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Abstract

The physical and chemical conditions in the protoplanetary disk set
the initial conditions for planet formation. Constraining the prop-
erties of disks is of key importance for understanding how planets
assemble. Observations of molecular lines in disks provide valuable
information on disk properties. This thesis presents ALMA obser-
vations, analysis and modelling of molecular line emission from four
disks that all exhibit evidence for forming planets. Using the first-
ever observations of "*C70 in protoplanetary disks, the CO gas mass
of the HD 163296 and HL Tau disks are robustly constrained. The
new masses are a factor of 2-10 times higher than existing estimates
using C'0, and highlight the potential gravitational instability of
the HL Tau disk. Analysis of the radial distribution of HCO™' and
H'¥CO™ in the HD 97048 disk reveals a low ratio that can be explained
via chemical fractionation. This indicates that the gas temperature
in the outer disk is low (= 10 K) despite this disk being hosted by
an A-type star. Both silicon and sulphur bearing volatiles are ob-
served to be significantly depleted in disks, similar to dark clouds.
Multiple lines of SO and SiO are targeted towards HD 100546 and
HD 97048. The detection of the shock tracer SO in the HD 100546
disk is attributed to either a disk wind or a circumplanetary disk.
Complementary chemical modelling reveals the molecular carriers of
S and Si in the two sources, and predicts SiS as tracer of S and Si
in disks. This thesis shows that *C'70 is a robust tracer of disk gas
mass, HCO™ isotopologue emission may trace reservoirs of cold gas
in typically warm disks, and Si and S bearing molecules are useful

probes of shock induced structures such as circumplanetary disks.






Contents

Abbreviations . . . . . . . ..,
List of Figures. . . . . . . . . .. .
List of Tables . . . . . . . .

1 Introduction

1.1 Star formation . . . . . .. ..o Lo
1.2 Diskevolution . . . . . . . ... Lo
1.3 Disk structure . . . . ... Lo
1.3.1 Physical structure . . . . . . . ... ...
1.3.2  Chemical structure . . . . .. ... ... ... ...
1.4  Precursor and complementary observations to ALMA . . ... ..
1.5 Disk properties via ALMA observations . . . . . . ... ... ...
1.5.1 Mass . . . .o
1.5.2 Temperature. . . . . . . .. ...
1.5.3 Dust sub-structure . . . .. .. ..o
1.5.4 Molecular sub-structure . . . . .. ... ...
1.5.,5 Diskdispersal . . . . ... ... Lo
1.6 Signatures of planets in disks . . . . .. ... o0
1.7 Thisthesis . . . . . . . . .
2 Methods
2.1 Observations with ALMA . . . . . ... ... ... ... .....

x1

11
11
13
17
19
19
23
25
25
29
29
33

35



CONTENTS

2.1.1 The basics of interferometry . . . . . . ... ... .. 36
2.1.2  Working with ALMA data . . . . ... ... .. ...... 39

2.2 Chemical modelling . . . . . .. .. ... ... ... .. 40
2.3 Radiative transfer . . . . . ... ..o 45
2.3.1 Molecular excitation . . . . .. .. ... ... 45
2.3.2 Equation of radiative transfer . . . . ... ... ... ... 47
2.3.3 Radiative transfer with LIME . . . . . ... ... ... .. 49

24 Summary ... ... 51
3 13C'0 as a tracer of disk gas mass 53
3.1 Introduction . . . . . . . ... 53
3.2 HD 163296 . . . . . . . . . . . 54
3.2.1 The HD 163296 disk . . . . . ... ... ... ... .... 54
3.2.2 Line identification and imaging . . . . ... .. ... ... 54
3.2.3 Line radiative transfer modelling . . . . .. .. ... ... 58
3.2.4 Comparison to other mass estimates . . . . ... ... .. 65
3.2.5  The impact of CO chemistry on the disk mass . . . . . .. 66
3.2.6  Constraints on the location of the CO snowline . . . . .. 67
3.2.7 Is the disk gravitationally stable? . . . . ... .. ... .. 68

3.3 HL Tau . . . ... . . 70
331 TheHL Taudisk . . .. .. ... ... ... .. ...... 70
3.3.2 Lineimaging . . . . . . . .. ... o 72
3.3.3 Conversion of line flux to gasmass . . . . ... ... ... 76
3.3.4  Assumptions affecting the gas mass . . . . . ... ... .. 78
3.3.5 Comparison to other mass measurements . . . . . . .. . . 79
3.3.6  The (in)stability of the disk . . . . . ... ... ... ... 80
3.3.7 The region of instability in context . . . . . ... .. ... 81

3.4 Conclusions . . . . . . ... 83

xii



CONTENTS

4 H"™CO" and HC'N in the HD 97048 Disk 85
4.1 Introduction . . . . . . . ... 85
4.2 The HD 97048 disk . . . . . . . . . . ... 86

4.2.1 Line imaging . . . . . . . . . . ... 87
4.3 Results. . . . . . 90
4.3.1 Channel maps, moment maps, and line profiles . . . . . . . 90
4.3.2 Deprojection and azimuthal averaging . . . . .. .. ... 91
4.4 Chemical modelling . . . . . .. .. ... ... .. 93
4.4.1 VFiducial model results . . . . . ... ..o 98
4.4.2 Modifications to the fiducial model . . . . . . . ... ... 98
4.5 Discussion . . . . .. ..o 108

