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Abstract

Protoplanetary disks are important astrophysical objects which contain all
the material, gas and dust, from which planets form. Quantifying the com-
plex organic molecular content of these planet-forming disks is crucial in
determining the potential habitability of exoplanetary systems. The sur-
prising detection of the simplest oxygen-bearing complex organic molecule
(COM), methanal, in the nearby disk around HD 100546 provides an inter-
esting laboratory to study the chemistry of COMs in warm Herbig disks.
Using the detection of methanol as a starting point, we investigate the
complex organic molecular reservoir of the HD 100546 disk by quantifying
the abundances of other complex molecules, 15 in total and comprising of
the simplest members of the organic functional groups detected in astro-
physical sources, focusing on those observable with ALMA and SKA. We
perform ray-tracing calculations to calculate their molecular line emission
strength and simulate line spectra over the ALMA and SKA bandwidths.
The chemical model predicts abundances comparable to the observed meth-
anol of most COMs in the gas phase, especially at the location of the dust
cavity at 13 au. The disk line survey run predicts strong lines of mainly
the nitrogen-bearing COMs, methyl cyanide and isocyanic acid with both
ALMA and SKA. Fitting observed radial pro les with those extracted after
performing ray-tracing calculations with LIME shows that the reservoirs
of formaldehyde and methanol are constrained within an inner component
and outer component, possibly contributing to the veri cation of the double
ring structure in the disk. If detected, the COMSs investigated in this work
will expand the complex organic molecular inventory of warm Herbig disks,
revealing the presence of the precursors to biologically important molecules
in the material from which planets form.
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Chapter 1

Introduction



1.1 Protoplanetary Disks

1.1 Protoplanetary Disks

During the formation of low-mass stars through gravitational collapse, the conservation
of angular momentum inevitably gives rise to circumstellar disks which extend from
tens to hundreds of astronomical units. After the initial tunneling of material onto the
star and when the surrounding molecular core is used up or disperses, the accretion rate
decreases and a small amount of material remains as this disk. The occurrence of the
latter was revealed when the sky was rst observed through the infrared (IR) lens by the
Infrared Astronomical Satellite (IRAS) [Strom et al., 1989]. Made of cool gas and dust,
these disks can be considered protoplanetary. The rst sensitive detectors at millimetre
(mm) wavelengths showed the large dust-grain content of disks [Weintraub et al., 1989]
which is su cient material to form planetary systems with size scales similar to ours.
Protoplanetary disks have a attened morphology - the unequivocal evidence for which
was provided by the Hubble Space Telescope (HST) through optical images of disk
shadows against a bright nebular background [O'dell and Wen, 1994]. Interferometry
at sub-millimetre (sub-mm) wavelengths provides the ability to not only resolve the
keplerian rotation of protoplanetary disks but also map fainter structures in greater
detail. Such potential to elucidate protoplanetary disk-related questions motivated the
development of facilities such as the Atacama Large Millimetre/submillimetre Array
(ALMA). The composition of the material in a protoplanetary disk determines the
habitability of exoplanetary systems formed from it. It remains a challenge to assess
the latter. Measuring the inventory of organic material present at the time of planet
formation is one way of evaluating the potential of forming extra-terrestrial planetary
systems to produce and support habitable environments.

1.1.1 Formation of Protoplanetary Disks

After the collapse of the molecular cloud core, marking the beginning of star and
planet formation, all the mass which was initially concentrated in the core is processed
by an inward accretion onto the protostar and an outward out ow. The progression
of this early-stage of evolution can be mapped by measuring the distribution of warm
circumstellar material in IR, giving rise to either a Spectral Energy Distribution (SED)
classi cation or an accretion-based classi cation of Young Stellar Objects (YSOSs).
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Class SED slope Physical properties Observational characteristics
0 - Menv > M gtar > M gisk No optical or near-IR emission
1 R > 0:3 Mstar >Menv  Myisk Generally optically obscured
FS 0:3< |r <03 Intermediate between Classes 1 and 2
1.6< g < 03| Mgsk=Mgtar 1% Meny O Accreting disk; strong H and UV
3 R < 16 M gisk =Mstar 1%;Meny 0 | Passive disk; no or very weak accretion

Table 1.1: SED classi cation of YSOs [Williams and Cieza, 2011], based on the SED

slope, |r,where |g = d('jolggF

, into Classes 0, 1, FS (at-spectrum sources), 2 and 3

The disk forms very early on and then grows rapidly during the Class O collapse
phase within  10* years as more distant material with higher angular momentum falls
inwards. The disk extends out to the centrifugal radius, which increases signi cantly
with the angular rotation rate of the core and the infall time in the case of magnetised
core collapse R(t) /  2t3, wheret is the time and is the angular rotation rate of
the core).

