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Resumen

La quimica desempena un papel crucial en la formaciéon y evolucion de los
sistemas estelares, por lo que resulta esencial estudiar el estado quimico en
regiones de formacion estelar mediante simulaciones numéricas. A pesar de su
importancia, modelar de networks quimicas complejas en simulaciones es un
proceso computacionalmente costoso debido al gran ntmero de reacciones y
especies implicadas. Para hacer frente a este reto, esta tesis emplea un marco
de post-procesamiento para incorporar quimica compleja en simulaciones SPH
de alta resolucion. Utilizando el paquete astroquimico KROME, modelamos la
evolucion de quimica a lo largo de la historia dindmica de las particulas a partir de
simulaciones preexistentes, centrandonos en reacciones en fase gaseosa y de polvo
relevantes para la formacion y evolucion de especies portadoras de H — C — O,
hasta la formacion de metanol (CH3;O0H).

En este estudio investigamos la complejidad quimica de los discos circunestelares
formados dentro de un camulo de formacion estelar. Analizando la estructura
vertical de estos discos, identificamos regiones de mayor actividad quimica y
exploramos la distribucion espacial de moléculas organicas complejas. Nuestros
resultados revelan que el metanol, una molécula clave para evaluar la
posible complejidad quimica en regiones de formacién estelar, se localiza
predominantemente dentro de los discos circunestelares en su fase gaseosa,
particularmente en aquellos que rodean objetos estelares mas antiguos. Se
observaron altas concentraciones de metanol en regiones del disco donde las
condiciones fisicas no favorecen la formacion de esta molécula. Este fenomeno se
atribuye al proceso de acrecion de material en el disco, en el que las regiones de
baja temperatura permiten la formaciéon de metanol en los granos de polvo, que
posteriormente se desorbe a la fase gaseosa a medida que el material se acreta

hacia las regiones internas del disco, donde las temperaturas superan los 10* K.

Este trabajo establece una metodologia robusta para integrar quimica compleja
en simulaciones astrofisicas mediante técnicas de postprocesado. Al proporcionar
una network quimica actualizada que incluye reacciones en granos de polvo, ofrece
una base para futuros estudios destinados a investigar la evoluciéon quimica en

regiones de formacion estelar y discos circunestelares.

Keywords — Astroquimica, Materia circunestelar, Moleculas organicas complejas
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Abstract

Chemistry plays a crucial role in the formation and evolution of stellar systems,
making it essential to study the chemical state of star-forming regions through
numerical simulations. Despite its significance, modeling complex chemical
networks within simulations is a computationally expensive process due to the
large number of reactions and species involved. To address this challenge, this
thesis employs a post-processing framework to incorporate complex chemistry
into high-resolution smoothed particle hydrodynamics (SPH) simulations. Using
the astrochemical package KROME, we model the evolution of chemistry along
the dynamical history of particles from pre-existing simulations, focusing on gas
and dust-phase reactions relevant to the formation and evolution of H — C — O

bearing species, up to the formation of methanol (CH;OH).

In this study we investigated the chemical complexity of circumstellar discs formed
within a simulated star-forming cluster. By analyzing the vertical structure of
these discs, we identify regions of enhanced chemical activity and explore the
spatial distribution of complex organic molecules. Our results reveal that methanol,
a key molecule to assess the possible chemical complexity in star-forming regions,
is predominantly located within circumstellar discs in its gas-phase, particularly
those surrounding older stellar objects. Unexpectedly, high concentrations of
methanol were observed in regions of the disc where the physical conditions
do not favor the formation of this molecule. This phenomenon is attributed
to the accretion process, wherein low-temperature regions allow the formation
of methanol on dust grains, which subsequently desorbs into the gas phase as

material is accreted into the inner disc regions where temperatures exceed 10* K.

This work sets a robust methodology for integrating complex chemistry into
astrophysical simulations via post-processing techniques. By providing an up-to-
date chemical network that includes surface reactions, it offers a foundation for
future studies aiming to investigate the chemical evolution of star-forming regions

and circumstellar discs.

Keywords — Astrochemistry, Circumstellar matter, Complex organic molecules



v

Contents

Contents

AGRADECIMIENTOS i
Resumen ii
Abstract iii
1 Introduction 1
1.1 Star formation . . . . . .. ... Lo 2

1.2 Chemistry during star formation . . . . . .. .. .. ... .. ... )
1.3 Protoplanetary/Circumstellar discs . . . . . .. . ... ... ... 7
1.3.1 Inner and outer disc chemistry . . . . . . .. ... ... .. 9

1.4 Computational Astrochemistry . . . .. ... ... ... ..... 11

2 Methods 16
2.1 Chemical Post-Processing . . . .. ... ... ... .. ...... 17
2.1.1 Base Framework . ... ... ... ... .......... 18

2.1.2  Extraction of a sub-region from 3D simulations . . . . .. 19

2.2 The KROME Package . . . . . . .. .. ... ... ... ..... 21
2.2.1 Rate Equations . . . . .. ... ..o 0. 23

2.2.2  Photoionization and Photodissociation . . . . . .. .. .. 23

2.2.3 Cosmic-rays Processes . . . .. .. ... ... ... ..., 24

224 Dust . ... 25

2.3 Reference Model . . . . . . ... oo 25
2.3.1 Radiative transfer and diffuse ISM model . . . . . . . . .. 27

2.3.2 Inmitial conditions . . . . . ... ..., 28

2.3.3 Sink particles . . . . .. ... oL o 29

2.4 Chemical Network . . . . ... .. .. . oo 29
2.4.1 Gas-phase chemistry . . . ... ... ... ... ... 29

2.4.2  Grains-related Chemistry . . . . . .. ... ... ... .. 30

2.4.2.1 Adsorption onto dust grains . . . . . . ... ... 30

2.4.2.2  Two-body reactions on dust grains . . ... ... 31

2.4.2.3 Thermal desorption. . . . ... ... ... .... 33

2.4.24 Cosmic ray desorption . . . . . ... .. .. ... 33

2.4.2.5 Resulting network . . . ... ... ... ... 34



Contents v
3 Results 35
3.1 The extracted region . . . . . . .. .. .. oL 35
311 discs ... e 37

3.1.2 Disc Characterization . . . . . . ... ... ... ...... 39

3.2 Analysis of physical properties in dises . . . . . ... ... ... 41
3.2.1  Chemical properties of discs . . . . . .. .. .. ... ... 44

3.2.2 Evolution of chemical complexity around sinks . . . . . . . 49

4 Concluding Remarks 55
4.1 Key Results and Their Implications . . . . . ... ... ... ... 5}
4.2 Limitations and Future Research . . . . . ... ... ... .... o7
4.3 Broader Implications and Future Prospects . . . . ... ... ... o7
References 60
Appendix 69
A Discs Chemical Distribution 69



vi List of Tables

List of Tables

1.3.1 Chemical reactions active in discs . . . . . . . . . . . . ... ...

2.2.1 List of the main processes for different environments. Note that
this list is indicative and may depend on parameters other than
temperature and density such as metallicity. . . . . ... ... ..

2.4.1 Ty, x values for the substrates bare grain. . . . .. ... ... ...

2.4.2 Surface two-body reactions present in the network and their
corresponding activation energies. . . . . . . . ... ... ... ..

2.4.3 Fiducial initial abundances . . . . . . .. ... .. ... ... ...

3.1.1 Physical properties for the identified discs in the simulation.



List of Figures vii

List of Figures

1.1.1 Stages of low-mass star and planet formation. a: Dense cores inside
molecular clouds. b: Pre-stellar core collapse due to self-gravity.
c: Protostar formation following the gravitational collapse of the
pre-stellar core. Accretion of remnant material through a diks-like
structure and outflows characterize this stage.d: Pre-main sequence
star surrounded by a circumstellar disc, formation site of planets.
e: Growth of a mature planetary system after the dispersal of the

cloud remnant through disc winds. . . . . . .. ... ... .... 2
1.2.1 Tllustrations of characteristic chemical structures associated with
the different stages and scales of star and planet formation. . . . . 7

1.3.1 A vertical cross-section of a protoplanetary disc similar to the DM
Tau system, determined using the ANDES thermochemical disc
model (Akimkin et al., 2013). (Left) Depicts the radial and vertical
distribution of dust temperature (in Kelvin). (Middle) Shows the
radial and vertical distribution of gas temperature (in Kelvin). It
is notable that gas temperatures are significantly higher than dust
temperatures in the disc’s surface layers. (Right) Illustrates the
radial and vertical distribution of gas particle density (in cm™3). . 8
1.3.2 Diagram representing the structure and spatial dimensions of a
protoplanetary disc. Note that the radial scale on the x-axis is
nonlinear. The top of the diagram indicates the techniques capable
of spatially resolving different scales, while the bottom shows the
types of emissions originating from various disc regions. . . . . . . 9
1.4.1 Sketch of the complex interplay between microphysics and chemistry. 13

2.1.1 Schematic flowchart of the base post-processing method showing the
different steps and filters to include chemistry in MHD simulations. 19

2.1.2 Post-process flowchart for our case following scheme presented. . . 21

2.3.1 Column density and temperature snapshots at three different times
(t = 0.80,1.00,1.20 tg ) for the calculation with solar metallicity.
From top to bottom, the rows give column density and the mass-
weighted gas temperature, dust temperature, and protostellar
radiation temperature. The colour scales are logarithmic. The
column density scale covers 0.03 — 30 g cm ™2, and the temperature
scales cover 5 — 100 K. The stars are plotted using white circles. . 26



viii List of Figures

3.1.1 Surface density maps of the cloud and the selected region at the

end of the simulation (¢ = 1.20¢g). Sink particles are plotted in

the zoomed region using white dots (the size of the sinks is not

proportional to their properties). The data is extracted from the

raw outputs. . . . ... 36
3.1.2 Surface density map for the extracted sub-region at t = 1.20 4.

The surface density scale covers 0.3 — 3 x 10* gcm 2. White dots

represent stars. Red dashed outlines indicate the locations of the

discs formed in the region. . . . . . . .. ..o Lo 37
3.1.3 Face-on logarithmic surface density maps for all the circumstellar

disc-like structures formed at t = 1.20¢g. The maps are sorted by

mass of the resultant circumstellar disc structure + sink(s) mass(es)

(i.e., top-left map is the most massive system and bottom-right

map is the less massive.). The color scale is logarithmic. White

dots mark the sink particles position. Sink particles are numbered

in order of their formation. . . . . . ... ..o 0L 39
3.1.4 Radial surface density profile for each disc. Solid lines represent the

best fit using a non linear least squares model to fit the parameters

(3¢, . and ). Red line represents the method used for binary

systems (%), while orange line corresponds to the method applied

to single sink systems and systems with more than two stars (X;). 42
3.2.1 Disc 1 vertical structure at ¢t = 1.20t;; = 228kyrs (i.e., last

snapshot). The 2D mass density (top-left), visual extinction

(top-right), gas temperature (bottom-left), and dust temperature

(bottom-right) profiles are reported as a function of the discs radius

and height both in AU units. The logarithmic colorbar represents

the levels of the contour for each quantity, divided into 10 levels

foreachrange. . . . . . . . . . .. 43
3.2.2 Disc 3 vertical structure at t = 1.20t7; = 228 kyrs. The 2D mass

density (top-left), visual extinction (top-right), gas temperature

(bottom-left), and dust temperature (bottom-right) profiles are

represented as a function of the discs radius vs. height both in AU

units. The logarithmic colorbar represents the levels of the contour

for each quantity, divided into 10 levels for each range. . . . . . . 43
3.2.3 Disc 6 vertical structure at t = 1.20t5; = 228 kyrs. The 2D mass

density (top-left), visual extinction (top-right), gas temperature

(bottom-left), and dust temperature (bottom-right) profiles are

represented as a function of the discs radius vs. height both in AU

units. The logarithmic colorbar represents the levels of the contour

for each quantity, divided into 10 levels for each range. . . . . . . 44



List of Figures ix

3.2.4 Disc 1 vertical distribution at ¢ = 1.20ty; = 228kyrs. The

2D distribution plots show: gas temperature, dust temperature,

CO relative abundance, HCO relative abundance, HyO relative

abundance, HyCO relative abundance, CH30 relative abundance,

and CH3OH relative abundance profiles that are represented as

a function of the discs radius vs. height both in AU units. The

logarithmic colorbar represents the levels of the contour for each

quantity, divided into 10 levels for each range. . . . . . . ... .. 46
3.2.5 Disc 3 vertical distribution for different species at ¢t = 1.20ts; =

228 kyrs. The 2D distribution plots show: gas temperature, dust

temperature, CO relative abundance, HCO relative abundance,

H5O relative abundance, HyCO relative abundance, CH30 relative

abundance, and CH3OH relative abundance profiles that are

represented as a function of the discs radius vs. height both in AU

units. The logarithmic colorbar represents the levels of the contour

for each quantity, divided into 10 levels for each range. . . . . . . 47
3.2.6 Disc 6 vertical distribution for different species at ¢t = 1.20t;y =

228 kyrs. The 2D distribution plots show: gas temperature, dust

temperature, CO relative abundance, HCO relative abundance,

H50 relative abundance, HoCO relative abundance, CH30 relative

abundance, and CH3OH relative abundance profiles that are

represented as a function of the discs radius vs. height both in AU

units. The logarithmic colorbar represents the levels of the contour

for each quantity, divided into 10 levels for each range. . . . . . . 48
3.2.7 Time evolution of dust species and physical properties around the

sink hosting Disc 1. From top to bottom each row is a different

time, ranging from 153 to 224 to 227 and 228 kyrs respectively.