4.5.1 Can isotope-selective chemistry explain the H'*CO™ emis-

SIONT . . L 112

4.5.2 Estimating the gas depletion in the cavity . . . . .. ... 115

4.5.3 A comparison with other Herbig Ae/Be disks . . . . . .. 115
4.5.4  What is the effect of the ringed dust (and gas) structure on

the chemistry? . . . . . . . ... o 118

4.6 Conclusion . . . . . . ... L 120

5 SO in the HD 100546 Disk 123

5.1 Imtroduction . . . . . . . .. ..o 123

5.2 The HD 100546 disk . . . . .. .. .. ... ... 124

5.3 Lineimaging . . . . . . . . ..o 126

54 Results. . . . . . . 127

5.4.1 Detected SO emission . . . . . . ... ... ... ... .. 127

5.4.2 Relative line strengths via matched filter analysis . . . . . 134

5.5 Line radiative transfer modelling . . . . . . . ... .. ... ... 135

5.6 Discussion . . . . . ... 141

x1il



CONTENTS

5.6.1 Location and abundance of the detected SO emission . . . 141
5.6.2 Sulphur chemistry . . . . . .. ... ..o 145
5.6.3 What is the SO tracing? . . . . .. .. ... .. ... ... 147
5.7 Conclusions . . . . . . . ... 149

6 Tapping into the semi-refractory reservoir in protoplanetary disks151

6.1 Introduction . . . . . . . .. ... 151
6.2 Column density upper limits . . . . . . . .. .. ... ... .... 152
6.3 Chemical modelling . . . . . .. ... ... ... ... 155
6.3.1 Modelset-up . . . . ... ... 155
6.3.2 Modelresults . . . . ... ... oL 158
6.4 Discussion . . . . . . ... 159
6.4.1 The detectability of SiO and SO . . . . . . ... ... ... 159
6.4.2 Siand S chemistry . . . ... ... 0oL 165

6.4.3 Volatile sulphur depletion or enhancement in the HD 100546

disk? . . .. 169

6.5 Conclusion . . . . . . . . ... 170

7 Conclusions 173
7.1 Summary ... ... 173
7.1.1 BCY0 as a tracer of disk gas mass . . . . ... ... ... 173

7.1.2 H"CO" and HC™N in the HD 97048 disk . . . ... ... 175

7.1.3 SO in the HD 100546 disk . . . . . . .. ... ... .... 177

7.1.4 Tapping into the semi-refractory reservoir of protoplane-

tary disks . . . ..o 178

7.2 Future work . . . . ... 178
721 Diskgasmasses . . . . . . . ... 179
7.2.2  Disk midplane temperature structures . . . . .. ... .. 180

Xiv



CONTENTS

7.2.3  Key molecular tracers in Herbig Ae/Be disks . . . . . . .. 180

7.2.4 SO as a tracer of circumplanetary disks . . . . . .. .. .. 181

7.3 Final remarks . . . . . ... 182
References 185

XV






List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2.1
2.2
2.3

3.1
3.2

3.3

3.4
3.5

Low mass star formation . . . . . . ... .. ... L.
Disk evolution . . . . . . . . ..o
T Tauri and Herbig Ae disk structures . . . . ... .. ... ...
Disk chemical structure . . . . . . ... ... 0oL
Disks in the Orion Nebula . . . . . .. ... ... ... ... ...
Disk mass with ALMA . . . . ... ... ... ... . ... ...
DSHARP continuum gallery . . . . .. . ... ... ... .. ...
Molecular rings in disks . . . . . .. ..o

Kinematic planet detections . . . . . . ... ... ... ... ...

The Atacama Large Millimeter/submillimeter Array . . . . . . . .
Image cube visualisation . . . . . . . ... ... ... ... ... .

LIME grid building mechanism . . . . . ... .. ... ......

HD 163296 continuum and *C*7O observations . . . .. ... ..
HD 163296 observed and modelled radial emission profiles for the
Qi et al. (2011) model . . . . . ...
HD 163296 observed and modelled radial emission profiles for the
Qi et al. (2015) model . . . . ..o
HD 163296 disk model . . . . . . . .. ... ...

C'0 and ¥C'0O model radial emission profiles at 5 au resolution

Xvil

69



LIST OF FIGURES

3.6
3.7
3.8
3.9
3.10

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

5.1
5.2
5.3
5.4
9.5
5.6

5.7
5.8

HD 163296 Toomre Q parameter . . . . . .. ... ... .....
HL Tau ®*C'0O channel maps . . . . .. .. .. ... .. .....
HL Tau continuum and *C'O observations . . . ... ... ...
HL Tau model and observed gas surface density . . . . .. .. ..

HL Tau Toomre parameter and region of instability . . . . . . . .