Due to gravitational infall, disks have high temperatures in early stages. When the
core material is used up or disperses, disks cool down and their mass decreases as they
accrete onto the star. The relatively high mass fraction in the disk versus that accreted
onto the protostar results in the gravitational instability. Disk instability is responsible
for the rapid transport of the ow of material from the envelope through the disk, as
shown by many observations of inward motions on core-size scales. This leads to a
decrease in the mass of the envelope by about an order of magnitude between the Class
0 and Class 1 phases. These instabilities also lead to sporadic bursts of high accretion
(called FU Orionis) which then cause the disk mass to grow slower than that of the
star. This punctuated evolution at early stages is also revealed by measurements of
mass infall rates through di erent components (the envelope infall rate being greater
than the disk accretion rate by more than one order of magnitude in Class 1 YSOs
causes the build-up of mass in the disk until a burst event occurs, as suggested by
Eisner et al. [2005]) and protostar luminosity distribution. During 7% of the 0:5
Myr combined Classes 0 and 1 embedded phases, a star actually gains half of its nal
mass.

By the end of the Class 1 phase when the envelope has completely dispersed and the
star formation process is e ectively over, the disk can now be considered protoplanetery,
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rather than protostellar as it now contains only a small fraction of the stellar mass.
The deeply embedded Classes 0 and 1 phases of star formation last for only a small
fraction of the disk lifetime of several million years, during which time, material either
accretes onto the star by internal friction or viscosity; is lost through out ows in order

to preserve angular momentum - thereby causing the disk to spread over time - and
photoevaporation by the central star and external stars; or condenses into cm-sized or
larger bodies or planetesimals which can gravitationally perturb the disks. Inner holes
and gaps, revealed by a relative decrease in ux over a narrow range of wavelengths
or by direct imaging at su ciently high resolution, are the possible results of their

di erent evolutionary pathways.

1.1.2 Observation of Protoplanetary Disks

Protoplanetary disks radiate over a range of wavelengths from microns to mm, mak-
ing them observable with IR and radio telescopes. An accelerated pace of discoveries
has been witnessed over the years, owing to increases in sensitivity, resolution and
wavelength coverage. Such insights are the stepping stones in the understanding of
exoplanet formation and the origins of our Solar System, thus motivating the develop-
ment of further facilities in the IR to mm and sub-mm ranges, such the Atacama Large
Millimetre/Submillimetre Array (ALMA).

The determination of the properties of protoplanetary disks around Class 2 YSOs
provides the basis for studying their evolution. Observations at mid-IR through mm
wavelengths allow the deduction of the properties of the outer parts £ 1 au) of proto-
planetary disks as shown in Figure 1.1.2. Disk radii and dust grain properties can be
inferred from optical and near-IR scattered light.

(Sub)Millimetre wavelength observations of dust are most appropriate to determ-
ine disk masses. In the outer regions of the disk (scales 10 au), the emission is
optically thin at mm wavelengths and the observed ux is related to the mass by

M (gas+ dust) = %, where d is the distance to the source, is the dust opacity
(a common expression for at millimetre wavelengths is = 0:1(35m2m7) cm?g 1,

in which the power-law index is related to the size distribution and composition of

the dust grains and the normalisation includes a ratio of gas mass to dust mass of
100) and B 2 2kT=¢ is the Plank function close to the Rayleigh-Jeans regime (as
it is in mm wavelengths). CO is commonly used as a tracer of the total gas mass
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in both the interstellar medium and in protoplanetary disks. Much debate has arisen
about the utility of CO as a mass tracer in disks, following a range of CO abundances
(with measurements of low CO to dust mass ratios in numerous systems) revealed from
observations of CO in protoplanetary disks [Schwarz et al., 2018]. This simple mass
derivation is reasonably accurate with a characteristic temperature of 20 K. The inner-
most regions which constitutes a signi cant fraction of the planet-forming region of the
disk, are optically thick at mm wavelengths, and require not only high resolution, but
also wavelengths longer than 1 mm to be probed. The outer cool parts of disks emitting
weakly make it challenging to measure disk sizes. Their e cient absorbing capabilities
are therefore used in the simple and direct determination of their radii. Interferometry
is required when imaging disks at mm wavelengths due to their small angular scales in
nearby star-forming regions.