From left to right we have piot, Taust, H2O relative abundance and

CH30H relative abundance. . . . . ... ... ... ........ 50
3.2.8 Time evolution of dust species and physical properties around the

sink hosting Disc 3. From top to bottom each row is a different

time, ranging from 156 to 224 to 227 and 228 kyrs respectively.

From left to right we have piot, Taust, H2O relative abundance and

CH3OH relative abundance. . . . . .. ... ... ......... 51
3.2.9 Time evolution of dust species and physical properties around the

sink hosting Disc 6. From top to bottom each row is a different

time, ranging from 213 to 214 to 227 and 228 kyrs respectively.

From left to right we have piot, Taust, H2O relative abundance and

CH;30OH relative abundance. . . . . . .. ... ... ... ..... 52

AO0.1 Physical structure evolution of the gas around the sink hosting Disc
1. From top to bottom each row is a different time, ranging from
153 to 224 to 227 and 228 kyrs respectively. From left to right we
have piot, Av, Toas and Tause. -« o o o v v v oo 70



List of Figures

A0.2 Physical structure evolution of the gas around the sink hosting Disc

1. From top to bottom each row is a different time, ranging from

153 to 224 to 227 and 228 kyrs respectively. From left to right we

have CO, L. CO, Hb,O and L H:O.. . . . . ... ... ... .... 71
A0.3 Physical structure evolution of the gas around the sink hosting Disc

1. From top to bottom each row is a different time, ranging from

153 to 224 to 227 and 228 kyrs respectively. From left to right we

have HCO, 1. HCO, H,CO and L H,CO. . . . . . ... ... ... 72
A0.4 Physical structure evolution of the gas around the sink hosting Disc

1. From top to bottom each row is a different time, ranging from

153 to 224 to 227 and 228 kyrs respectively. From left to right we

have CH30, L. CH30, CH30H and L CH30H. . . . ... ... .. 73
A0.5 Physical structure evolution of the gas around the sink hosting Disc

3. From top to bottom, each row is a different time, ranging from

156 to 224 to 227 and 228 kyrs respectively. From left to right we

have piot, Av, Tgas a0d Tousee -+« o o o o v v v oo oo 74
A0.6 Physical structure evolution of the gas around the sink hosting Disc

3. From top to bottom each row is a different time, ranging from

156 to 224 to 227 and 228 kyrs respectively. From left to right we

have CO, L. CO, Hb,O and L H:O.. . . . ... ... ... ..... 75
A0.7 Physical structure evolution of the gas around the sink hosting Disc

3. From top to bottom each row is a different time, ranging from

156 to 224 to 227 and 228 kyrs respectively. From left to right we

have HCO, 1. HCO, HoCO and L H,CO. . . . . . ... ... ... 76
A0.8 Physical structure evolution of the gas around the sink hosting Disc

3. From top to bottom each row is a different time, ranging from

156 to 224 to 227 and 228 kyrs respectively. From left to right we

have CH30, L. CH30, CH30H and L CH30H. . . . ... ... .. 7
A0.9 Physical structure evolution of the gas around the sink hosting Disc

6. From top to bottom each row is a different time, ranging from

213 to 214 to 227 and 228 kyrs respectively. From left to right we

have piot, Av, Tgas a0d Tyspe « - o o o o v v v oo oo 78
A0.1(Physical structure evolution of the gas around the sink hosting Disc

6. From top to bottom each row is a different time, ranging from

213 to 214 to 227 and 228 kyrs respectively. From left to right we

have CO, L. CO, HbO and L H:O.. . . . ... ... ... ..... 79
A0.1TPhysical structure evolution of the gas around the sink hosting Disc

6. From top to bottom each row is a different time, ranging from

213 to 214 to 227 and 228 kyrs respectively. From left to right we

have HCO, 1. HCO, HoCO and L H,CO. . . . . . ... ... ... 80
A0.1Physical structure evolution of the gas around the sink hosting Disc

6. From top to bottom each row is a different time, ranging from

213 to 214 to 227 and 228 kyrs respectively. From left to right we

have CH30, L CH30, CH30H and L. CH30OH. . . . ... ... .. 81



Chapter 1. Introduction 1

Chapter 1
Introduction

Within the frontiers of astronomy and astrophysics, we find different topics which
help us to understand how our Universe works and evolves. Among the many
different disciplines we can find those processes related to stellar formation and
evolution, a topic much studied yet not fully understood, and in turn an important
pillar for the understanding of the world around us ( : ).
In the microphysical part of the problem in star formation and evolution processes
we deal with different questions. Most specific on the side of protoplanetary and
circumstellar systems we ask: How does chemistry in protoplanetary systems
behaves? How are the properties of a system determined by the properties of
the medium it forms? Which kind of chemical processes are going on inside

circumstellar discs and how do these affect the evolution of the system?

To answer these different questions, astronomers and astrophysicists make use of
astrochemistry, a powerful tool focused on the study of how chemical processes
affect the dynamics of key processes at different scales such as galactic, star
and planet forming discs. Astrochemistry has been heavily linked to star- and
planet-formation processes due to the influence of different chemical reactions
occurring inside pre-stellar and protoplanetary systems and their importance on
the evolution of these objects. Different studies and reviews have stated the
importance of astrochemistry in star formation processes ( ,

) ) ) Y Y ) )

Y ? Y ) ) )
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Figure 1.1.1: Stages of low-mass star and planet formation. a: Dense cores inside
molecular clouds. b: Pre-stellar core collapse due to self-gravity. c: Protostar
formation following the gravitational collapse of the pre-stellar core. Accretion
of remnant material through a diks-like structure and outflows characterize this
stage.d: Pre-main sequence star surrounded by a circumstellar disc, formation
site of planets. e: Growth of a mature planetary system after the dispersal of the
cloud remnant through disc winds.

Source: Oberg and Bergin (2021)

1.1 Star formation

Stars are fundamental to our understanding of astronomy and the Universe. These
celestial objects, composed of hot gas, constitute the majority of what we observe
in the sky and serve as primary indicators of the structures and evolution of the
Universe. Therefore, understanding the processes by which stars form is essential,
as it broadens our comprehension of different contexts, such as galactic evolution

or the conditions necessary for the development of planetary systems.

Star formation begins in overdense regions of the interstellar medium, mainly
composed of gas and dust, known as molecular clouds (MCs; Fig. 1.1.1a).
Molecular clouds exhibit turbulent supersonic motions on size scales < 0.1 pc,
meaning that the bulk of the cloud’s volume experiences motions exceeding their
thermal sound speed (¢ = \/m). This speed is determined by the cloud
temperature (7') and the mean molecular weight (1), typically around 2.33 for
molecular gas with solar composition. The supersonic nature of these motions
results in a lognormal density distribution within the clouds (Mclee and Ostriker,
2007).

Within molecular clouds are networks of filaments and clumps with intermediate
densities (check Fig. 1.1.1a also), ranging from approximately 0.1 to 1 pc in size.
These structures further fragment into smaller, dense regions known as prestellar
cores, which are cold (~ 10 K) and dense (10* — 10* cm™?) structures formed

inside MCs (Jorgensen et al; 2020). These subdense gravitationally bound cores
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are known to be the first step of the star formation process ( , ;
).

Stars originate from cold molecular interstellar clouds when the inward pull of

gravity surpasses the outward push caused by gas and magnetic pressures. The

contraction of clouds and the onset of star formation are triggered by compression

from shocks, which increases the density. The three primary triggering mechanisms

are:
e Clouds passing the density wave of a spiral arm in a spiral galaxy.

e Compression of clouds by a shockwave generated in a nearby supernova

explosion.
e Cloud—cloud collisions in colliding or merging galaxies.

The collapse of a molecular cloud begins when its mass M exceeds the Jeans mass

TS 1/2
win

where M is the Jeans mass of a homogeneous spherical cloud in terms of

temperature T' and volume density (particles per cm?) n. This leads to an

initial collapse on a free-fall time scale

te ~ (Gp) Y2 =~ 1 x 10%(un) 2 yr (1.1.2)

Interstellar clouds have cooling processes that facilitate star formation. They lose
heat radiatively through primarily two cooling agents: molecular emissions and
energy transfer between gas and dust. In dense gases, collisions between molecules
result in excitation to elevated rotational or vibrational energy states. An excited
molecule can return to a lower state by emitting a photon, a process known as
photo de-excitation. The most common transitions are in the infrared (IR) or
submillimeter bands. These photons can escape the cloud, as it is optically thin at
IR wavelengths. If the density within the cloud is high and the kinetic temperature
is sufficiently low (7" < 1000 K), dust can form. Collisions between dust particles

and molecules will transfer heat to the dust grains. Similarly, dust grains will
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heat up if they absorb photons in the UV, optical, or near-IR spectra. These dust
grains then emit radiation similar to that from blackbodies at temperatures below

approximately ~ 1000 K, producing significant IR flux that exits the cloud.

Various cooling processes inhibit the adiabatic heating of a collapsing cloud.
The potential energy acquired during contraction is rapidly released, allowing the
collapse to occur nearly isothermally. As the density of isothermal clouds increases,
the Jeans mass diminishes, enabling the substructures within the cloud to begin
contracting. This leads to the fragmentation of the original cloud into sub-clouds
that can further divide. This fragmentation is facilitated by the inherently clumpy

structure of molecular clouds, likely due to magnetic effects ( ,
).

As the fragments become denser, the fragmentation proceeds more rapidly because

the free fall timescale decreases proportionally to ~ n~/2

Eventually, the
fragment density increases to the point where they become optically thick to
infrared radiation. When this occurs, the cooling mechanism stops and the collapse
proceeds adiabatically. This leads to a rise in temperature and a corresponding
increase in the Jeans mass to match the actual mass of the fragments. At this
stage, the contraction stops and the fragments, now referred to as clumps, achieve

hydrostatic equilibrium. These clumps will eventually form stars.

As these prestellar cores become gravitationally unstable, they undergo collapse
and form an opaque hydrostatic core (Fig. 1.1.1b). The collapse transforms
gravitational energy into radiation, which heats the surrounding envelope, causing
a protostar to emerge (Fig. 1.1.1c). This process can create one or several
young stellar objects (YSOs), which are encircled by collapsing envelopes and

circumstellar discs where planets might eventually form.

During the protostellar phase, the protostar accretes mass from the surrounding
collapsing envelope. As this material converges inward, the temperature and
density increase progressively towards the core due to the heat generated by the
growing star. To conserve angular momentum, a fraction of the infalling material
extends outward into a flattened disc. This circumstellar disc functions as an
intermediary, directing material towards the star while simultaneously dissipating
some of the angular momentum. Observations indicate that this accretion phase is

consistently paired with strong bipolar outflows and jets (Fig. 1.1.1¢), which help
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to remove additional angular momentum from the infalling material (
).
The system keeps accreeting mass from the envelope as it evolves. Once the
envelope disperses, we are left with a pre-main sequence star, sufficiently hot to
initiate fusion, and a Keplerian disc surrounding it, known as a protoplanetary disc
(Fig. 1.1.1d). The protoplanetary disc phase lasts for approximately 1-10 million
years, based on disc occurrence rates in stellar clusters with known median ages
( , ). During this period, the disc material is accreted onto the star,
onto planets, and is dispersed through interactions with stellar photo-evaporative
winds ( : ). What remains is a young planetary system
that can continue evolving for hundreds of millions of years due to collisions

between the remaining planets and planetesimals (Fig. 1.1.1e).