HD 97048 HCO™ and H"¥CO™ channel maps . . . . . .. .. ...
HD 97048 H*CO™ and HC'N channel maps . . . . . . ... ...
HD 97048 HCO™, H*¥*CO™" and HC'N moment maps . . . . . . .
HD 97048 H*CO™ and HC'™N line profiles . . . . . . .. .. ...
HD 97048 radial emission profiles . . . . . . ... ... ... ...
HD 97048 smoothed radial emission profiles . . . . . .. .. ...
HD 97048 disk model . . . . . . . . ... ...
HD 97048 observed and modelled radial emission profiles . . . . .
HD 97048 HCO™ and H"¥CO™ residual channel maps . . . . . . .
HCO™ chemical fractionation as a function of temperature . . . .
Gallery of H**CO™ and H"CN radial emission profiles in disks . .
Cartoon of the HD 97048 disk . . . . . . . . . .. ... ... ...

HD 100546 SO integrated intensity maps . . . . . . . . . .. ...
HD 100546 SO and CO channel maps . . . . . . .. .. ... ...
HD 100546 SO and CO line profiles . . . . . .. .. ... ... ..
HD 100546 SO line profiles . . . . . . . . . .. ... .. .. ....
HD 100546 SO red and blue shifted integrated intensity maps

HD 100546 SO red and blue shifted stacked integrated intensity

Xviii

128
129
130
131
133



LIST OF FIGURES

5.9
5.10
5.11

5.12
5.13

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

HD 100546 RADEX modelling results . . . . .. ... ... . ... 140
HD 100546 residual integrated intensity maps . . . . . . . . . .. 142
Line profiles of the individual J=77 —6¢ (left) and J=7g — 67 (right)
transitions with the LIME model line profiles plotted on the top:

disk model (red) and wedge model (blue). . . ... ... ... .. 143
Cartoon of the HD 100546 disk . . . . .. .. ... .. ... ... 144
HD 100546 b detection . . . . . . . . . .. ... 149
Stacked SiO and SO spectra for HD 100546 and HD 97048 . . . . 154
HD 100546 and HD 97048 disk models . . . . . . .. ... .. .. 157
Chemical model 2D gas phase molecular abundances . . . . . . . 160
Chemical model 2D ice phase molecular abundances . . . . . . . . 161
Chemical model 2D atomic and ionic abundances . . . . . .. .. 162
Chemical model 2D gas and ice phase molecular abundances . . . 163
Model column densities . . . . . . . .. ... oo 164

Radial model and disk averaged column densities for SiO and SO 165

Point model abundances in time . . . . . . . . .. ... .. 166

Xix






List of Tables

1.1

2.1
2.2

3.1

4.1
4.2
4.3

5.1
5.2
9.3

6.1
6.2
6.3
6.4

Molecular tracers in disks at sub-millimetre wavelengths . . . . .

ALMA observing bands . . . . . . ... ..o

Chemical reactions and representative rates . . . . . . . ... ..
HD 163296 CO isotopologue observations . . . . . . . . ... ...

HD 97048 ALMA observations . . . . . . . . . . . . . . . .. ...
Reaction rate coefficients for HCO™ formation . . . . . . .. . ..

HD 97048 model parameters . . . . . . . ... .. ... ... ...

HD 100546 ALMA observations . . . . . .. .. ... ... ....
HD 100546 SO integrated intensity map statistics . . . . . . . ..

Model and observed line ratios for the detected SO transitions. . .

SiO and SO rotational transition data . . . . . . . . . . . .. ...
HD 100546 and HD 97048 ALMA observations of SiO and SO
SO and SiO column density upper limits and measurements. . . .

Initial molecular abundances . . . . . . . . .. .. ... ... ...

xx1

152
153
155



Chapter 1

Introduction

Over the past two decades, extreme advances have been made in the field of exo-
planet science and there are now more than 4000 planets detected around stars in
the Milky Way . Most of these detections (> 75%) are due to the incredibly suc-
cessful Kepler mission (Borucki, 2017). The diversity of these exoplanet systems
now brings their formation history, in the disks of gas and dust around young
stars, to the forefront of research. Over the last six years, observations of these
protoplanetary disks with the Atacama Large Millimeter/submillimeter Array
(ALMA) are driving forward our understanding of planet formation. Observing
at millimetre wavelengths, ALMA allows us to map the physical and chemical
conditions of the disk: the initial conditions of planet formation. This Chapter
summarises the relevant background material for observing and modelling molec-
ular line emission from disks on which this thesis is focused. This includes an
overview of star formation, disk evolution, disk structure, and the different disk

properties probed with ALMA.

INASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.edu/


https://exoplanetarchive.ipac.caltech.edu/

1. INTRODUCTION

1.1 Star formation

The formation and evolution of protoplanetary disks in inherently linked to the
formation of stars. The general paradigm of isolated low mass star formation
has been understood now for a number of decades (Larson, 2003; Shu et al.,
1987). Star formation is associated with giant molecular clouds (GMCs; Bergin
& Tafalla, 2007). These clouds are 2 — 10 pc across with Hy densities of order
102 — 10 cm ™2 and temperatures of ~ 10 K. Observations show that these clouds
are made up of complexes of higher density filaments and even more compact
cores. These cores have typical Hy densities of order 10*—10° cm ™2, temperatures
of =~ 10 K and are < 0.5pc across.