Figure 1.1: Techniques spatially resolving di erent scales of a protoplanetary disk and
various kinds of emission arising from the dierent parts [Dullemond and Monnier,
2010]
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1.1.3 Chemistry in Protoplanetary Disks

Protoplanetary disks host a rich and diverse chemistry which is implied by the strong
vertical and radial temperature and density gradients, and largely di ering radiation
elds throughout the disk. Photochemistry, molecular-ion reactions, neutral-neutral
reactions, gas-grain surface interactions and grain surface reactions are among the
relevant active chemical reactions in disks.

The radial temperature gradient accounts for the distinction of inner disk chemistry
from that in the outer regions (beyond 20 au). The high temperatures (100 K to 5000
K) and densities (up to 102 cm 3) in inner disks result in quasiequilibrium in the
chemistry, with neutral-neutral reactions with barriers (> 100 1000 K) playing an
important role in the absence of intense sources of ionising radiation. Therefore, inner
disk chemistry mirrors conditions known for 'terrestrial' chemistry, driven by three-
body collisions (the characteristic time scales of disk chemical processes are usually
longer), which become signi cant in the very high density regime & 102 cm 3), such
as the formation of molecular hydrogen by collisions of two hydrogen atoms and another
particle that takes away the excess of energy of formation [Henning and Semenov, 2013].
Additionally, the inner high temperatures and densities imply a signi cantly higher
abundance of gas-phase molecules until thermal dissociation at 2500 3000 K.
The products of inner disk chemistry are observationally best characterised by infrared
spectroscopy. High abundances of gas-phase,8 and CO, and the presence of N-
bearing molecules (e.g. NH, HCN, HNC) and hydrocarbons (e.g. CH, and C,H,) at
1 au are predicted by chemical models of inner disk chemistry.

On the other hand, the chemistry in the outer disk is mainly driven by high-energy
radiation and cosmic rays. Rapid and mostly barrierless - hence e ective at temperat-
ures well below 100 K - ion-molecule processes are triggered and sustained by the proton
transfer processes from ions - formed by the ionising radiation - to other neutrals. At
low temperatures in the outer disks, freeze-out of molecules is another important fea-
ture, hence making them depleted for gas-phase chemistry. The ices on the surface of
dust particles remain chemically active and they sublime at the higher temperatures in
the inner disk, de ning positions of snow lines which are a function of the luminosity
of the central star and evolve with the evolutionary stage of the disks.

The outer disk (r> 20 au) chemistry can be classied in three vertical regimes
(see Figure 1.3): the strongly irradiated hot disk surface layers, the partly shielded
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warm molecular layer and the completely shielded cold disk midplane. In the topmost
layer, a photon-dominated region prevails owing to stellar UV and interstellar radiation
which ionises and dissociates molecules, subsequently driving ion-molecule chemistry.
Depending on the actual radiation eld, photodissociation operates di erently for dif-
ferent molecules such that certain photons (e.g. Lyman alpha) selectively dissociate
certain molecules (e.g. HCN and HO), leaving others (e.g. CO and H) una ected.
Apart from UV radiation, the keV X-ray radiation, driven by magnetic elds, enables

a signi cant disk chemistry. X-ray photons are able to penetrate deeper into the disk
and through higher gas columns (0.1-1 gcm?) due to their energies of several keV and
also because the X-ray emitting source is often thought to be located high above the
stellar photosphere at distances of several radii, causing the X-ray photons to reach
the disk atmosphere at an oblique angle. X-ray-driven processes result in a rapid and
rich gas-phase hydrocarbon chemistry which enriches the overall molecular complexity
as X-ray photons can uniquely ionise He atoms, giving chemically active He which
is able to dissociate the tightly bound CO and other species, replenishing elemental
gas-phase carbon and oxygen.