As free-fall collapse stops, the core of the clump attains equilibrium initially, with
the surrounding gas continuing to accrete onto the core. At this stage, the clump
is considered a protostar. Prior to this, the temperature was extremely low and
the density was exceedingly high, leading to hydrogen being present as molecules
and an active cooling process. This phase concludes when Hs is broken down and

the majority of the hydrogen becomes ionized.

1.2 Chemistry during star formation

The role of chemistry in star formation and stellar evolution is of great importance
to understand the intricate processes that govern the formation and evolution of
celestial bodies ( ) ). From the dense molecular clouds
that give birth to stars to the complex chemical environments of circumstellar
and protoplanetary discs, chemistry provides critical insights into the physical

conditions and evolutionary pathways of astronomical objects.

As mentioned in Section 1.1, star formation begins in molecular clouds, these
stellar nurseries undergo specific processes to form stars inside, and one of these
processes is cooling. One of the main cooling mechanisms in clouds is line radiation
from molecules, being CO the dominant coolant within these regions (

, ), which is the second most abundant molecule in these clouds,
and an efficient coolant due to its rotational transitions that emit at millimeter

and submillimeter wavelengths, allowing it to radiate away thermal energy and
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cool the cloud.

In addition to simple diatomic molecules such as CO and Hs, star forming regions
(SFRs) are also rich in complex organic molecules (COMs). These molecules,
including methanol (CH30H) and formaldehyde (HyCO), are typically formed on
the surfaces of dust grains. Dust grains act as catalysts for chemical reactions,
where atoms and simple molecules adsorb onto their surfaces, undergo chemical
reactions, and then desorb back into the gas phase either thermally or through
non-thermal processes such as photodesorption ( , ). These COMs
are not just passive tracers of physical conditions, but can significantly influence
the star formation process. They can affect the chemistry of the gas, alter the
ionization fraction, and participate in the cooling processes. Furthermore, COMs
can be incorporated into the material that forms protoplanetary discs, influencing

the initial chemical composition of emerging planetary systems (
, 2009).

In general, chemistry in star-forming regions has profound implications for the
formation of protoplanetary discs and, consequently, planetary systems (

, ). As the molecular cloud collapses and forms a protostar, the
surrounding material flattens into a rotating disc. The chemical composition
of this disc is initially determined by the molecular cloud from which it formed.
The incorporation of COMs into the disc can lead to the formation of prebiotic

molecules and potentially, the building blocks of life ( , , ;
, ).

The different evolutionary stages during star formation are characterized by
different density, temperature, and radiation profiles, as well as unique chemical
compositions. This allows us to recognize different processes or star formation
phases using different observable molecules when studying molecules lines. This
information offers invaluable insights into the different processes related to stellar

evolution and the formation of planetary systems.

Fig. 1.2.1 offers an explanatory view of the advantages of understanding
the distinctive molecules used to characterize different structures or phases
related to stellar evolution, i.e., it illustrates emission patterns for six commonly
employed molecules to study cloud structures (HCN), PDRs (CoH), prestellar

cores (Nj;), protostellar outflows (Hy0), protostellar cores (complex organics),
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Figure 1.2.1: Illustrations of characteristic chemical structures associated with
the different stages and scales of star and planet formation.
Source: ( )

and protoplanetary discs (HoCO) ( : ).

1.3 Protoplanetary/Circumstellar discs

Since their first discovery in the Orion Nebula ( : )
circumstellar and protoplanetary discs have raised substantial interest from
astronomers because of their essential role in the processes of star and planet

formation.

The origin of protoplanetary and circumstellar discs is the remnant of the star
formation process, being a natural consequence of the conservation of angular
momentum, a process well documented in both observational and theoretical
studies ( , : , ). The initial collapse within
the hosting molecular cloud leads to the creation of a rotating dust- and gas-
rich disc around many pre-main-sequence stars ( , ). The term
"protoplanetary" is adopted because these objects are the formation sites of
planetary systems ( , ). These discs act as an accretion
reservoir, providing the raw material onto the growing star and regulating its

mass growth.

The significance of protoplanetary discs extends beyond stellar growth. They
are the birthplaces of planets, as solid particles within the disc collide and stick

together, gradually forming planetesimals and, eventually, planets ( )
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Figure 1.3.1: A vertical cross-section of a protoplanetary disc similar to the DM
Tau system, determined using the ANDES thermochemical disc model (
, ). (Left) Depicts the radial and vertical distribution of dust temperature
(in Kelvin). (Middle) Shows the radial and vertical distribution of gas temperature
(in Kelvin). It is notable that gas temperatures are significantly higher than dust
temperatures in the disc’s surface layers. (Right) [llustrates the radial and vertical
distribution of gas particle density (in cm™2).
Source: ( )

). The properties of the disc, such as its mass, temperature distribution, and
chemical composition, directly influence the types of planet that can form and
their potential habitability.

Protoplanetary and circumstellar discs are crucial in the context of stellar evolution,
as they regulate the mass accretion onto the protostar and determine the final
mass of the star. These discs also play a vital role in the formation of planetary
systems. The processes within the disc, such as dust coagulation, planetesimal
formation, and planetary embryo growth, set the stage for the eventual formation
of planets ( , ; , ). Understanding these discs allows
astronomers to infer the conditions that lead to the formation of different types of

planet, from terrestrial rocky planets to gas giants ( , ;
, 2023).

Protoplanetary discs show varied shapes and complex structures. Their
temperatures span from 10 K up to 10000 K, and they feature high densities
(e.g., 10" cm™?) down to interstellar medium-like conditions (< 10*cm™2). These
general conditions lead to a range of different chemical properties. The structure
is marked by both radial and vertical gradients in temperature and density (refer
to Fig. 1.3.1).

From the outermost parts of a disc to its most heavily shielded interiors, we

observe varying chemical conditions. Radiation can reach the upper regions
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Figure 1.3.2: Diagram representing the structure and spatial dimensions of a
protoplanetary disc. Note that the radial scale on the x-axis is nonlinear. The
top of the diagram indicates the techniques capable of spatially resolving different
scales, while the bottom shows the types of emissions originating from various
disc regions.

Source: Dullemond and Monnier (2010)

of discs, facilitating complex molecular interactions, while in the well-shielded
interiors the temperatures drop so significantly that molecules freeze out. The
discs are also characterized by the evolution of dust particles, starting from
microscopic grains that grow into pebbles and ultimately form planets. This
progression significantly influences the disc’s physical structure and consequently

its chemistry.

Generally, a protoplanetary disc can be divided into two main regions: inner and
outer disc. Fig. 1.3.2 shows a representation of the different structures present

inside a protoplanetary disc.

1.3.1 Inner and outer disc chemistry

The inner disc, located within a few astronomical units (AU) of the central star,
is characterized by extreme physical conditions. Typically, temperatures in this
region exceed 10° K, and densities can surpass 1012 em™ (Najita ot al., 2007;
Henning and Semenov, 2013). This high-energy environment is situated interior to

the water snowline, where volatiles are entirely in the gas phase due to sublimation
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and short chemical timescales reset the chemistry (

Y )'

The abundance of gas-phase species, coupled with the intense radiation from the
central star, creates an ideal environment for the formation of complex chemical
compounds. Observational evidence from infrared (IR) spectroscopy has confirmed
the presence of various gas-phase species, including inorganic neutrals such as
H,, OH, H,O, CO, and isotopologues like *CO, C!¥0, and C'70O. Additionally,
small organic molecules like HCN and CyHs have been detected, along with sulfur-

bearing compounds such as HsS (
, )-

The chemical environment in the inner disc is further influenced by three-body,

Y Y Y )

endothermic, and high energy barrier reactions, which are facilitated by the
elevated temperatures and densities. These reactions, along with continuous
material transport from the outer disc and strong irradiation fields, may prevent
the inner disc chemistry from reaching equilibrium (e.g., , ).
Chemical models predict the presence of N-bearing molecules (e.g., NHz, HCN)
and hydrocarbons (e.g., CHy, CoHs) in this region, highlighting the importance of
gas-phase chemistry in shaping the molecular composition ( , ;
, 2002; , 2011).
Beyond the water snowline, extending to several hundred AU, lies the outer disc,
which is characterized by significantly lower temperatures, often reaching tens
of Kelvin, and reduced densities compared to the inner disc. The outer disc can
be subdivided into distinct vertical layers, each exhibiting unique physical and

chemical properties ( : ).

The disc midplane, the innermost layer, is a cold, dense, and largely chemically
inert region due to its effective shielding from ionizing radiation. Temperatures
in the midplane can drop below 20 K, and densities can range from 10° to 10®
cm 3, leading to the rapid freeze-out of molecules onto dust grains (

, ). The freeze-out timescales in this region are on the order of 10 to
1000 years, indicating that most molecules in the gas phase will condense onto
grain surfaces within a fraction of the disc’s lifetime. This process leads to the
formation of icy mantles on dust grains, which are then processed by cosmic rays,

driving further chemical evolution on grain surfaces.

Above the midplane is the warm molecular layer, where temperatures range
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between 30 and 70 K. This layer is partially shielded from ultraviolet (UV)
and X-ray radiation, allowing for a rich molecular chemistry driven by neutral-
neutral and ion-molecule gas-phase reactions, in conjunction with grain surface
chemistry ( , ; , ). In this region, CO remains
in the gas phase, protected from freeze-out, whereas water and other volatiles
are predominantly frozen onto dust grains. The resulting gas-phase chemistry is
carbon-rich due to the high C/O ratios, with photodesorption processes playing

a significant role in maintaining the molecular gas phase in less opaque regions
( ) ) Y )'

The outermost layer of the disc, the surface layer, is exposed to strong stellar UV
radiation and the interstellar radiation field. This region is characterized by low
densities and moderately high temperatures, which foster a photon-dominated
region (PDR) where photochemistry is the dominant process ( ,

; , ). In these layers, molecules are subject to ionization
and dissociation, and ion-molecule reactions become prevalent. The chemistry in
the disc surface is highly dependent on the strength and shape of the radiation

field, leading to a diverse array of chemical products ( , ;
7 ).

The varying physical conditions within protoplanetary discs give rise to a complex
and diverse chemical environment (see Table 1.3.1), where processes such as
photochemistry, molecule-ion reactions, and gas-grain surface interactions play
crucial roles. Understanding these chemical processes is essential for elucidating
the mechanisms of planet formation and the initial conditions that determine the

composition of emerging planetary systems.

1.4 Computational Astrochemistry

Chemical models in astrophysics are indispensable tools for bridging the gap
between observable phenomena and the underlying physical processes that govern
the evolution of astronomical environments. By simulating chemical processes
under various astrophysical conditions, these models allow researchers to predict
the abundances of molecules and elements in different regions of space. This
predictive capability is crucial for a comprehensive understanding of the cosmic

environment, including the formation and evolution of stars, planets, and other
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Table 1.3.1: Chemical reactions active in discs

Process Example Midplane Molecular Atmosphere Inner
layer zone
r>20AU r>20AU r > 20 AU r <20 AU

Bond formation

Radiative association ~ C* + Hy — CHF + hv X X X X
Surface formation H + H|lgr — Hy + gr X X 0 0
Three-body H+H+H—-Hy, + H 0 0 0 X
Bond destruction
Photodissociation CO+hvr—-C+ 0O 0 X X X
Dissociation by CRP Hy + CRP—-H+H X X 0 0
Dissociation by X-rays — 0 X X X
Dissociative H;0" + e~ — H,O + H X X X X
recombination
Bond restructuring
Neutral-neutral O + CH3z — H,CO + H X X 0 X
Ton-molecule Hi + CO — HCO* + Hy X X X X
Charge transfer Het + H,O — He + H,OF X X X X
Unchanged bond
Photoionization C+hy—=Ct e 0 X X X
Tonization by CRP C+ CRP - CT + e X X 0 0
Ionization by X-rays — 0 X X X
Source: ( )

celestial bodies.

The integration of chemical models with hydrodynamic and radiative transfer
simulations is particularly vital for exploring complex interactions between
chemistry and physics, such as thermal processes, i.e. cooling and heating, dust-
grain chemistry, and radiation-matter interactions ( , : ,

). In star-forming regions, where gas dynamics and chemistry are intricately
linked, these models play a significant role in understanding the mechanisms

behind star and planet formation.

Modeling the chemical evolution within circumstellar and protoplanetary discs
requires solving complex networks of chemical reactions that include both gas-
phase interactions and processes involving dust grains. These models must account
for the diverse physical conditions present in these environments (see Section 1.3),
such as temperature gradients, density variations, and intense radiation fields,
to accurately simulate chemical evolution. A key challenge is achieving a proper

balance between computational efficiency and the accuracy of these models.

