, and the blue is the dust temperature.
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Table 1. Absolute ice column densities and column densities relative to H,O for stage 1 of the MAGICKAL model.
Three time points are selected to compare to McClure et al 2023 and Boogert 2015 observational values.

Model Literature
750 x10%yrs 950 x10%yrs 1x10%yrs NIR38 J110621 BG Stars
Species Nice X,,o(%) Nice X,,o(%) Nice X.,o(%) | Nice Nice X,o(%)
(x10"® cm2) (x10"® cm?) (x10"® cm?) (x10"® cm?)  (x10"® cm2)  (Boogert)
(McClure) (McClure)
H>O 0.54 100 10.13 100 562 100 6.88 13.38 100
CO 0.17 31 5.47 54 315 56 2.96 3.68 9-67
CO, 0.44 82 8.25 81 402 71 1.38 1.74 14-43
CH;0H 0.007 1 0.23 2 16.7 3 0.41 0.45 (<1)-12
NH; 0.04 7 0.75 7 44.0 8 0.30 0.66 <7
CH,4 0.004 0.7 0.072 0.7 3.96 0.7 0.18 0.25 <3

Column Densities

The column densities of selected species are
presented in Table 1. Three times are selected to
compare to literature values of background stars
(McClure et al 2023 and Boogert 2015). The total
time of Stage 1 is set to one million years. The final
value is given as well as a time slightly before the
final end mark in order to give insight on how quickly
the column densities increase toward the end of

stage 1. At the time of 950 x10%yrs, the column
densities more closely match those in the literature.
COz2 is overproduced in our models as compared to
literature data. The source NIR38 has a visual
extinction of 60 mag and the source J110621 has a
visual extinction of 95 mag. At the end of the Stage
1 model, the visual extinction has reached
3000mag.

Stage 2 Abundance Maps

In Stage 2, the warm-up phase, the model tracks
the abundances of species spatially as well. Polar
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symmetry is no longer assumed as there is now a
formation of a disk. In Figure 4, the abundances of
H20, CO, and CH3OH change spatially with time.
The left three panels are a young disk where the
abundances are centrally located around the
protostar. In the three panels on the right, the
system has evolved to a protostellar disk. In the
young disk panel for methanol, one can see the
similar effect of a peak of methanol abundance
towards the outer rim just as seen in Figure 3 and
in observations.

Future Steps

Now that Stage 1 and Stage 2 models are all
complete, one piece of analysis left to do is to
compare the ice column densities of stage 1 and
stage 2. However, in stage 2, the column densities
are not assumed to have polar symmetry due to the
formation of the disk. Depending on the angle at
which one views the disk, whether edge-on, face-
on, or somewhere in between, the column densities
vary.
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Figure 4 Absolute Abundance Maps of H20, CO, and CH3zOH.

In addition to ice column densities, gas-phase
column densities need to be calculated for a variety
of species. These will be calculated via the
RADMC-3D treatment as discussed earlier. These
calculations will also be calculated for various
inclination angles. We will compare between
observational data of face-on and edge-on sources
such as IRAS 16293b and IRAS 16293a,
respectively.

Once all this data is collected, we will make final
conclusions as to the dependencies of various
species abundances — simple and COMs — on the
temporal, spatial, and inclination parameters.
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