Figure 1.2: Physical and chemical structure of a 1 5Myr-old protoplanetary disk
around a Sun-like star [Henning and Semenov, 2013]

The middle warm (T=30 70 K) molecular layer houses a rich molecular, signi-
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cantly carbon-based, chemistry due to the high C/O ratio, accounted for by the CO
being protected from freeze-out and the frozen water on dust grains decreasing the
abundance of gas-phase oxygen. This layer also withesses UV-driven photodesorption
of molecules such as CO, kD, CH, and NH; in less opaque regions. The deepest layer
is cold with temperatures < 20 K, causing the freeze-out of molecules and hence the
chemistry to be dominated by hydrogenation reactions on grain surfaces. In the cold
midplane of protoplanetary disks (densities of 16 1% cm 2), most of the material in
the gas-phase is frozen out within a fraction of the disk lifetime (typical timescales are
10-1000 years). Volatiles such as CO, Nand CH, are primarily thermally desorbed,
with the possibility of cosmic ray and X-ray spot heating releasing mantle material
back to the gas phase.

Simulations, or models, of the chemistry are used to calculate the molecular abund-
ances based on the rates of their formation and destruction by assorted chemical re-
actions. Their outputs are also good probes of the physical conditions as the rates
of chemical reactions depend on them. Since these outputs are time-dependent, they
also reveal the histories of the sources by comparison with observations. Models are
undeniably an imperfect tool as our knowledge of the chemical processes is arguably
incomplete and the time-varying physical conditions of the sources can put into ques-
tion the predictions of the models which are based on current-day abundances. With a
proper treatment of radiative transfer, predictions of the intensity and shape of spectral
transitions and molecular abundances can be predicted.

1.2 Complex Organic Molecules

At present, 256 molecules [Gielin and Cernicharo, 2022], ranging from two-atom to
seventy-atom species, have been detected in the interstellar medium, mainly via rota-
tional emission spectra, obtained by the use of space-based and ground-based telescopes.
The advent of radio astronomy in the early 1960s enabled a boom in the detection of
new molecules, a trend which has continued at an average rate of 3.9 new detections
per year ever since, with the development of newer facilities such as ALMA. Molecu-
lar hydrogen H, is the dominant molecule in all dense sources. It can be seen with
di culty: in infrared vibrational absorption in cool, dense sources; in UV absorption
through di use matter; and via rotational and vibrational emission in warm or shocked
matter. The second most abundant gas-phase molecule is carbon monoxide CO with



1.2 Complex Organic Molecules

a typical fractional abundance of 10 * relative to H,. There is very little atomic hy-
drogen H in dense sources withy 2ny,. Fractional abundances of molecules are
expressed both relative tony, number density of hydrogen nuclei, and 2y,, number
density of hydrogen molecules. Molecules can be categorised as terrestrial (commonly
found on Earth) or exotic to space. The latter consists of molecular ions (e.g. HCO,
C4H{), radicals (species with unpaired electrons; e.g. gH), isomers (species with the
same atomic constituents but di erent structures, e.g. HCN and HNC), isotopologues
(molecules containing unusual isotopes, e.g. H-2, C-13, N-15).

Most interstellar and circumstellar molecules are organic in nature - they contain
carbon. These are the focus of many questions in astrochemistry, such as what is
the exact form in which they exist under space conditions and how those of prebiotic
importance survive the process of star and planet formation. Astronomical molecules
are found in diverse environments, from nearby objects in our solar system to distant
sources in the early universe. They are particularly associated with dense and cool
neutral interstellar and circumstellar matter - comprising both a gaseous phase and a
solid phase of tiny dust particles - in galaxies. Dense interstellar matter can be found
in small individual objects, called globules or as part of giant molecular clouds (size

100 pc and mass 10° M ) which are much larger irregular assemblies.