An accurate treatment for the evolution of a system would require on-the-fly
(OTF) non-equilibrium chemistry calculations in hydrodynamics simulations,
where chemical evolution is integrated directly within hydrodynamic simulations.

This method ensures a self-consistent evolution of both the physical and chemical
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Figure 1.4.1: Sketch of the complex interplay between microphysics and
chemistry.
Source: (Bovino et al., 2019)

properties of the system, as chemical processes are calculated simultaneously with
the hydrodynamic equations. OTF chemistry provides a detailed and accurate
representation of the interactions between physical and chemical processes (see
Fig. 1.4.1), making it ideal for studying environments where these interactions
are strongly coupled, such as in star-forming regions or the dense midplanes of
protoplanetary discs. Many efforts have been made in the last decades to properly
include non-equilibrium chemistry in simulations, accounting from simple models
to trace specific species (Gnedin et al.; 2009; Christensen et al., 2012; Tomassetti
et al., 2015; Katz et al., 2017; Pallottini et al., 2017; Lupi et al., 2018; Nickerson
ot al., 2018) to more complex ones even including metal elements (Glover ot al|
2010; Hu et al., 2016; Richings and Schaye, 2016; Capelo et al., 2018; Lupi et al.,
2020; Lupi and Bovino, 2020).

However, the inclusion of complex chemical networks in three-dimensional
simulations demands significant computational resources. The computational
expense arises from the need to solve coupled ordinary differential equations
(ODEs) for chemical reactions at each time step, which must account for the
formation and destruction of various species (see CGrassi et al., 2014; Bovino et al.,
2019). If in addition one wants to account for the thermal evolution of the system

coupled to chemistry, one needs to account for the rate of temperature change in
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time:

ar -1

W s D) = AT (1.4.1)

with I'(T', n) and A(T,n) the cooling and heating functions in terms of temperature
(T') and the vector that contains the abundances of all species (1), the dimensionless
adiabatic index =y (see , ), and kp the Boltzmann constant. This
makes the task of including chemistry in numerical simulations highly demanding,

often requiring sophisticated and computationally intensive numerical solvers
( , 2010).

To overcome the computational challenges associated with OTF chemistry, post-
processing techniques have been developed as a more efficient alternative. This
approach is based on the integration of the chemical equations over the extracted
properties of a standard simulation, i.e. without OTF chemistry (see, e.g.

, ). This method allows for detailed chemical analysis of
specific regions within the disc without the computational demands of OTF

chemistry.

The primary advantage of post-processing techniques is their computational
efficiency. By decoupling chemical calculations from hydrodynamic simulations,
researchers can apply more complex chemical networks and study a broader
range of conditions without being limited by the computational demands of
OTF chemistry. This approach is particularly beneficial when studying large-
scale systems or focusing on specific regions such as circumstellar discs, where
different regions may exhibit vastly different chemical behaviors due to variations
in temperature, density, and radiation. Furthermore, post-processing offers greater
flexibility in the choice of chemical networks and reaction rates, which can be
adjusted or refined based on the objectives of the study and the general properties

of the base simulation ( ) ; ) ;
, 2020).

However, post-processing techniques are not without limitations. One of the key
challenges is the potential loss of accuracy in scenarios where the chemistry strongly
influences the physical conditions of the system, such as in temperature-dependent

simulations. In such cases, the decoupling of chemical and hydrodynamic processes
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may lead to discrepancies between the simulated and actual conditions within
the disc. Nonetheless, for many applications, particularly those involving large
chemical networks or studies focused on specific chemical processes, the benefits

of post-processing outweigh these limitations ( ) ).
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Chapter 2

Methods

This chapter aims to provide an overview of the methodology employed in this
study to investigate the theoretical aspects of chemical complexity in numerical
simulations through post-processing techniques. We have taken the approach
of combining advanced computational techniques with astrophysical models
that simulate conditions within interstellar clouds to model chemistry in these
environments. Our aim is to gain insight into the chemical intricacies of the

star-formation process and circumstellar disc evolution.

We begin by describing the post-processing techniques that have been applied to
the simulation data. This includes an overview of the foundational framework we
use, an explanation of the modifications and considerations we have implemented,

and a detailed explanation of how this technique operates at the code level.

Next, we provide some details about the heart of our work, which is the
astrochemical package KROME. This section aims to provide an overview of
the software architecture of KROME, the types of solvers it includes, how it evolves
chemistry through rate equations, and the processes that can be incorporated into

chemical networks.

In addition, this chapter introduces the reference model presented in ( ),
which we use as a foundation for the incorporation of chemistry. We begin by
taking a look at the calculations presented in the study, the general considerations,
and initial conditions. We then proceed to explain the data extracted from this
work, with a particular focus on the physical conditions and characteristics of the

selected subregion.
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2.1 Chemical Post-Processing

Since the initial detection of molecules in the interstellar medium (ISM), there
has been a significant increase of interest in astrochemistry. Currently, it is
widely recognized that a comprehensive understanding of astrophysical phenomena
requires an understanding of the chemical structure and evolution of any given
system. However, incorporating self-consistent chemical evolution into theoretical
models to better constrain processes in astronomical environments is a highly
challenging task. Chemical reactions occur on very short time scales compared
to other dynamic processes, they are strongly influenced by local properties such
as density, temperature, and radiation flux, and can in turn also affect these

quantities.

From a numerical perspective, accurately modeling the evolution of any system as a
whole would require OTF, non-equilibrium chemistry in hydrodynamic simulations.
Although this is feasible on galactic scales, the complexity of chemistry grows
exponentially when simulating the smaller scales typical of prestellar cores and
protoplanetary discs. During the initial stages of star formation, prestellar cores are
distinguished by exceedingly high densities (ny, = 10* cm™2) and low temperatures
(T < 20 K), with a well-defined chemical structure determined by characteristic
chains of chemical reactions ( , ; ,

). These conditions facilitate the adsorption of heavy species on the surfaces
of dust grains, a process known as freeze-out ( , , ;

, ), by leading to numerous gas-grain interactions and surface reactions,
further increasing the chemical complexity of the said systems ( ,

). Consequently, the number of reactions in chemical networks expands

exponentially, making OTF calculations a highly expensive process.

In order to gain insight into the features and chemical complexities observed in
star-forming regions, it is essential to include gas-grain interactions and surface
chemistry in our models. A common approach is to construct low-dimensional
models to qualitatively explore the different formation pathways of interstellar
complex organic molecules or to perform sensitivity studies by mapping a large
parameter space. However, to date, there have been no studies that have
consistently followed the formation of COMs in three-dimensional simulations.

In contrast, most available studies employ a post-processing approach, in which
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the raw output of simulations is integrated with a non-equilibrium chemistry
solver ( , : , ). This method involves selecting
a subset of resolution elements (particles) from standard simulations, which are
performed without OTF chemistry, and subsequently integrating the chemical
equations based on the pre-determined dynamical history of these particles. This
approach allows researchers to investigate the influence of the physical parameters
in different chemical networks on the evolution of specific tracers without the

complications of doing it OTF.

In this study, we will employ the post-processing methodology outlined in

( ), which uses the chemical simulation package KROME to
derive chemical abundances from a standard hydrodynamic simulation. The
objective is to adapt and enhance this approach to meet our specific research
needs, particularly by modifying the routines to accommodate Smoothed Particle

Hydrodynamics simulation data from ( ).

2.1.1 Base Framework

The post-processing method presented in ( ) operates
under the assumption that chemistry does not significantly influence the dynamical
evolution of the system. This assumption holds under the isothermal condition
considered in their work. However, if the isothermal condition is relaxed, OTF
chemistry with at least a minimal network is necessary to track the thermal

evolution of the gas (e.g., , ).

The process begins with a standard magneto-hydrodynamic (MHD) simulation
of the system, excluding chemical interactions. Outputs from this simulation
are collected, storing the history of the system’s dynamical properties. From
this initial dataset, a random subset of particles (N’ = foat!V) is selected, where
fpart < 1 1is a user-defined parameter representing the fraction of particles to be

extracted.

Chemistry is then evolved for this subset (N') using the KROME package. A
coarse integration time step (At = mAty) is used, where (Aty) is the time interval
between snapshots, and m > 1. During each integration step, the density of the
particles is kept constant at the value obtained from the evolution history of the

particle at the beginning of the step.
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Figure 2.1.1: Schematic flowchart of the base post-processing method showing
the different steps and filters to include chemistry in MHD simulations.
Source: [errada-Chamorro et al. (2021)

After evolving the chemistry for the (N’) subset, species abundances for the
remaining (1 — fyat) particles in the simulation are estimated. This is done by
binning the post-processed particle subset based on density. For each non-evolved
particle, the corresponding density bin is identified, and the spatially closest
evolved particle in that bin is found. The species abundances from this evolved

particle are then assigned to the target particle.

Fig. 2.1.1 shows a summarized scheme of the post-processing method.

2.1.2 Extraction of a sub-region from 3D simulations

In our case, we are employing a simplified version of the presented framework
because we already possess a small subset of particles extracted from the original
simulation for analysis. Therefore, we no longer need to consider the fraction of
particles for our runs or implement an interpolation scheme for the chemistry
of the remaining particles; this adaptation will allow the effective analysis
and interpretation of the chemical evolution within this targeted astrophysical
environment, thereby providing detailed insights into its dynamics and the interplay

of chemical processes.

The selection of particles belonging to the subregion of interest is performed at the
end of the calculation (Bate; 2019), ensuring that our region only comprises gas

particles that have evolved up to the final step of the calculation. This removes
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the concern of gas particles transitioning into sink particles or any loss of data.
Our post-processing routines now exclusively focus on introducing chemistry into
the data, focusing on the evolution of chemical species specified in the user-defined
chemical network. This procedure is explained here and also summarized in Fig.
2.1.2:

e We begin by extracting crucial properties necessary to evolve the chemistry
of each sampled particle from the data set. These properties encompass the
total gas density pgas, gas temperature 7g,s, dust temperature Tj,s, the total
extinction A, and the snapshots time, all measured in CGS units. To ensure
comprehensive analysis, we capture these parameters in all snapshots within
the data set and meticulously store them in separate binary files. This
systematic approach facilitates efficient data management and processing,
laying the groundwork for applying chemical evolution routines to our

selected particle sample;

e once the essential properties have been extracted from the dataset, the next
step is to initialize the species abundances for each particle based on the
values provided in Tab. 2.4.3. This table lists the initial abundances of
various chemical species, which are essential to set the starting point of
the chemical evolution in the simulations. By applying these initial values
uniformly across the particle sample, a consistent baseline is established
to track and analyze the evolution of chemical species over time. This
initialization process ensures that our simulations start with accurate and
predefined conditions, thus enabling robust investigations into the chemical

dynamics within the studied astrophysical environment;

e subsequently, the chemical abundances for the particle set are evolved using
the KROME package. Following the same procedure as in

( ) assuming a coarse integration time step At = mAty. At each

step, the particle density is kept constant at the value obtained from its

evolutionary history at the beginning of the time-step;

e finally, the abundance values are stored at the end of each time step in
a new output file, which contains all the species mass fractions. These
stored abundances serve as the initial values for the subsequent time

step. Repetition of this procedure for each time step allows the chemical
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Figure 2.1.2: Post-process flowchart for our case following scheme presented.

abundances of the set of particles to evolve over time. Ultimately, this
methodology allows us to generate new snapshot files for the simulation,
which are now enriched with the abundances of network species from
the chemical evolution simulations. The updated snapshot files provide
a comprehensive view of the chemical evolution within the simulated
astrophysical environment, facilitating detailed analysis and comparison

with observational data or theoretical predictions.

2.2 The KROME Package

To incorporate complex chemistry into our post-processing framework, we used the
non-equilibrium chemistry code KROME, an open source, GNU-licensed package
designed to integrate microphysical processes into a wide spectrum of numerical
models (Grassi et al, 2014). KROME’s primary functionality lies in its ability to
process a user-defined chemical network, formatted in a CSV-like structure, and
subsequently generate the necessary subroutines to solve the associated chemical
rate equations. This feature allows for flexible and accurate simulation of chemical

reactions within astrophysical environments.

The KROME package includes a Python-based preprocessor that automatically
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generates a FORTRAN framework to address the chemical rate equations, which
are treated as a system of coupled ordinary differential equations (ODEs). This
framework is particularly efficient at modeling the time-dependent evolution of
both chemical abundances and thermal properties within a system. This flexibility
is crucial for simulating the complex interplay between chemical and physical

processes.