The internal gas pressure of the core is the primary support mechanism against
gravitational collapse. The maximum density a cloud can have to be stable to
collapse can be estimated by the Jeans criterion which is determined from the
balance between internal cloud pressure and self-gravity (Jeans, 1902). An ex-
tension of this estimation is the Bonnor-Ebert critical density which considers an
isothermal cloud in hydrostatic equilibrium within a medium with some external
pressure (Shu, 1977). If the gas in molecular clouds was all unstable and under-
going a free-fall collapse then the galactic star formation rate would be ~ 100 x
greater than has been measured. This, coupled with the long cloud lifetimes
(=~ 10 Myr), means that there have to be other support mechanisms in clouds
(Evans, 1999). Molecular clouds are observed to be undergoing rotation, but the
rotational energy is only a few percent of the gravitational energy; therefore, they
cannot be rotationally supported (Goodman et al., 1993). Magnetic fields and
turbulence; therefore, are thought to provide significant cloud support (McKee
et al., 1993).

At some point these cores become unstable to gravitational collapse due to

the loss of turbulent, thermal and magnetic support via cooling and ambipolar
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diffusion. The slow rotation of the cloud is amplified upon collapse due to the
conservation of angular momentum. A centrifugal force arises due to this increase
in rotational velocity that opposes a spherical collapse. This force is strongest
perpendicular to the rotation axis resulting in the formation of a circumstellar disk
(Terebey et al., 1984). The initial radial extent of this disk is determined by the
centrifugal radius. This is where the gas and dust are no longer in-falling but are
now rotating, and the radius at which this happens depends on the initial specific
angular momentum of the cloud and the sound speed. The angular momentum
of a typical cloud core is generally a few orders of magnitude higher than that
of an individual star, meaning that this angular momentum needs to be removed
from the system in order for a star to form. Disks play a key role in this as they
mediate both the accretion of material onto the forming star and the transport

of angular momentum outwards. This will be discussed further in Section 1.2.

As the cores located in molecular clouds are the precursors to stars they are
called pre-stellar cores. Their evolution to main-sequence star can be traced
observationally via spectral energy distributions (see Figure 1.1). An SED shows
the energy emitted by a source as a function of wavelength and young stellar
objects (YSOs) can be classified according to this. This was first formalised
by Adams et al. (1987) and was subsequently added to by Andre et al. (1993)
and Greene & Lada (1996). YSOs are categorised as Class 0, I, II or III with
the additional flat spectrum (FS) classification between Classes I and II. This
observational criteria matches with predictions from theoretical calculations of
the flux from a rotating and collapsing core as described above (Adams et al.,
1987). In the Class I stage the SED excess is dominated by the hot dust in the
envelope while in the latter stages of evolution it is due to the dust disk. As
the envelope disperses and the disk settles the magnitude of this excess decreases

(see Figure 1.1). A parallel classification of T Tauri stars developed alongside this
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where YSOs are classified by the width of their Ha emission line. Classical T-
Tauri Stars (CTTS) are actively accreting and Weak-lined T-Tauri Stars (WTTS)
are passive (Wood et al., 1996). These are broadly equivalent to Class I and III

respectively.

Class 0 t ~104yrs Class | t ~105yrs
T y y
1000 au l N Cold 100 au j AFa IR excess
H Blackbody H Blackbody
Menv > Mstar > Maisk T 10100 Mstar > Meny = Maisk T 10100
Apm pm
Class Il t ~106yrs Class IlI t ~107yrs
—> <« . B |
l Accretion Disk
10 au AFa Disk 10 au AFa Stellar
H Blackbody| | Blackbody
Mdisk/ Mstarz 10% 1 10100 Mdisk/ Mstar <1% 1 10100
Apm Apm

Figure 1.1: The stages of YSO evolution in low mass star formation with char-
acteristic SEDs shown in the bottom right corners of each panel.

The protostar accretes material from the disk via magnetospheric accretion
(see Hartmann et al., 2016, for a review). The mass will flow onto the star
along the stellar magnetic field lines and will produce a shock as it hits the
stellar surface which is observable at UV and X-ray wavelengths. To conserve
angular momentum this process also launches accretion powered jets and disk

winds from within ~ 1 au in the Class 0 to I sources. The typical accretion
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rate is of order 107® to 1077 My yr~! (e.g., Calvet et al., 2004) but this can
be variable. EXor objects show increases in accretion rate by 1 to 2 orders of
magnitude on timescales of months to years and FU Ori objects show much higher
accetion rates, 107 to 10™* M, yr~! which can last for decades or more (Herbig,
1977, 2008). This variability has been attributed to instabilities in the inner disk
creating an irregular flow of material to the inner disk edge, and unstable disk
and magnetic field interactions (Hartmann & Kenyon, 1996). Once the mass of
the protostar is high enough deuterium burning ignites in the core followed by
hydrogen burning resulting in a main sequence star (McKee & Ostriker, 2007).
The evolutionary scenario described above is for low-mass star formation, i.e.,
Mgar S 2 M. Stars with masses greater than this are fully radiative rather
than having the radiative core and convective envelope of low mass stars. These
intermediate mass YSOs, Herbig Ae/Be stars, have a mass range from 2 My <
Mstar S 8 M. Herbig Ae/Be stars follow a similar SED evolution as for low mass
stars (Waters & Waelkens, 1998). Herbig Ae/Be sources exhibit signatures of
magnetospheric accretion but have lower accretion rates. Over this intermediate
mass range the accretion mechanism is thought to switch from magnetospheric
accretion to direct accretion from a disk. This is due to their radiative envelopes
resulting in weaker magnetic fields. There are still questions regarding how more
massive stars form (Tan et al., 2014), but there is now evidence for rotating
Keplerian-like disks around O-type stars which supports a disk accretion theory

of massive star formation (e.g., Johnston et al., 2015).