Bearing at least six atoms, complex organic molecules (COMs) bridge the gap
between the simple two-or-three-atom molecules usually found in di use space and
the more complex ones which are of prebiotic importance (e.g. amino acids and pro-
teins), to which they are precursors. As opposed to simple molecules which are more
often detected in disks, COMs may be present but are expected to be mostly locked
up in ices. CO ice chemistry is indispensable for COMs to form and eventually be
thermally released into the gas phase. COMs formed at the early stages of star form-
ation are presumably important ingredients for the prebiotic chemistry of planetary
systems and comparisons between the relative abundances of groups of molecules will
arguably provide insights into the origin of chemical complexity and the link to plan-
etary systems. COMs are detected in a wide range of environments, from cold gas in
prestellar cores to warm gas close to protostars [J rgensen et al., 2020]. Recent ALMA
observations have revealed the presence of simple members of some key functional
groups in organic chemistry - nitrile (acetonitrile, CH;CN) [Oberg et al., 2015], alcohol
(methanol, CH3;OH) [Walsh et al., 2016] and carboxylic acid (formic acid, HCOOH)
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[Favre et al., 2018] - in cold disks. While these detections imply the presence of COMs
at the epoch of planet formation, they do not elucidate their origin (in situ formation
or inheritance).

Since the detection of methylidyne (CH), the rst molecule identi ed in the in-
terstellar medium (ISM) [Swings and Rosenfeld, 1937], observations of molecules have
played crucial roles in broadening our understanding of interstellar chemical evolution
[Herbst and van Dishoeck, 2009] and the formation of planets@berg et al., 2011].
Based on their spectra and chemistry, COMs are also excellent probes of the physical
conditions, history and lifetime of the sources where they reside. As they are detected
in young stellar objects, they are expected to be common ingredients for new planetary
systems. Non-terrestrial molecules are interesting as they inform about the build-up of
molecular complexity in the universe.

The richness of the molecular spectra reveals detailed information on the gas and
dust, and characterises the species, for example: the density and temperature of the
gas, and details about large-scale motion and collapse and rotation can be found from
high-resolution rotational and vibrational spectra; information on the polar or nonpo-
lar nature of the surroundings of dust particles can be obtained from the vibrational
spectra of molecules found in them; chemical model outputs provide details on the
physical conditions and history of the sources. The study of insterstellar molecules
has helped to clarify the evolutionary stages of star formation in the Milky Way, espe-
cially for low-mass stars of luminosities. 100 L ) [van Dishoeck and Blake, 1998]. In
the absence of chemical fractionation (a process by which chemical reactions produce
abundance ratios among isotopologues di erent from the actual elemental abundance
ratios), isotopologues can be used to determine elemental abundance ratios at di erent
places in the universe.

Of particular interest are oxygen-bearing COMs which have been relatively less
often detected than hydrocarbons and nitrogen-bearing COMs. Since the latter can
form in situ via gas-phase chemistry, their detection does not give clear indication
on the degree of molecular inheritance in disks from the earlier, colder dark cloud
stage which is known to be rich in oxygen-bearing COMs. Detection of the latter will
clearly show the complex organic inventory available for planet formation. The simplest
oxygen-bearing COM, methanol, CH;OH has been so far detected three times, in disks
around: the cold T-Tauri star TW Hya (with a low fractional abundance compared to
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what is typically detected around protostars) [Walsh et al., 2016], the warm Herbig Be
star HD 100546 [Booth et al., 2021b], the Herbig star IRS 48 [van der Marel et al.,
2021].

Contrarily to all the other sources observed so far, HD 100546 and IRS 48 disks
appear to have rich reservoirs of volatile oxygen, which makes them the best candidates
to detect further molecular complexity, thus leading to our choice of HD 100546 disk
as the target disk. The detection of methanol facilitated by ice sublimation implies
inheritance of COMS-rich ices from an earlier cold dark cloud phase in protoplanetary
disks [Booth et al., 2021b]. Further probing with regards to more complex species will
provide a holistic view of the warm and rich inherited complex organic reservoir and
chemistry. Their abundances relative to methanol in other environments will provide
insights into the origin of COMs in disks. Simple members, 14 in total, of increas-
ingly complex organic functional groups and 1 inorganic molecule, of equal interstellar
importance, are chosen for this work.

1.3 The Protoplanetary Disk around the HD100546 Star

According to the luminosity and mass of their central stars, protoplanetary disks are
classi ed as: brown dwarf disks (central star is not massive enough to trigger and power
hydrogen burning), T-Tauri disks (central star is young, Sun-like of the F-M spectral
types, has mass 2M , in which hydrogen burning starts at about 10° years), Herbig
Ae/Be disks (central star have masses 2 8M and are hot ( 8000 15000K)).
Herbig Ae/Be stars are more massive, hotter and more luminous than the T-Tauri
counterparts of the spectral types A or B. They are optically visible intermediate pre-
main sequence (PMS) stars which were rst identi ed by Herbig in 1960 who described
them as stars which have spectral type A and B with emission lines, lie in an obscurred
region and illuminate fairly bright nebulosity in their immediate vicinity.