One of the significant advantages of KROME is its support for the inclusion of
various thermal and chemical processes relevant to astrochemistry. These processes
include cooling mechanisms involving endothermic reactions, radiative cooling of
molecules and atoms, and heating processes due to photochemical reactions and
exothermic chemical reactions (see Tab. 2.2.1). Furthermore, KROME provides a
comprehensive dust grain model that accounts for the formation and destruction of
grains, as well as the catalytic formation of molecular hydrogen on grain surfaces.
The pre-processor facilitates the seamless integration of these processes into other

simulation codes or post-processing frameworks.

KROME’s computational core utilizes the high-order solver DLSODES ( ,

), which is well suited for handling the sparse matrices characteristic of
chemical networks in astrophysical simulations. DLSODES offers both accuracy
and efficiency, often outperforming other solvers in terms of computational
performance and reliability. This makes it an ideal choice for simulations that
require precise modeling of complex chemical networks under different astrophysical

conditions.

By integrating KROME into our post-processing framework, we exploit a
powerful tool set to simulate the complex and dynamic processes that govern
chemical evolution in astrophysical environments. The flexibility, accuracy, and
computational efficiency provided by KROME significantly enhance our ability to
model the intricate interplay of microphysical processes within molecular clouds,
star-forming regions, and circumstellar discs. This capability is essential for
advancing our understanding of the chemical complexity that arises in these

environments and for improving the predictive power of our numerical simulations.
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Table 2.2.1: List of the main processes for different environments. Note that
this list is indicative and may depend on parameters other than temperature and
density such as metallicity.

T(K) n(cm™3)  processes
HIM >3 x10° ~0.004 atomic cooling
HII 104 0.3 —10*  atomic and metal cooling, photoheating
WNM ~5x10% 0.6 atomic and metal cooling, CR, photoheating, dust sputtering
CNM ~ 100 30 metal and Hy cooling, dust growth
diff Hy ~ 50 ~ 100 Hs and metal cooling
dense Hy 10 — 50 1—108 CR and photoionisation/dissociation, Hy and HD cooling, dust growth
cold dense <102 10 — 10"  dust cooling, photoheating, chemical heating
warm collapsing ~ 10° > 101 chemical cooling, Hy cooling, chemical heating, CIE

Source: ( )

2.2.1 Rate Equations

The chemical evolution of species within KROME is governed by a system of
ordinary differential equations (ODESs), representing a Cauchy problem where
the solution is uniquely determined by the initial conditions of the system. The

general form of the ODE for the number density of the ith species is:

Cgf => Ak T =3 | & I ) (2.2.1)

JEF; reR; jeD; reR;

Here, F; represents the set of reactions that form the ith species, while D;
represents the reactions that destroy it. The jth reaction has a set of reactants
(R;), and the number density of each reactant at time ¢ for the jth reaction is
n,(j). The reaction rate coefficient (k;), which has units of cm3™~1) s71 with
n the number of reactants in the jth reaction, is typically a function of the
gas temperature, but can also depend on other parameters (e.g. the number
densities of the reactants). Each species has an initial number density n;(t = 0),
and KROME’s aim is to find a solution after a given time interval At to obtain
the updated set of number densities n;(t = At). The precise modeling of these
rate equations within KROME ensures an accurate representation of the chemical

dynamics within our astrophysical simulations.

2.2.2 Photoionization and Photodissociation

KROME incorporates photoionization and photodissociation processes in the

following forms:
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A+hy—> AT +e

A+hy—-B+C (2.2.2)
using a framework based on previous work by ( ) and
( ). The photoionization rate (in units of s™') is expressed as
“I(E)o(FE
Ry = 4n / HUE)(E) —rorg g (2.2.3)
E, E

where F is the ionization potential, I(E) is the energy distribution of the impinging
photon flux, o(FE) is the cross-section, and 7(F) is the optical depth of the gas.
The term E' is the energy in standard units of eV. This formulation allows for
the accurate calculation of photoionization and photodissociation rates, which are
crucial for modeling the chemical evolution of astrophysical environments exposed

to high-energy radiation.

2.2.3 Cosmic-rays Processes

Cosmic-ray (CR) ionization and dissociation processes are another critical

component modeled by KROME. The rate of CR-induced reactions in the form:

A+CR—=>A"+e +CR

A+CR—B+C+CR, (2.2.4)

is modeled using the rate approximation:

ker = ag (2.2.5)

in units of s™! where () represents the molecular hydrogen ionization rate and «
is the value of the reaction rate at T = 300 K.
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2.2.4 Dust

KROME offers versatile methods for treating dust grains, including size-binned
approaches and size-independent gas-dust reactions. For our study we use
the solver-friendly freeze-out/evaporation method'. This method simplifies the
modeling of dust-related processes by avoiding the need for explicit size binning,
allowing the integration of gas-like reactions into the chemical network (detailed
method in §2.4.2).

2.3 Reference Model

This study builds on the base model introduced in ( ), more specifically the
solar metallicity case. While detailed calculations and parameters are extensively

documented therein, we provide a concise overview here for clarity.

The model comprises four radiation-hydrodynamical simulations investigating the
formation of star clusters subsequent to the collapse of a molecular cloud. Each
simulation explores different environments, with metallicity values ranging from
1/100, 1/10, 1, to 3 times solar metallicity. These simulations were conducted
using a modified version of the smoothed particle hydrodynamics (SPH) code
SPHNG ( , ; , ), integrating methodologies from (
, 2006).

The gravitational forces between the particles are calculated using a binary tree.
The adaptive smoothing lengths are determined by the particle mass and density

13 where m and p are the mass and

relationship, which is given by h = 1.2(m/p)
density of the SPH particle, respectively (see , ). This
ensures that the appropriate neighbor counts are maintained in regions of variable

density.

In order to integrate the equations of motion, a second-order Runge-Kutta-
Fehlberg method ( , ) is employed, which strikes a balance between
accuracy and computational efficiency. Furthermore, individual particle time-steps
serve to improve efficiency by enabling independent evolution in regions that

are dynamically diverse ( , ). Furthermore, the incorporation of

https://bitbucket.org/tgrassi/krome/wiki/dust bins
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artificial viscosity, parameterized with variable coefficients, o, varying between

0.1 and 1 while 3, = 2, (see , ).

This comprehensive SPH framework enables robust and efficient simulations of
intricate astrophysical phenomena, thereby contributing to deeper insights into

star cluster formation within varying metallicity environments.

Fig. 2.3.1 shows a complete view of the solar metallicity case that we are using

for this study.

o
log column density
[g/cm?]

L=
w
log < Tgas >

Figure 2.3.1: Column density and temperature snapshots at three different
times (¢t = 0.80,1.00,1.20 tg ) for the calculation with solar metallicity. From top
to bottom, the rows give column density and the mass-weighted gas temperature,
dust temperature, and protostellar radiation temperature. The colour scales
are logarithmic. The column density scale covers 0.03 — 30 g cm™3, and the
temperature scales cover 5 — 100 K. The stars are plotted using white circles.
Source: ( )
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2.3.1 Radiative transfer and diffuse ISM model

The primary distinction between this model and those previously developed by M.
Bate (e.g., , ) lies in the use of a novel radiative transfer and diffuse ISM

method introduced by (2015) for the handling of thermodynamics.

This innovative method integrates two distinct models: the flux-limited diffusion
radiative transfer technique described by ( ) and
( ), along with a diffuse ISM model similar to that of

( ), but using a simplified chemical model. This integration is crucial

for accurately modeling the thermal evolution of the interstellar medium (ISM).

Consequently, the model incorporates separate temperature treatments for gas,

dust, and radiation fields.

The gas component encompasses various heating and cooling mechanisms. Heating

mechanisms include:
e Cosmic ray heating through direct collisions with gas particles.

e Indirect gas heating via photoelectric emission of hot electrons from dust

grains, stimulated by photons from the interstellar radiation field (ISRF).
e Heating through the formation of molecular hydrogen in dust grains.
The cooling mechanisms for the gas include:
e Electron recombination.
e Fine-structure cooling of atomic oxygen and carbon.
e Molecular line cooling.

The dust temperature is determined by assuming that the dust is in local
thermodynamic equilibrium with the total radiation field, which also accounts
for the collisional exchange of thermal energy between gas and dust. The dust-
gas collisional energy transfer rates used in the calculations are derived from

( ), as also used in ( ).

The chemical model used here specifically addresses the evolution of hydrogen
and carbon. The abundances of CT, neutral carbon, CO, and the depletion of CO
on dust grains are calculated using the framework proposed by

( ). For hydrogen, the model evolves the abundances of atomic and molecular
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hydrogen using the formation and dissociation rates of molecular hydrogen from
( ). Due to the absence of an explicit chemical model for oxygen,

the abundance of atomic oxygen is estimated assuming that it scales proportionally

to (1 — n(CO)/n(C)).

2.3.2 Initial conditions

The initial conditions for all four calculations are as follows: ( ) begin
with a uniform density spherical cloud of gas, having a radius of 0.404 pc and
containing 500 My, of gas. The initial density imposed is 1.2 x 107 gem™3
(hydrogen number density ng = 6 x 10 cm™2). The initial free-fall time of the
gas is tg = 1.90 x 10° years. Although the cloud initially has a uniform density,
an initial supersonic "turbulent" velocity field is imposed with an initial root-
mean-square Mach number M = 13.7 at 10 K, following the method of

( ) and ( ). The velocity field is a divergence-free random
Gaussian with a power spectrum P(k) oc k=%, where k is the wavenumber. This
is implemented on a 1282 uniform grid with particle velocities interpolated from

the grid.

For each calculation, the dust is initially in thermal equilibrium with the local
interstellar radiation field (ISRF), and the gas is in thermal equilibrium with
heating from the ISRF and cosmic rays, with cooling provided by atomic and
molecular line emission and collisional coupling with the dust. This results in
a range of initial temperatures for the gas and dust, with dust being warmest
on the outside of the cloud and coolest at the center. Specifically, for the case
selected with Z = Z, the dust temperature ranges from 7.1 K to 17K, and the
gas temperature ranges from 9.1 K to 9.8 K.

All clouds are modeled using 3.5 x 107 SPH particles, providing sufficient resolution
to resolve the local Jeans mass throughout the calculation, which is necessary to
correctly model fragmentation down to the opacity limit ( , ;

: ; : ; : ; , ).
Each calculation is run up to 1.20tg, tracking the hydrodynamic collapse of the

protostars formed during the simulations.
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2.3.3 Sink particles

In all calculations, the protostellar collapse is traced through to the second
collapse phase, which is induced by the dissociation of molecular hydrogen ( ,

). Sink particles (see , ) are introduced when the gas density
exceeds 107° gem ™. At this point, all SPH particles within an accretion radius,
Tace = 0.5 AU, of the densest particle are replaced by a single sink particle that
conserves the combined mass and momentum of the original particles. If an SPH
particle approaches within r,.., is gravitationally bound, and has a specific angular
momentum lower than that required for a circular orbit at 7., it is accreted by
the sink particle. This means that matter around the sinks can only be resolved
above approximately 1 AU diameter. The angular momentum of the accreted
particles is utilized to calculate the spin of the sink particles, although this spin
does not influence the overall dynamics of the simulation. The sink particles in
this model do not contribute to radiative feedback, which is a significant limitation
discussed in detail by ( ). Additionally, sink particles are programmed
to merge if they pass within 0.03 AU of each other, ensuring that close encounters

result in the formation of a single, larger sink particle.

2.4 Chemical Network

Our chemical network has been specifically designed to study relevant H — C — O
bearing species in physical conditions analogous to those present in nearby giant
molecular clouds (GMCs) including relevant surface reactions to explore the role

of dust inside the discs chemistry.

2.4.1 Gas-phase chemistry

To ensure the precision and reliability of our model, we adopt reaction rates similar
to those detailed in ( ) to explore gas phase reactions in our region.
These reactions include photodissociation and photoionization processes due to
UV photons emitted by stars, ionization and dissociation by direct collisions with
cosmic rays, bimolecular reactions (e.g., A + B — C 4 D), charge transfer reactions
(e.g., AT+B — A+ B"), associative detachment (e.g., A~ +B — AB+e7),
electron recombination and attachment (e.g., ABT™ + e~ — A 4+ B), and three-

body associations.
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2.4.2 Grains-related Chemistry

Furthermore, our network incorporates processes at the interface gas-dust occurring
on the surface to simulate the role of dust grains in these environments. This
inclusion is crucial for modeling regions close to circumstellar discs, where dust
surface chemistry significantly impacts the formation and evolution of molecular

species.