1.2 Disk evolution

As described in Section 1.1, during core collapse a circumstellar disk forms which
mediates the transfer of material from the in-falling envelope to the protostar.

At this early stage in the disk’s life time it maybe susceptible to gravitational in-
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stabilities (GI; Kratter & Lodato, 2016). GI is associated with non-axisymmetric
spirals which will influence the physical and chemical conditions in the disk.
These spirals are local enhancements in the disk density and temperature that
sweep through the disk. This will do several things to the gas and the dust. The
trapping of dust in the spirals enhances the rate of grain growth and shock heat-
ing of the gas will, in turn, affect the local chemical composition (e.g., Ilee et al.,
2011; Rice et al., 2004). As a general rule GI becomes relevant when the disk to
star mass ratio is high (Mgjsk/Mgear > 0.1). The stability of a disk against spiral

instabilities can be quantified via the Toomre Q parameter (Toomre, 1964):

CsK
@= TG

where ¢ is the sound speed of the gas, « is the epicyclic frequency (equal to the
angular velocity €2 in a Keplerian disk) and ¥ is the surface density of the gas.
Disks with @ < 1.7 will be susceptible to the formation of spiral asymmetries or
fragmentation, possibly resulting in the formation of bound companions (Durisen

et al., 2007).

Protoplanetary disks in the Class II stage are generally thought to have a disk
mass of 1 — 10% of the host star’s mass. These disks are described as viscous
accretion disks and the theoretical framework originated from the seminal papers
from Lynden-Bell & Pringle (1974) and Pringle (1981). As mentioned in Section
1.1 disks are essential in removing the angular momentum from the forming star.
Due to some source of viscosity, there is net transfer of mass inwards through the
disk, which is accreted into the star, and a net transfer of angular momentum
radially outwards, causing the disk radius to increase. The underlying viscosity

v in the disk is parameterized by a where:

v=acH
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and ¢, is the sound speed and H is the scale height of the disk. Typical values for
a range from 1072 to 107!, This framework allows for the modelling of viscous
disks without the difficulty of also modelling the source of the viscosity (Pringle,
1981; Shakura & Sunyaev, 1973). The molecular viscosity alone is not sufficient
remove the angular momentum. A primary source of the viscosity is thought
to be due to the magneto-rotational instability (MRI; Balbus & Hawley, 1991).
This is an instability that arises when a magnetic field is present in a differential
rotating fluid. The significance of this depends on the ionisation fraction of the

disk as this is the material that will be coupled to the magnetic field.

The general evolution of a protoplanetary disk is as follows and these stages
are shown in Figure 1.2 (Williams & Cieza, 2011). Initially, the flared disk loses
mass due to accretion of material onto the star. In the outer disk there is the
removal of gas via photo-evaporation from high-energy photons. Due to the radial
pressure gradient in the disk the gas orbits at a slightly sub-Keplerian velocity. As
the grains grow, the surface area to mass ratio decreases and the dust dynamics
are decoupled from the gas. The dust then experiences a drag force resulting in a
loss of angular momentum causing the orbital radius of the particle to decrease.
This drag force (and gravity) dampens the relative inclination of the dust’s orbit
causing the dust to settle in the midplane of the disk. The dust will travel towards
a local pressure maximum in the disk which may result in the grain falling into

the star or forming a dust trap or ring (Testi et al., 2014).

The micron-sized dust grains present when star formation begins are the build-
ing blocks of Earth-like planets. Terrestrial planet formation begins with the col-
lisional growth of dust from micrometre to centimetre sizes (Testi et al., 2014).
Further growth to metre sized bodies via collisions of similar sized particles be-
comes inefficient as centimetre sized particles tend to bounce rather than stick

(Zsom et al., 2010). This “bouncing barrier” can be overcome if particles of dif-
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Figure 1.2: Typical stages in protoplanetary disk evolution (based on Williams &
Cieza 2011). Disk observations are from Avenhaus et al. (2018), Andrews et al.
(2011) and MacGregor et al. (2017).



1.2 Disk evolution

ferent sizes are colliding. Metre sized objects then face the “drift-fragmentation
barrier”. Dust in the disk will drift radially inwards once decoupled from the
gas motions and this speed depends on the particle size. Collisions with high
differential speeds will result in fragmentation or erosion of these larger bodies.
Additionally, if the drift timescale is too fast, then a 1-metre size object at 1 AU
would fall into the star in ~ 100 yrs (Weidenschilling, 1977). There are a number
of solutions proposed to overcome this including the streaming instability (e.g.,
Youdin & Goodman, 2005). This results in a high density concentration of dust
that can grow to kilometre-sized via gravitational collapse. The growth from kilo-
metre sized planetesimals to planetary embryos either occurs from the collisions
between the planetesimals or via the accretion of smaller particles. The final stage
of accretion is chaotic with collisions between embryos and it may take > 107 yrs

for the system to become dynamically stable (Izidoro & Raymond, 2018).