HD 100546 is an isolated pre-main sequence star of spectral type B9 [Vioque et al.,
2018]. It has a mass of 2.4 M [Vioque et al., 2018] and is located at a distance of
1100 0:6 pc [Gaia Collaboration et al., 2018]. It has an inner cavity atrcgy 11 13
au, revealed by optical and near-IR observations (molecular ro-vibrational and scattered
light emission) [Fedele et al., 2015], which is lled with atomic gas [Quanz et al., 2015a].
Multiple spiral arms at di erent spatial scales are indicated by high contrast imaging
observations (Ardila et al. [2007] and Boccaletti et al. [2013]). Recent high-angular-
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resolution ALMA observations resolved the disk at millimeter wavelengths and showed
a compact ring at 20-40 au [Pineda et al., 2019], con rming the previously detected
cavity and verifying part of the double ring structure suggested by Walsh et al. [2014a]
from the early ALMA cycle 0 observations. The disk is host to HD 100546 b, of mass
15-20 Myyp, which is the rst directly imaged giant protoplanet candidate inside a
disk [Quanz et al., 2015b]. The poorly constrained age of the star is estimated around
5-10Myr [Vioque et al., 2018]. Fedele et al. [2021] additionally reported, from new
analysis of archival ALMA images, a wide dust gap between 40-150 au and a previously
unresolved faint dust ring beyond 150 au. The emission in the outer disk is found to be
unhomogeneous, with the detection of two main substructures at 180 au and 220 au.
The presence of two giant protoplanets of masses 3.1}y, and 8.5 My, at 15 au and

110 au respectively are indicated by observations and comparison with hydrodynamical
simulations [Fedele et al., 2021].

Figure 1.3: Synthetic ALMA 870 m continuum image of the HD 100546 disk, with a
zoom in on the inner disk [Fedele et al., 2021]

Being warm and hence lacking a signi cant CO-reservoir, the disks around Herbig
stars cannot host the in situ formation of COMs. They are therefore thought to be
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poor in COMs compared to their T Tauri counterparts. Booth et al. [2021b] con rmed
the surprising detection of gas-phase methanol in HD 100546, which can be explained
by inheritance from earlier cold dark cloud phase and radial transport followed by
sublimation at its ice line. The detection of methanol facilitated by ice sublimation
implies inheritance of ices in protoplanetary disks. Further probing with regards to
more complex species will provide a holistic view of the warm and rich inherited com-
plex organic reservoir and chemistry. Their abundances relative to methanol in other
environments will provide insights into the origin of COMs in disks. It is of interest
to further study the molecular inventory of the disk around HD 100546 as, being host
to a substantial chemically complex reservoir inherited from an earlier cold phase, can
either have its planets accrete icy, biologically important material during formation or
have this material, which was previously present in the disk be delivered to the planets
after formation.

1.4 This Thesis

In this project, we aim at investigating the complex organic molecular inventory of the
protoplanetary disk around the Herbig Be star, HD 100546. This is crucial in determ-
ining the potential habitability of exoplanetary systems. The work done is documented
in three chapters in this thesis:

1. In Chapter 2, Radiative Transfer of Molecular Emission of Formaldehyde and
Methanol in the HD 100546 Protoplanetary Disk with the Line Modelling Engine,
we tdi erent components of formaldehyde and methanol along the disk to match
the newly obtained radial proles (obtained in a private communication from
Booth, Booth et al. [2021a]) after performing ray-tracing calculations using the
LIME code by Brinch and Hogerheijde [2010], while assuming LTE and neglecting
dust.

2. In chapter 3, Chemical Modelling of Complex Organic Molecules in the HD 100546
Protoplanetary Disk, the output of a gas-grain chemical model previously run on a
given physical structure of the disk is quanti ed, analysed and discussed, focusing
on a choice of 15 molecules at four di erent timestamps.