We included different solid-phase reactions into the network in order to simulate
different reactions in silicon-based (silicate) grains to model the dust component.
2.4.2.1 Adsorption onto dust grains

The freeze-out of particles into dust grains is computed following the model

presented in ( )

ki = ol fu9 (2.4.1)

here vi" = \/8kgT,/mm; is the thermal velocity of the ith specie in gas phase
with mass m;, kg the Boltzmann constant and 7} the gas temperature, S is the

sticking coefficient defined as

-1
S = (1 + A% 1072/Ty + Ty + 2 x 10757, + 8 x 10—6T5> (2.4.2)

and fy is a scaling factor that takes into account the grain size distribution

p+3 _ pt3
fd Pd . amax amin . p + 4

T 4/3p0 B — ot p+3

min

(2.4.3)

where pg is the total dust mass density, we consider dust grains to be silicates with
a typical specific density pp = 3gcem™ and a dust-to-gas mass ratio D = 0.01,
Qin = D X 1077 cm and @, = 2.5 X 107° cm are the boundaries of the dust size
distribution radii, assuming a power-law distribution, i.e. ¢(a) o< a? ( :

) with a p = —3.5 exponent.
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Table 2.4.1: T;, x values for the substrates bare grain.

Species  Tp x |[K]| | Species T}, x [K]

H 500 Ho 300
O 1700 OH 1360
6[0) 1100 HCO 1100
H,O 4800 O, 1250

COq 2300 HO, 4000
H,CO 1100 CH30 1100
CH;0H 1100 H504 6000
Os 2100

Source: ( )

2.4.2.2 Two-body reactions on dust grains

Species adsorbed onto dust grains can move around the dust grains surface, i.e.
thermal diffusion, and react with other species attached to the grains. These
reactions depend on the dust temperature and the diffusion energy (usually a
fraction of the binding energy) of the species to the grains, the binding energies
for the main species that go through adsorption/desorption processes are taken
from ( ) and reported in Tab. 2.4.1. Also, it is necessary
to account for reaction barriers, where if the reaction barrier is high enough, it
is necessary to consider tunneling effects. The probability of overcoming these

reaction barriers by quantum tunneling is given by

2
Preac = exXp (_% V eredkBEa) (244)

where a = 11&, h is the reduced Planck constant, m,..q is the reduced mass of
the reactants myeq = (m;m;)/(m; +m;), kp is Boltzmann constant and E, is the
activation energy of the barrier for the reaction to occur. The activation energies
for our framework were obtained from the Kinetic Database for Astrochemistry
(KiDA; , ) and reported in Tab. 2.4.2. Therefore, surface
reactions between species ¢+ and j are determined by the thermal hopping of the
molecules on the surface of grains, following the framework described in

( ) accounting for the dust grain size distribution
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Table 2.4.2: Surface two-body reactions present in the network and their
corresponding activation energies.

Reactants Products E, Reactants Products FE,
1lH+ LH — H 0 1H+ 10 — 1 OH 0
1 H+ LOH — 1 HyO 0 1L H+ 1L 0Oy — 1L HO, 1200
1LH+ L CO — L1 HCO 2500 || LH+ L HCO — 1 Hy,CO 0
1H+ LHCO — 1 CH30 2200 LO+ L O — 102 0
1L O+ LCO — 1 COy 1000 || L H + 1L CH30 — 1 CH30H 0
1H+ LCH — 1 CH, 0 1 H+ 1 CHy — 1 CHj; 0
1 O+ L CH; — 1 CH30 0 1 OH + LCHy — 1 CH30 0
1 OH+ L CH; — 1 CH30H 0 1C+1LO — 1 CO 0
1C+1H — L1 CH 0 1 H+ 1 HCO — L1 Hy+ LHCO| 1740
1 H+ 1 0Os — 1 OH+ L Oy 0 1H~+ 1 HO, — L OH+ 1L HyO | 1400
1 O+ L HO, — 1 Os+ L OH 0 1O+ _LHCO — 1LCO+ 1L H 0
1 OH + 1L H, — 1 H+1H,O |2100|| LOH+ LCO — 1COs+ L H 120
1 C+ 1L OH — 1L CO+ LH 0 1L C+ L Oy — 1 CO+ LO 0
1L H+ L H,O — 1 OH+ L H, 0 1L H+ 1 HO, — 1 OH+ 1L OH 0
1 H+ L HCO — 1 CO+ L Hy 0 1L H+ 1L COy — 1 CO+ L OH 0
1 0+ 1L OH — 10+ 1L H 0 10+ LH,CO — 1 COy+ L H, 0

Note: The notation L represents a species that is bound on the surface of a dust
grain.

2Ty, 2T,
2body byi b,j
ki =w {exp <—§Td> + exp (—gTdﬂ (2.4.5)
Ny, M,
R2edy _ 270 p - g2body 2.4.6
" NgMsites " (248)

with kf I;Ody the two-body diffusion rate coefficient of species on the surface of grains
assumed to occur with a barrier of 2/3 of the binding energies, where vy is the
harmonic oscillator frequency (typically 10'2s7!), B, x = kgTp x is the binding
?z‘)dy is the
s~!, and ngngies represents the total number of

energy of specie X on the grain site, and Ty is the dust temperature. R

two-body reaction rate in cm ™3
potential attachment sites on grain surfaces per cubic centimeter of space, defined

In our case as

Ja

NaNsites = 2
bp

(2.4.7)

where f; is the scaling factor presented in (2.4.3) and a,, is the typical separation
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between two adsorption sites on grain surfaces, assumed to be 3 A.

2.4.2.3 Thermal desorption

Species can also evaporate from dust grains back to the gas phase. For that we
employ a thermal desorption rate, which can be very effective in regions near the
stars and the surface of discs. This rate depends exponentially on the binding
energies of the species and the dust temperature. These binding energies differ
according to the species and type of substrate, as we are only considering bare
grain surfaces, we use the thermal desorption rate based on

( ) for fully bare dust grains

Th,
ket — g exp <— b ) (2.4.8)
Ty

with vy the harmonic oscillator frequency, Fy, x = kgTp x the binding energy of

specie X on the grain site, and 7y the dust temperature.

2.4.2.4 Cosmic ray desorption

Other type of desorption of elements from dust grains is cosmic ray induced
desorption. Cosmic ray processes are usually inefficient destruction mechanisms
in diffuse atmospheres, but can dominate destruction rates inside dense regions
like the midplane of circumstellar discs. To include them we use a non-thermal

cosmic ray induced desorption model following ( ) )

WO gdesth i qt JdT,]d T,

k_{ies,er _ 70K
' o [dt/dT)dT,

(2.4.9)

where k%' is given by (2.4.8) and the cooling time of grains as a function of
time ¢ is described by the function T(t).

By assuming that most of the cosmic ray induced desorption occurs near 70 K

(see : ) this expression simplifies to

kgles,cr _ f(70 K)/{Zfes’th(’?O K) (2410)

where f(70K) is the fraction of the time spent by grains in the vicinity of 70 K
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Table 2.4.3: Fiducial initial abundances

Species Mass Fraction
H, 7.11 x 1071
He 2.84 x 1071
Hy 3.84 x 1074

O 1.54 x 1073
CO 2.39 x 1073
X; 1070

* Rest of the other species initial abundance

Ccr —-19
FT0K) = (1.3 o ) 316 < 10 (2.4.11)

2.4.2.5 Resulting network

Taking all these considerations into account, our remaining chemical network
consists of a total of 364 reactions between 65 species that model the formation
and destruction of CO and H, and explore the formation processes of complex
molecules (e.g., CH30H, HyCO) in sites where physical conditions match those
found in nearby giant molecular clouds. To initialize this network, we assume a
fully molecular state of the initial cloud. Tab. 2.4.3 reports the fiducial initial

abundances used in the post-processing run.
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Chapter 3

Results

The following section presents the results obtained from the post-processing
analysis of the data. The main aim of this method is to integrate complex chemistry
into the simulations to further explore the impact of different environmental (e.g.,
temperature, density, extinction) factors on chemistry and to analyze how different

molecular species evolve in the discs.

The inclusion of post-processed chemistry allows for a deeper understanding of how
molecules form and react in the conditions modeled by the simulation, particularly

in the context of star-forming regions and inside circumstellar type 0/I discs.

Fig. 3.1.3 shows the different discs extracted from the last snapshot at ¢t = 1.20tg
using the extraction scheme presented in §3.1.1. At this time, we are dealing with

different types of discs and also hosted by different types of stellar systems.

3.1 The extracted region

In order to investigate the chemical processes in protostellar environments, we
selected a small portion of the original dataset (from the solar metallicity scenario
outlined in section 2.3). Fig. 3.1.1 presents an initial view of the extracted area
by displaying a map of the entire, then zooming in to the extracted region within
the raw data. The extraction process consists of identifying the region of interest
in the final snapshot, selecting all the particles within it, and extracting their IDs.
By tracking these particles throughout the entire snapshot set, we were able to

reconstruct the temporal evolution of the region and store the relevant data in a
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Figure 3.1.1: Surface density maps of the cloud and the selected region at the
end of the simulation (¢ = 1.20tg). Sink particles are plotted in the zoomed region
using white dots (the size of the sinks is not proportional to their properties). The
data is extracted from the raw outputs.

new file containing only the particles selected in the last snapshot. This method
ensured that no data are lost due to particles moving out of the region or sink

particles accreting gas particles.

This subregion covers approximately 1% of the total SPH particles and contains
27 sink particles (stars), resulting in an approximate mass of 30 M. Fig. 3.1.2
illustrates surface density, dust and gas temperature maps of the extracted
subregion from the last time step of the simulation (¢ = 1.20tg = 228kyrs),

with white dots representing stars.

Notably, several disc structures already formed within the selected region,

indicative of ongoing star formation. The selection of this subregion allows for



3.1. The extracted region 37
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Figure 3.1.2: Surface density map for the extracted sub-region at ¢t = 1.20 .
The surface density scale covers 0.3 — 3 x 10* gcm™=2. White dots represent stars.
Red dashed outlines indicate the locations of the discs formed in the region.

a detailed examination of the chemical complexity and dynamics in a controlled
environment, providing valuable insights into the interactions and evolution of

matter in a star-forming region.

3.1.1 discs

As previously discussed, various disc-shaped structures are formed in this specific
region. These structures are crucial for our study as we analyze the evolution of
chemistry in circumstellar discs. Therefore, it is essential to accurately extract

the disc particles to examine their properties. We follow a method similar to that

described by ( ).

Initially, we extract a 2000 AU spherical region around a selected sink particle.
If another sink particle is found within this region, we reduce the radius to the
distance of the closest sink and record the companion’s ID. With the selected
region defined, we calculate the instantaneous ballistic orbit of each SPH gas

particle inside it. Particles with an apastron less than 2000 AU and an eccentricity
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e < 0.3 are considered part of the disc. We then calculate the center of mass of
this distribution.

To differentiate the disc from the envelope, we exclude any circumstellar disc with
a mass less than 0.03 M, (i.e., < 2100 SPH particles) and size, defined by the
radius enclosing 63% of the total disc mass, larger than 300 AU. Additionally, we
exclude discs where the radius containing 63% of the disc’s mass is more than

three times the half-mass radius.

After this filtering procedure, we focus on the circum-multiple discs. After the
protostars and some part of their surrounding "circumstellar disc" have been
identified, we group these sinks as nodes, and we search for the pair of nodes that
have the lowest total energy (Ej + E,) that are also mutual nearest neighbors
(distance between sinks < 2000 AU). This pair is then grouped into a new node,
sinks information is removed from the nodes list, and a new node is created
containing their ID’s and their center of mass information. For our study, we
only consider single, binary, triple and quadruple systems at most, as high-order

systems are unstable.

The method for extracting the disc of a multiple system is similar to that for
extracting a circumstellar disc. SPH particles (and sink particles) are sorted
based on their distance from the node’s center of mass. Starting with the closest
particle, the particle is considered part of the circum-multiple disc if it has not
been assigned to any disc, and if its instantaneous ballistic orbit around the node
(calculated using its center of mass location and velocity) has an apastron distance
less than 2000 AU and an eccentricity (e < 0.3). If these criteria are met, the
particle’s mass is added to the circum-multiple disc of the node, and the node’s
total mass, as well as its center of mass position and velocity, are updated. This
process is repeated for the next SPH particle up to a distance of 2000 AU. If
a sink particle not belonging to the node is encountered, the disc extraction is

terminated.