Gas giant planets are proposed to form via two mechanisms: core accretion
(CA; Pollack et al., 1996) and gravitational instability (GI; Boss, 1998). Although
these two mechanisms have historically been put in opposition it is possible that
both are active in disks (Boley, 2009). CA begins in the same way as terrestrial
planet formation but in the outer disk beyond molecular snowlines (e.g., HyO,
COq, Ny, CO) where there is also icy material available to form the cores. Once
the core is &~ 10 Mg, it will start accreting a gaseous envelope. When the
core and envelope masses are approximately equal the envelope will collapse onto
the core and the protoplanet will undergo a run-away gas accretion. Growing
the cores required to build giant planets via the collisions of km sized particles
is inefficient and in some cases may take longer than the lifetime of the gas
disk. The rate of this process can be accelerated by having the core accrete cm
sized pebbles instead. This allows gas-giant planets to form in the disk before

dissipation (Lambrechts & Johansen, 2012). As described in Section 1.1 disks
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with a high mass may be susceptible to gravitational instabilities. In the case
where the Toomre ) parameter is &~ 1, and where the cooling time is less than the
orbital period, the disk will fragment. Giant planets can form via the gravitational
collapse of these clumps which are expected to be in the Jupiter mass range with

orbits 2 10 au (e.g., Boss, 2011; Rice et al., 2003).

Theoretical models predict that disk dispersal should occur on timescales up
to ~ 10 times shorter than observed disk lifetimes (Alexander et al., 2014; Pani¢
et al., 2013). Once the accretion rate falls and matches the evaporation rate the
outer disk can no longer feed material to the inner disk. UV photons from the
star are now able to penetrate the upper atmosphere of the disk more efficiently.
An inner hole in the disk forms out to a few au and the gas disperses rapidly.
In planet-forming Class II disks, jets/outflows are not the main driver of disk
dispersal. Instead, the removal of angular momentum is achieved by slower disk
winds (< 30 km s7!). Disk winds are proposed to be driven by photo-evaporation
and/or magneto-hydrodynamical (MHD) effects (Alexander et al., 2014; Ercolano
& Pascucci, 2017).

The remnants of protoplanetary disks are called debris disks (Hughes et al.,
2018). These are gas poor disks with planetesimals and possibly planets. Their
relatively young age but lower dust and gas content make direct imaging poten-
tial of exoplanets much easier. For example, in the debris disk around Fomalhaut
there is a detection of a giant planet at visible wavelengths interior to the nar-
row dust ring that has been observed with ALMA (see Figurel.2; Kalas et al.,
2008; MacGregor et al., 2017). Similarly, there is a giant planet embedded in
the Beta Pic debris disk (Lagrange et al., 2009, 2019). To determine the for-
mation mechanism(s) of these planets we need to constrain the physical and
chemical conditions in the younger protoplanetary disks where planet formation

is in progress.
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1.3 Disk structure

1.3 Disk structure
1.3.1 Physical structure

Protoplanetary disks have strong radial and vertical density and temperate gradi-
ents (see the diagram in Figure 1.4). The disk density and temperature structures
can be parameterized with analytical formulae. These prescriptions are based on
the results from theoretical models of viscous disks and have been shown to be
consistent with observations (e.g., Beckwith et al., 1990; Dutrey et al., 1998;
Hughes et al., 2011; Williams & Cieza, 2011).

The surface density, 3(r), of a disk can be described as a power law with an

exponential taper:

where,

M, is the total mass of the disk and v describes the steepness of the surface
density slope. 7. is the critical radius where the slope changes from the power
law to the exponential and 7, is the inner radius of the disk (Hartmann et al.,
1998; Lynden-Bell & Pringle, 1974). The 2D gas density distribution, p(r, z), can

be obtained by solving the equation of hydrostatic equilibrium:
dlnp G M arz (,umH> n olnT
dz (r2 + 22)/? kT 0z

where g is the mean molecular weight of the gas (2.2 — 2.4), ny is the mass of a

hydrogen nuclei, T" is the gas temperature (K) and & is the Boltzmann constant.
The smaller micron-sized grains are suspended in the gas but as they grow to

millimetre sizes they will settle towards the midplane. At each radius, r, p(r, z)
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is normalised such that:

The temperature of the emitting layer of gas/dust typically follows a power law:
T(r) ~ r~% (Beckwith et al., 1990). Initial models used isothermal vertical tem-
perature gradients in the gas but it has been shown from observations that there
is also a significant vertical temperature gradient in disks (e.g., Rosenfeld et al.,
2013). The temperature structure of the disk is set by a balance of different
heating and cooling mechanisms. Heating in the disk comes from the stellar ra-
diation, X-ray and UV radiation and cosmic rays. This energy is then processed
by the dust via scattering or absorption and emission, or photo-electric heating.
The gas can cool via rotational, vibrational or electronic transitions, forbidden
line emission, recombination or collisions (Woitke, 2015). This balance can be
computed with full themochemical models (e.g., Woitke et al., 2009a) but the
following analytical description is a good approximation. The 2D temperature of
the gas can described by two power laws, one for the midplane (7},;,4) and one for

the atmosphere (T, ):