3. In chapter 4, Line Survey of Complex Organic Molecules in the HD 100546 Proto-
planetary Disk, molecular line emissions are calculated by performing ray-tracing
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calculations in the ALMA and SKA regimes, using chemically modelled and para-
metrically modelled abundances, to predict the emergent spectra of the di erent
species at 1Myr, using the code by Walsh et al. [2014b]. In these calculations,
Local Thermodynamic Equilibrium (LTE) is considered and the disk is assumed
to be face-on. Dust is not taken into account.

Overall, the ndings will help to analyse new data from ALMA Cycle 8 and make
predictions for requesting new data from ALMA and SKA in the future. If detected,
these molecules will expand the complex organic molecular inventory of warm Herbig
disks, revealing the presence of the precursors to biologically important molecules in
the material from which planets form.
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Chapter 2

Radiative Transfer of Molecular Emission of
Formaldehyde and Methanol in the HD 100546
Protoplanetary Disk with the LIne Modelling
Engine
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2.1 Introduction

2.1 Introduction

In this chapter, the LIne Modelling Engine, LIME , code by Brinch and Hogerheijde
[2010] which solves the molecular excitation and radiation transfer problem in an arbit-
rary three dimensional geometry is used, after which radial pro les using the GoFish
code by Teague [2019] are generated for two detected transitions of formaldehyde and
methanol. The ray-tracing calculations are carried out in Local Thermodyamic Equi-
librium (LTE) and without considering dust. The molecular reservoir is moved about

in di erent models run in order to match the observed radial pro les obtained in a
private communication from Booth et al. [2021a], thereby giving insights into the loca-
tion of these molecules. An overview of the radiative transfelLIME code with insights
into shing for lines by GoFish is provided in the rst section of this chapter. It is
followed by the comparative plots of the radial pro les from the di erent models run in
the Results section which are discussed in the subsequent section. A brief conclusion
is then provided at the end of this chapter.

2.2 Methodology

In this section, the LIME code is brie y explained, with insights into generating radial
pro les with GoFish and the parametric modelling done.

2.2.1 Radiative Transfer with LIME

The Line Modelling Engine (LIME ) code is designed to solve molecular and atomic ex-
citation, and the radiative transfer problem in a molecular gas to predict the emergent
spectra with models from (sub-)millimetre interferometers. It derives from the RAT-
RAN code by Hogerheijde and van der Tak [2000] and is well-suited for modelling data
of complex species and in very high spatial resolution for facilities such as ALMA as it
can deal with cross-excitation and blended lines well. Using di erent physical models
as input, it works in an arbitrary 3D-geometry using unstructured Delaunay latices for
photon transport. Instead of mapping the source model onto a regular grid of cells,
over each of which, model properties are taken to be constant, a random set of points
representing the local environment is used and distributed in three-dimensional space.
The molecular density pro le of the source model is used as a probability distribution
for the grid points, such that the average distance from a point to its neighbours is
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inversely proportional to the density and proportional to the local mean free path |,
I, which is given by | = ( ) 1. These properties are particularly interesting when
dealing with radiative transfer. The average grid point separation thus obtained scales
with the local opacity in order to generate the random grid point distribution and its
corresponding Delaunay triangulation on which the transport of photons occurs. The
grid is ray-traced when convergence between level population, radiation eld and point
separation is attained and images are produced which can be readily compared with
observations [Brinch and Hogerheijde, 2010].

Although the gas can be excited through both the absorption of a photon or through
collisions with other molecules andLIME can consider collisional rates in calculations,
LTE is assumed. The spectral intensity,| of radiation propagating through a medium
to be given in terms of the emission [ ) and absorption () coe cients of the latter,

given by:
dl .
4 i (2.1)
and
Z
J = 1 | d (2.2)

It is to note that the molecular excitation is therefore dependent onJ (asJ isin
fact J; for a transition between levelsi and j). Equations for the mean radiation eld
and fractional population of an energy level form a recursive problem which must be
solved iteratively.

In this work, the LIME code is run for the 4., 3,1 transition of p-H,CO and
the 6251 5241 transition of CH;OH(E), using LAMDA molecular data, and models
of H,CO and CH;OH abundances from Chapter 1 (derived from the chemical code
described therein) and parametrically generated as explained further in the subsection
'Parametric Model Fitting', the latter being motivated and informed by the observed
radial pro les recently obtained in a private communication.