Once the circum-multiple disc of the new node has been extracted, the process is
repeated for the list of active nodes until no pairs of nodes have negative total
energy and are mutual nearest neighbors. The final list of protostellar systems is
compiled by traversing the list of all nodes from the highest-order system to the

lowest, writing out data only for nodes containing four or fewer protostars and
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Figure 3.1.3: Face-on logarithmic surface density maps for all the circumstellar
disc-like structures formed at ¢ = 1.20¢g. The maps are sorted by mass of the
resultant circumstellar disc structure + sink(s) mass(es) (i.e., top-left map is the
most massive system and bottom-right map is the less massive.). The color scale
is logarithmic. White dots mark the sink particles position. Sink particles are
numbered in order of their formation.

whose components have not been previously documented (e.g., a triple system is
not documented if it is part of a quadruple system, and a binary system is not

documented if it is part of a triple or quadruple system).

Fig. 3.1.3 shows the extracted discs using the aforementioned method. These will
be our main area of interest, as these discs are the regions in which we will be
able to find a more diverse chemistry because of their varying physical conditions

(see Tab. 3.1.1 to see the general properties of the extracted discs).

3.1.2 Disc Characterization

Tab. 3.1.1 presents a list of the physical properties of each disc, where Mo, npar
and Teptentmazr are properties extracted after using the disc extraction method
discussed in the previous section, r. and X, are the characteristic radius and
surface density at r. obtained by fitting power-law radial surface density profiles.

This is often adapted by assuming a truncated power-law surface density profile

(e'g'7 ) ) ) )
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Table 3.1.1: Physical properties for the identified discs in the simulation.

Disc HOSting Slnk(S) Mtot Te Zc Npart Textent,max
Sink(s)  Age(s) (kyrs)  (Mo) (AU) (gem™2) (AU)
1 1,3 75.2, 70.1 6.623 13.84 2.80 x 10* 102590  334.495
2 6,7,5  44.7,42.4,44.8 3.273 51.76 2.85 x 10> 2473 418.551
3 2 71.3 1.807 24.98 5.36 x 10> 6025 499.715
4 13 21.2 0.941 15.10 2.16 x 10> 9936 621.068
) 10 20.8 0.686 23.84 8.28 x 10 8196 385.412
6 17 16.1 0.246 46.00 7.84 x 10! 3105 161.021

Note: r. and X, are characteristic properties calculated following the procedure
presented in §3.1.2.

S(r) = %, (TL) exp [— (Tﬁ) 2_7] , (3.1.1)

where 7. is the characteristic or cut-off radius of the disc and ~ is the power-law

radial density profile in the bulk of the disc (see , , for more information).

Eq. (3.1.1) only gives sensible profiles for v < 2, as for values greater than two the
profiles show a central cavity and flattens at large radii, hence the mass diverges.
For v = 2, the exponential term becomes unity, so the density profile becomes a

pure power law (and thus the disc mass never converges).

For v < 2, the characteristic radius, r., is interestingly always equal to the radius
containing a fraction (1 —1/e) of the total mass of the disc (i.e., 63.2% of the total
disc mass). Therefore, if the disc is well fitted by the equation, the characteristic
radius can be simply obtained by measuring the radius containing 63.2% of the
total disc mass. Even measuring this radius alone provides accurate results for
the characteristic radius, even for discs that have very different surface density

profiles, it will still give a robust measure for r..

This method is particularly effective for analyzing single systems, allowing us to
determine key characteristic properties of the discs. However, for circumbinary
discs and higher order systems (e.g., triple or quadruple systems) it is necessary
to account for additional interactions between the systems and the disc. In the
case of circumbinary discs it is essential to consider the continuous exchange of
angular momentum between the binary system and the surrounding disc. As the

binary system orbits with a period shorter than that of the material in the disc,
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it generates waves of positive angular momentum within the disc, transferring
both energy and angular momentum to it. This continuous transfer of angular
momentum causes the inner region of the disc to accelerate, making the material
migrates outwards. Consequently, a low-density region, called inner gap, forms

around the binary system.

To consider this inner gap region in the disc it is necessary to employ a modified
version of Equation (3.1.1) accounting for the cavity created by the binary-disc

interaction ( : )

2bin(r> = fgapE(r) (312)

with fgq, the gap function that characterizes the cavity created by the binary

interaction with the disc defined as

foap = {1 + exp (——T — Tgap)] _ (3.1.3)

0.1744p

with 744, the estimated size of the gap ( : ). Fig.
3.1.4 shows the best fit for each disc present in the last snapshot along with
their characteristic properties. We can see that the majority of the discs present
in the region are well fitted by this profile, and therefore we can extract their
characteristic properties by measuring the radius containing 63.2% of the total

disc mass'.

3.2 Analysis of physical properties in discs

For each disc, we decided to explore the vertical structure and the distribution
of each species and its dust component. The analysis of the physical structure
of the discs was performed using post-processed data from the simulations with
incorporated chemistry. Vertical structure maps were generated for key physical
parameters, i.e., gas density (p), gas temperature (Ty,s), dust temperature (Tgust),
and visual extinction (A, ), to highlight their distribution and gradients across the
discs. This will allow us to further explore possible interactions between these

properties and the chemistry happening inside the discs by comparing this with

IThe total mass of the extracted gas particles
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Figure 3.1.4: Radial surface density profile for each disc. Solid lines represent
the best fit using a non linear least squares model to fit the parameters (X, r. and
7). Red line represents the method used for binary systems (X;), while orange
line corresponds to the method applied to single sink systems and systems with
more than two stars (3;).

the vertical distribution of chemical species. Figures 3.2.1, 3.2.2 and 3.2.3 show

the physical structure of three different discs in the last stage of the simulation.

The gas density in the discs exhibits a gradient distribution that gradually decreases
towards the discs surface and the outer parts of the discs, with higher densities
near the midplane (z = 0 AU) reaching values up to 107! gecm™3 in the densest
region. This distribution is consistent with theoretical predictions of vertical

hydrostatic equilibrium in discs.

The high densities in the midplane play a significant role in shielding molecules
from ultraviolet (UV) radiation, facilitating complex chemical processes. The gas
and dust temperatures show different spatial distributions, decreasing radially.
Temperatures reach 10* K for gas and 10° K on dust in the hottest disc, near the
inner disc edge, where stellar radiation is more intense, and decrease towards
higher radii. A particular characteristic of these discs, especially the discs 3 and
6, is the lack of vertical stratification in their temperature distribution (both gas
and dust temperatures). This can be attributed to different factors. One point

to consider is the age of the discs (see Table 3.1.1), with ages less than 100, kyr.
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Figure 3.2.3: Disc 6 vertical structure at ¢ = 1.20t;; = 228 kyrs. The 2D mass
density (top-left), visual extinction (top-right), gas temperature (bottom-left),
and dust temperature (bottom-right) profiles are represented as a function of the
discs radius vs. height both in AU units. The logarithmic colorbar represents the
levels of the contour for each quantity, divided into 10 levels for each range.

At such early stages, the discs have not had sufficient time to develop significant
vertical stratification, a process that typically requires more time for denser,
heavier particles to settle towards the midplane and for temperature gradients
to become well-established. Another contributing factor could be insufficient
numerical resolution in the simulations (for discs 3 and 6 the number of particles
is notably lower in comparison to disc 1), which may artificially smooth vertical

gradients.

A, takes exceptionally high values (> 10°) close to the discs midplane, providing
strong shielding against external UV radiation. These values decrease with height
and highlight the transition to more exposed regions, where photodissociation

processes dominate.

3.2.1 Chemical properties of discs

We follow several important species such as water and some key precursors of
methanol (CH3OH), the smallest complex organic molecule. These are CO; HCO;
H;0; H,CO and CH30, which we explore in the gas phase. Figures 3.2.4, 3.2.5,
and 3.2.6 illustrate the gas-phase distribution of these species for the three discs

discussed above. The results highlight distinct chemical distributions discs at
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different stages of evolution, comparing the disc around the oldest stellar system
(disc 1) to younger ones (discs 3 and 6). Specifically, higher concentrations of
certain species are observed near the inner regions of the binary disc, whereas

younger single-stellar systems exhibit lower and more scattered distributions.

In the binary system disc (Fig. 3.2.4), H-bearing species are concentrated in the
inner regions near the disc midplane, in contrast, carbon monoxide (CO) exhibits
a nearly uniform vertical distribution in the upper layers, with its abundance
decreasing by 2 to 4 orders of magnitudes in the inner zones where temperatures
exceed 10°K. This distribution reflects the influence of the disc’s structural
dynamics, driven by the gravitational torque generated by the binary system at
its center, redistributing matter outward (see Fig. 3.2.1). Methanol (CH3OH) is
found in significant concentrations near the midplane in the innermost disc regions.
This is especially interesting due to the fact that, within the chosen chemical
network, gas-phase methanol is produced via the desorption process from dust
grains, and generally, the production of methanol in the gas phase is insufficient
to show fractional abundances exceeding 1079 ( , ). The high
abundance of this species within a warm disc, particularly concentrated toward
its center, where temperatures are high enough to desorb species from dust grains,
suggests that methanol predominantly forms in particles located far from the
star at early stages, before being transported inward to the warmer regions closer
to the star. Once entering the disc, methanol undergoes desorption from dust
grains, leading to the high concentrations observed. This desorption process is
more efficient near the disc’s center due to the elevated temperatures in this part
of the disc. In fact, if we look at the dust temperature distribution and compare
it with the methanol distribution, we see that both quantities share a similar
distribution shape in dense regions. Water (H20) also follows a similar pattern,
but peaks around 10 AU from the center, possibly following higher densities and
temperatures between 1000 — 10000 K. In contrast, formaldehyde (HoCO) exhibits

a more scattered distribution throughout this disc without a clear structure.

The massive single-star system hosting Disc 3 presents a different chemical
distribution inside the disc. Carbon monoxide (CO) is uniformly distributed
throughout the disc, while small concentrations of HCO, CH30, and CH3OH are
observed near the disc midplane. In particular, when comparing Fig. 3.2.5 with

Fig. 3.2.2, we find indications that these concentrations correspond to regions
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Figure 3.2.4: Disc 1 vertical distribution at ¢ = 1.20t;; = 228kyrs. The
2D distribution plots show: gas temperature, dust temperature, CO relative
abundance, HCO relative abundance, HyO relative abundance, HyCO relative
abundance, CH30 relative abundance, and CH3OH relative abundance profiles
that are represented as a function of the discs radius vs. height both in AU units.
The logarithmic colorbar represents the levels of the contour for each quantity,
divided into 10 levels for each range.
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Figure 3.2.5: Disc 3 vertical distribution for different species at ¢t = 1.20t;; =
228 kyrs. The 2D distribution plots show: gas temperature, dust temperature,
CO relative abundance, HCO relative abundance, H5O relative abundance, Ho,CO
relative abundance, CH30 relative abundance, and CH30H relative abundance
profiles that are represented as a function of the discs radius vs. height both in
AU units. The logarithmic colorbar represents the levels of the contour for each
quantity, divided into 10 levels for each range.



48 3.2. Analysis of physical properties in discs

201

ot

204

log n(HCO) /nto )

201

Vertical Height (AU)

log n(HCO) /nsor

201

o

0 10 20 30 10 50 60 0 10 20 30 10 50 60
Radial Distance (AU)

Figure 3.2.6: Disc 6 vertical distribution for different species at ¢t = 1.20t;; =
228 kyrs. The 2D distribution plots show: gas temperature, dust temperature,
CO relative abundance, HCO relative abundance, H5O relative abundance, Ho,CO
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with higher visual extinction. In contrast, water (H,O) and formaldehyde (HoCO)

show scattered and diffuse distributions, with no significant clustering.

For the low-mass system (Fig. 3.2.6), chemical species exhibit small and scattered
concentrations, with the exception of CO and HyO. Carbon monoxide (CO) shows
a relatively uniform distribution, decreasing slightly towards larger radii, possibly
following the density and visual extinction distribution profiles throughout the

disc. Water (H,0O) shows notable concentrations in regions where temperatures
fall below 100K (see Fig. 3.2.3).

This behavior highlights the influence of key properties on the chemical structure of
the different discs present in the region and the evolutionary stage of the different
objects. We see that the abundance of chemical species is mainly related to the
temperature of gas and dust, related to the presence of gas phase species in regions
where the necessary conditions to form them are not accomplished, i.e., high
concentrations of methanol in warm discs when its gas phase can only be achieved
through desorption from dust grains. In order to explain these peculiar results
further analyses are required, in particular to understand the high abundances of
species whose formation pathway is only through surface reactions in regions of

the discs where surface chemistry is not possible.