25
T(r,2) = Tia + (Tatm — Tinia) [sm (%)} Tf z < 24
Tatm if z Z Zq

where the parameters 0 and z, describe the steepness of the profile and the
height in the disk where the temperature switches to the atmospheric value (e.g.,
Dartois et al., 2003). Figure 1.3 shows two example disk gas temperature and
density structures for a T Tauri and a Herbig Ae disk. The key differences are
highlighted in the white contours which show the CO freeze-out temperature
(20 K) and the CO photodissociation boundary (X(ng) = 1.256 x 10?' cm™2).

This is calculated by integrating the hydrogen nuclei density from the top of the

12
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disk vertically downwards (e.g., Qi et al., 2011). In the outer disk there is a region
where the conditions for both freeze-out and dissociation are met. Here, how the

CO is processed will depend on the relative rates of both processes.

Parametric Disk Models
T Tauri Disk
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90 =
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Figure 1.3: Example T Tauri and a Herbig Ae disk parametric models based on
Williams & Best (2014). The white contours mark the typical CO freeze-out and
photodissociation boundaries.

1.3.2 Chemical structure

The initial gas-to-dust mass ratio of the disk is thought to mirror the ISM value
of 100. Therefore, the bulk of the mass is made up of gaseous material. Most of
this gas is molecular hydrogen and helium, ~ 98% of the mass, and the remaining
mass is dominated by oxygen, carbon, nitrogen and sulphur bearing molecules.

These volatiles have a sublimation temperature of less than a few 100 K and can

13



1. INTRODUCTION

Dust Gas

atomic and ionised material

. e.g.H, C,C*
micron-dust . photo-dissociating + g \

mm-dust (+ices) \ L '. . photo-ionising radiation

..

A

o o s
cco @ [ ] .. Y
e o o .
, .
1
]
warm molecular gas

dust sublimation e.g. Hz, CO, HCO+, HCN, CN

~0.1 au 1 1

- . freeze-out
H20 snowline  CO snowline

(1-10au) (30 - 100 au)

Figure 1.4: The 2D dust (left) and gas (right) distribution in a protoplanetary
disk.

exist as ices on the surface of grains or in the gas phase (Pontoppidan et al.,
2014). The assumption for the solar system and disks is that they have global
stellar elemental abundances as they formed from the same parental cloud of gas
and dust (Asplund et al., 2009). Most of the oxygen is in H,O and CO, and
the carbon in CO, CO,, CH4, HCN, CyH, CyHy and CoHg. The main nitrogen
reservoir in protoplanetary disks is unclear since we cannot observe Ny directly
in disks, but there is expected to be a significant fraction of N in NH3 and HCN
(Pontoppidan et al., 2019). Sulphur is observed to be significantly depleted in
circumstellar regions with detections of gas-phase S-bearing molecules accounting
for ~ 0.1% only of the estimated cosmic abundance (Dutrey et al., 1997; Ruffle
et al., 1999; Tieftrunk et al., 1994). This is despite deep targeted searches in
YSOs (e.g., Martin-Doménech et al., 2016). The missing sulphur is thought to
reside on the solid dust grains in the disk, the most abundant molecule being
H,S in cometary ices (Bockelée-Morvan et al., 2000). There is also evidence for
sulphur chains, e.g., from Sy up to Sg (Jiménez-Escobar & Munoz Caro, 2011). In
refractory form a key sulphur species is iron sulphides (FeS), a main component

of primitive comets and meteorites (Keller et al., 2002).
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Although the dust only contributes to 1% of the initial disk mass this material
is incredibly important as it is this matter that forms terrestrial planets and
the cores of giant planets in the core-accretion scenario. In Class II disks the
millimetre dust disk tends to be less radially extended with the respect to the gas
disk (e.g., Andrews et al., 2016; de Gregorio-Monsalvo et al., 2013; Fedele et al.,
2017; Walsh et al., 2014a) as these grains are massive enough to be dynamically
decoupled from the gas, whereas the smaller micron sized grains are not. The
dust is primarily composed of silicate material. This is evident in the strong
absorption resonances at 10 pum and 18 pm relating to the Si-O and O-Si-O
bending modes (Draine, 2003). These features are relatively broad compared
with laboratory measurements indicating that interstellar silicates are amorphous
rather than crystalline. In addition to this the observed abundance of Si, Fe, and
Mg requires almost 100% of the solar abundance of these elements to be condensed
into grains. There is also evidence for a mixture of graphite grains and polycyclic
aromatic hydrocarbons (PAHs). Dust grains provide a surface for freeze-out of
volatile materials to form ices in dark molecular clouds and in the midplane of
protoplanetary disks. One of the strongest absorption features of interstellar ice
is the O-H bending mode of solid H,O at 3.1 pum (Draine, 2003). In T Tauri and
Herbig Ae/Be disks there is evidence for grain growth and crystallisation with
respect to dust in the ISM (e.g., Przygodda et al., 2003; van Boekel et al., 2003,
2005).