2.2.2 Radial Pro les with GoFish

When studying protoplanetary disks, molecular line emission complement high res-
olution continuum data which exploit the bandwidths of telescopes. As opposed to
continuum emission, line emission observations require a much higher sensitivity to
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ensure robust detection. In order to achieve this, multiple observations are averaged
(stacked) in order to cancel out the noise. Using the known rotation of a protoplanetary
disk, GoFish shifts all emission to a common line center in order to stack them. Thus,
the signal-to-noise of the spectrum increases, making the detection of weaker lines pos-
sible, or super-sampling the spectrum to better resolve the line prole. The rotation
of a protoplanetary disk Doppler shifts the lines at a given location to a slightly o set
frequency. For a disk with inclination i and rotation prole v, the projected line
of sight velocity, which is also the o set in the Doppler shifted line centre, at given
coordinates (; ) in the disk, wherer and are the disk-centric radius and polar angle
respectively, is given by:

v(r, )= Vit (r)coy )sin(i) (2.3)

GoFish uses the image cube in the FITS format (with two spatial axes and one
spectral axis), the inclination and position angle of the disk, and the distance and mass
of the central star to extract the averaged or integrated spectra over a given radial
range, providing the radial pro le of the line.

2.2.3 Parametric Model Fitting

The observed radial pro les obtained from a private communication from Booth [Booth

et al., 2021a] (Figure 2.1) are used as motivation for informing the models run in an
attempt to reproduce them. Molecular reservoirs are moved across the disk by placing
limits on their locations as a function of the temperature and/or radius. A linear ratio

is employed when scaling the abundance used in the model in order to match the desired
intensity. Nearly 30 models were run to reproduce the observed radial pro le of the
4., 3 transition of p-H,CO and nearly 15 models, for the 6.5.1  52.4:1 transition

of CH3;OH(E). The progress of the parametric models for each transition is shown in
Figure 2.1.
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Figure 2.1: Observed radial pro les for the p-H,CO 422 3.1 and E-CH30H 6251
52.4:1 lines obtained in a private communication from Booth et al. [2021a] - plots of
Intensity [Jy/beam km/s] against Radius [au] are shown

2.3 Results

In this section, the radial pro les calculated for the 45, 3,1 formaldehyde line and
the 62.5.1  52.4:1 methanol line to t those observed are provided. The model on which
LIME is run for the best t with observations is also described for each line.

2.3.1 Radial Proles of the 4,, 3,; Line of p-Formaldehyde

Figure 2.2 shows the progress of the parametric modelling tting for the 4., 371
line for p-H,CO, starting with the radial pro les when LIME is run with the chemical
model in the top left panel, followed by the two of those whenLIME is run with
the parametric models int he top right and bottom left panels, and the radial pro les
from the nal parametric model run in the bottom right panel. LIME was rst run
by the abundances from the chemical model which is shown by the top left panel in
Figure 2.2, which shows that although the chemical model predicts the right location
of formaldehyde, it returns a higher abundance of the molecule, which results in the
intensity to peak at 35 mJy beam ! kms ! at a radius of 19.2 au, as compared to an
almost ve times smaller value of 6.5 mJy beam ! kms ! at that same radius with the
nal parametric model. On the other hand, the observed radial pro le for formaldehyde
is seen to peak at 5.5 au at 6.5 mJy beam* kms 1.
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Figure 2.2: Fitting of radial pro les after running LIME with abundances from dif-
ferent models on the 4., 3 line for p-H,CO; top left: chemical model, top right:
intermediate parametric model 1 (inner component tting), bottom left: intermediate
parametric model 2 (shoulder tting), bottom right: nal parametric model 3 ( nal
tting) - plots of Intensity [Jy/beam km/s] against Radius [au] are shown - observed
radial pro les: red, parametrically tted radial pro les: green

2.3.2 Radial Proles of the 6,51 5241 Line of Methanol(E)

Figure 2.3 shows the progress of the parametric modelling tting for the 6.5.1 5241
line for CH;OH(E), starting with the radial pro les when LIME is run with the chemical
model in the top left panel, followed by the two of those whenLIME is run with the
parametric models in the top right and bottom left panels, and the radial pro les from
the nal parametric model run in the bottom right panel. LIME was rst run by the
abundances from the chemical model which is shown by the top left panel in Figure
2.3, which shows that unlike formaldehyde, it returns a comparable abundance of the
molecule, which results in the intensity to peak at 11 mJy beam ! kms ! at a radius of
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