3.2.2 Evolution of chemical complexity around sinks

To trace the inheritance and evolution of chemical complexity, the chemical state
of the gas and dust in the immediate vicinity of the sink particles was examined in
multiple time steps: at the time of the sink particles formation and at subsequent
stages of the disc evolution up to the last snapshot. Figures 3.2.7, 3.2.8, and
3.2.9 illustrate the progression of chemical properties around the three analyzed
sink particles (also see Appendix A for information on other species). These
figures reveal that chemical abundances are initially influenced by the prestellar
conditions of the molecular cloud, with cold temperatures promoting the formation
of molecules on dust and their subsequent desorption inside warm regions of the

discs.

For the binary system of disc 1, the oldest sink particle was selected as the reference
point to track the chemical evolution of the system. This choice facilitates the

analysis of the interplay between the physical properties of the gas in the vicinity
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of the sink and the behavior of key species. As visualized in our results, the spatial
distribution of these species is closely related to dust temperature, since higher
abundances of gas phase species are found inside the warm discs and dust phase
species are mostly found in cold regions away from the stars. Methanol (CH3OH)
in dust begins to form approximately > 30 kyrs after the formation of the star,
and is found mainly in dust temperature ranges of ~ 10 — 40 K, subsequently, gas
phase methanol begins to accumulate significantly at later stages of disc evolution,
approximately > 50 kyrs after the formation of the sink particle, and is found
mainly located in the midplane of the disc specially in warmer regions (see Fig.
3.2.7). Appendix A provides a comprehensive analysis of the spatial distributions
of gas- and dust-phase species, including CO, HCO, H,O, H,CO, CH30, and
CH3O0H in the same regions analyzed in Fig. 3.2.7. Additional analysis to the data
indicate that dust-phase methanol is relatively more abundant at early stages of
the disc evolution in distant regions where temperatures are lower, these particles
containing high dust phase abundances are further incorporated into the discs and
desorb the species to the gas-phase due to the elevated temperatures inside the
discs. Therefore, high methanol abundances are concentrated in hotter regions of
the disc within the binary system. For water we see similar trends; on dust grains
it exhibits relatively a more homogeneous abundance distribution around the star
across earlier stages and then desorbs to gas phase inside the warm disc. Although
it has a similar behavior with temperature as methanol, water is sensitive to a

wider range of temperatures (~ 6 — 100 K).

For single and younger stellar systems (associated with discs 3 and 6), the chemical
distributions exhibit trends similar to those observed in disc 1. The key difference
compared to the binary system is the lower abundance of water and methanol
in the last snapshot, probably because of the evolutionary stage of these objects
at that point. These observations align with the respective formation pathways
of both species. As methanol and formaldehyde form in grains under dark cloud

conditions by hydrogenation of CO on dust:

1 co = 1 Heo 2 1 Hy,co =5 1 CH;0 22 1 CH50H (3.2.1)

Note that the radical L CH30 can also be formed through some additional

reactions starting with oxygen on dust
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1O 1H.1H,1HO, tcH, L CH30
’ ’ 1 OH —/—= 3.2.2
1 Oy 1H 1cHs 1 CH;OH ( )

In contrast, water and the other analyzed molecules with multiple formation
pathways in the adopted chemical network are more abundant and seems to
promote methanol formation in the discs. Its production depends primarily on
the presence of suitable environmental conditions, which are widely available in
this region due to its broad range of temperatures and densities. This explains a
more widespread and consistent distribution of these species in both single and

binary systems.

It is also important to consider the evolutionary stage of the discs presented in
this work, as the disc around the binary system is older than the ones surrounding
single stellar systems. This can be one of the reasons for the difference in methanol
abundances between those discs where younger discs contain lower abundances
and a more scattered distribution, highlighting that methanol formation begins at

later stages of the discs evolution.
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Chapter 4
Concluding Remarks

This thesis has focused on the implementation and analysis of complex chemistry
within circumstellar discs formed in a simulation of a star-forming molecular cloud.
Using post-processing techniques similar to those outlined in

( ), we incorporated a detailed chemical network into the Smoothed
Particle Hydrodynamics simulation presented in ( ). By combining
the physical properties of the discs formed in the simulation with astrochemical
modeling using the KROME package ( : ), we have analyzed the
intricate interplay between key parameters and the chemical evolution of the discs,
emphasizing the role of methanol (CH3OH) as a tracer of chemical complexity.
This work advances our understanding of how physical conditions in circumstellar
discs influence the synthesis, distribution, and evolution of complex molecules in
the context of star-forming molecular clouds, addressing a critical aspect of star

and planet formation research.

4.1 Key Results and Their Implications

One of the main findings of this study is the relationship between the physical
structure of circumstellar discs and their chemical composition and evolution.
The vertical distribution of gas density, gas and dust temperatures, and visual
extinction form different zones that define the chemical environment within discs
and the immediate surrounding of disc during the evolution of such objects. The
dense and cold regions around the sinks create the conditions necessary to host

surface chemistry and freeze-out reactions. This, combined with high temperatures
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at later stages of the discs evolution, result in higher abundances of gas phase
species such as methanol and water in denser regions inside the discs at advanced
stages of their evolution; this can be seen by comparing the binary system with
younger ones and comparing their methanol distribution; in particular we can
see that methanol shows higher concentrations in the binary system disc in the
last snapshots, in comparison to the younger discs whose show less abundant and
scattered distributions of this molecule. Methanol, in particular, demonstrates a
clear correlation with dust temperature. It forms on grain surfaces at temperatures
between 10 — 40 K, desorbs at higher temperatures, and subsequently accumulates
in warm regions of the discs. These findings align with previous work (

, ) which emphasized the critical role of thermal desorption and surface

chemistry in shaping the distribution of complex organic molecules in discs.

The chemical distribution of the circumbinary disc system differs significantly from
that of single-stellar systems. Binary systems exhibit more dynamic structures,
influenced by gravitational torques that redistribute material and create zones
of varying density and temperatures. This dynamic behavior is reflected in the
observed chemical distributions, with methanol and water concentrated near the
midplane and inner regions, while CO is more uniformly distributed in the outer
layers. In contrast, single-stellar systems display more homogeneous chemical
distributions, with methanol and other species correlated with high A, regions,

reinforcing the role of UV shielding in promoting chemical complexity.

Additionally, our study revealed the temporal evolution of chemical complexity
around in the close vicinities of sink particles during the evolution of discs. The
formation and accumulation of methanol is closely related to prestellar conditions
and the subsequent evolution of the disc. During the early stages of the disc
formation, the cold temperatures facilitate the synthesis of methanol and other
species on dust grains. As the systems evolve, methanol desorbs and becomes
abundant in gas phase, particularly in regions where temperatures rise above the
desorption threshold. This temporal evolution underscores the importance of
studying chemical inheritance from the molecular cloud phase, as mentioned in

( ), who showed how prestellar chemistry influences

the molecular composition of protostellar and protoplanetary environments.
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4.2 Limitations and Future Research

While this thesis has provided valuable information on the addition of complex
chemistry in simulations using post-processing techniques, several limitations in
the methodology highlight areas for further improvement and future research.
First, the chemical network used in this study was limited to a basic H —C — O
framework, restricting the analysis to a small subset of species. The expansion of
the network would represent a big step forward to improve this kind of research.
Including N— and S-bearing species (e.g., NHz, NoHT, SO, CS) would allow a

more comprehensive analysis of the chemical diversity in discs.

Also, to have a better view on different discs and regions over time, it is necessary
to improve the resolution of the simulation and modify the extraction methods
to avoid losing data between snapshots. A better method to extract a region or
simply working with the entire dataset will improve further analysis and help us

to have better statistics by studying more and well defined discs through time.

Finally, another limitation arises from the post-processing approach used in this
study. Although computationally efficient, this method ignores key interactions
between chemistry and evolving physical conditions. Implementing on-the-fly
chemistry in simulations would enable a more realistic coupling between physical

and chemical evolution.

4.3 Broader Implications and Future Prospects

The results of this work have opened multiple pathways for future research on
chemical complexity inside star-forming regions, particularly on the later stages
of stellar evolution involving circumstellar disc structures. One of the significant
outcomes of this work is the successful integration of complex chemical processes
into simulations of star-forming regions, revealing some important processes
occurring in the dynamics of these bodies. Although this thesis mainly focused
on modeling the chemical evolution of star-forming regions and circumstellar
environments, there is enough room to expand this work into more resolved
simulations involving protoplanetary discs, which are a crucial step in the evolution
of stellar systems. Methanol, often considered a precursor to prebiotic molecules,

serves as a critical benchmark to assess the potential for chemical complexity in
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protoplanetary environments. Future studies that incorporate a wider range of
species and reactions will further clarify the pathways leading to the synthesis of
prebiotic molecules, providing valuable context for interpreting observations of

extrasolar systems.

To further advance our understanding of chemical processes in protoplanetary
discs, future research must focus on exploring these processes in more refined
simulations, enhancing both their spatial and temporal resolution, enabling
the capture of finer details of chemical evolution. This can be achieved by
implementing on-the-fly (OTF) chemistry within the simulations, where chemical
reactions are dynamically computed during the simulation rather than through
post-processing. This approach significantly improves the accuracy and consistency
of chemical models in simulations ( , : ,

). Implementing OTF chemistry in protoplanetary disc simulations will
allow for a more realistic tracking of the intricate interplay between micro- and
macrophysics, as this method allows for a consistent thermal evolution of the
regions as a result of chemical reactions. Incorporating more resolved chemistry
in such simulations would also enable a deeper investigation of the impact of
stellar radiation and accretion processes on disc chemistry. Protoplanetary discs
experience strong irradiation from their central stars, particularly in the form of
far-UV and X-ray radiation, which significantly influences the ionization states
and chemical pathways in the disc ( ) ). To understand how this
affects molecular abundances and the formation of complex organic molecules,
future work will need to incorporate both improved radiative transfer models
and expanded chemical networks that can simulate the influence of ionization
on molecular processes. Furthermore, future research should explore the role of
turbulence and disc dynamics on chemical distributions. Previous studies have
indicated that turbulence can play a significant role in mixing chemical species
across the disc, leading to non-uniform distributions of molecules that are crucial
for planet formation ( , ). By coupling advanced hydrodynamic
simulations with detailed chemical networks, future research can investigate how

turbulence-induced mixing affects the evolution of key molecules.

In addition, the inclusion of dust evolution and grain surface chemistry in future
models will be essential. Grain surface reactions have been identified as key

processest for the formation of complex organic molecules in protoplanetary discs
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( , ). As dust grains grow and migrate within the
disc, they provide surfaces for chemical reactions that cannot occur in gas phase,
significantly influencing the overall chemical composition and diversity. Future
simulations that couple the dynamics of dust growth with grain-surface chemical
reactions would provide a more comprehensive understanding of the chemistry in

these environments.

Finally, combining theoretical models with observational data, such as those
obtained by ALMA and JWST, will be crucial for validating and refining these
models, as our objective is to address theoretical models in order to predict the

behavior of real systems in order to support observational studies.

By addressing current limitations and broadening the scope of analysis, future
research can provide deeper insights into the origins of chemical complexity,
offering a bridge between the physics of star formation and the chemistry that

contribute to the emergence of planetary systems.
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Appendix A

Discs Chemical Distribution

Figures A0.1-A0.12 present the vertical structure plots for different properties of
the analyzed discs, i.e., physical properties (pior, Av, Tgas and Tyust), and gas- and
dust-phase CO, H,O, HCO, H,CO, CH30 and CH30H maps.
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Figure A0.3: Physical structure evolution of the gas around the sink hosting Disc 1. From top to bottom each row is a different
time, ranging from 153 to 224 to 227 and 228 kyrs respectively. From left to right we have HCO, L HCO, H,CO and 1L H,CO.
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Physical structure evolution of the gas around the sink hosting Disc 3. From top to bottom, each row is a different

time, ranging from 156 to 224 to 227 and 228 kyrs respectively. From left to right we have pior, Ay, Teas and Tiyst.
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Figure A0.7: Physical structure evolution of the gas around the sink hosting Disc 3. From top to bottom each row is a different
time, ranging from 156 to 224 to 227 and 228 kyrs respectively. From left to right we have HCO, L HCO, H,CO and 1L H,CO.
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Figure A0.9: Physical structure evolution of the gas around the sink hosting Disc 6. From top to bottom each row is a different
time, ranging from 213 to 214 to 227 and 228 kyrs respectively. From left to right we have pior, Ay, Teas and Tiyst.
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Figure A0.11: Physical structure evolution of the gas around the sink hosting Disc 6. From top to bottom each row is a different
time, ranging from 213 to 214 to 227 and 228 kyrs respectively. From left to right we have HCO, L HCO, H,CO and 1L H,CO.
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