Chemistry in the disk is controlled by the temperature and density structure
and the impinging radiation field. Due to the large radial and vertical temperature
and density gradients in disks, a range of chemical processes occur and disks are
host to a variety of chemical species (see Henning & Semenov, 2013, for a review).
Protoplanetary disks can be roughly divided into four regions: the inner and

outer midplane, the molecular layer, and the disk atmosphere (see Figure 1.4).
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The inner midplane of the disk (approximately < 20 au but dependent on disk
mass) is heated from the dissipation of accretion energy. This region of the disk
is very dense and chemistry is dominated by two and three-body neutral-neutral
reactions and thermal desorption (e.g., Markwick et al., 2002). In the upper
layers of the disk, stellar and interstellar radiation fields are important as the UV
radiation dissociates and ionises molecules and atoms facilitating ion-molecule
chemistry. The spectral type of the star is important here as T Tauri stars have
non-thermal UV emission resulting from accretion and Herbig Ae/Be stars have
more thermal UV emission. These differing radiation fields will have different
effects on the chemistry in the respective disks since X-rays will result in ion-
molecule chemistry and UV radiation will lead to photodissociation (Agundez
et al., 2018; Walsh et al., 2015). In addition to this T Tauri stars have a greater
X-ray luminosity than Herbig Ae/Be stars due to their stronger magnetic fields.
X-ray photons ionise He in the molecular layer and this ion can then destroy
molecules like CO driving gas phase chemistry (Aikawa et al., 1997). Below the
atmosphere in the warm molecular layer where temperatures range from 30 —
70 K, the molecules are partially shielded from radiation allowing more molecule
based reactions to proceed (Aikawa et al., 2002). The disk midplane is shielded
from most radiation sources aside from cosmic rays and here temperatures can
drop below 20 K resulting in freeze-out/adsorption of most molecules onto grain
surfaces forming ices. Water freezes out at around 150 K (this temperature
depends on the density); in a T Tauri disk this corresponds to a radial distance
of 1—3 au (Notsu et al., 2016). Comparatively, CO is more volatile than H,O and;
therefore, the CO snowline typically lies beyond ~ 20 au (Zhang et al., 2017).
In the disk midplane grain surface and hydrogenation reactions are important
and materials can be released from grains into the gas phase via non-thermal

desorption triggered by, e.g., cosmic rays (e.g., Aikawa et al., 1999; Semenov
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Figure 1.5: Hubble observations of a sample of young disks in the Orion Nebula
(taken from Ricci et al. 2008).

et al., 2004).

1.4 Precursor and complementary observations
to ALMA

Before discussing the properties of disks probed via the Atacama Large Millime-
ter/submillimeter Array (ALMA), it is beneficial to briefly summarize some of
the precursor and complementary observations of protoplanetary disks.

The first direct evidence for disks came from observations at visibile wave-
lenghts. The circumstellar disk around Beta Pic was imaged (Smith & Terrile,
1984) and YSOs in Orion (e.g., O’dell et al., 1993). Visible wavelengths probe
the micron-sized dust that scatters light from the flared disk surface and the ab-
sorption shadows of the optically thick midplane dust. This can be seen in the
images in Figure 1.5 from more recent observations of the Orion Nebula (Ricci
et al., 2008). High resolution scattered light observations are executed by tele-
scopes like SPHERE/VLT and these again, probe the light scattered from the
disk surface by the micron-sized dust grains that are suspended in the gas disk
(e.g., Avenhaus et al., 2018, see Figure 1.2).

Prior to this, the existence of disks was inferred from the infared excess in
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SEDs attributed to the thermal emission from the circumstellar dust (e.g., Kenyon
& Hartmann, 1987). Transition disks were first identified by Strom et al. (1989)
by the lack of near-infrared (< 10 pum) excess but with a significant far-infrared
(> 10 pm) excess in the SEDs. This lack of emission is attributed to the disk

having an inner hole devoid of micron-sized dust grains.

Interferometry at sub-millimetre wavelengths with the Submillimetre Array
(SMA), Combined Array for Research in Millimetre-wave Astronomy (CARMA)
and NOrthern Extended Millimetre Array (NOEMA, successor to the Plateau
de Bure observatory) have provided resolved images of protoplanetary disks and
resolved the gaps in transitional disks (for a review see Guilloteau et al., 2011,
also see Figure 1.2). Observations with the The Karl G. Jansky Very Large Array
(VLA) probe the centimetre-sized dust in the disk (e.g., Rodriguez et al., 1994).
These observations show that the larger grains are radially more compact than

the millimetre sized grains (e.g., Carrasco-Gonzélez et al., 2016).

Due to the rich chemistry in the disk, different molecules can be used to trace
different regions and properties (see Table 1.1, adapted from Henning & Semenov
2013). Molecules are primarily used as tracers of disk mass, temperature and
kinematics but can do much more, for example, CS and DCO™ have been utilised
as tracers of disk turbulence and CN has the potential to be a direct measure of
disk magnetic field strength (e.g., Flaherty et al., 2015, 2017; Teague et al., 2016;
Vlemmings et al., 2019). Over 200 molecules have been detected in space but only
~ 20 in protoplanetary disks (McGuire, 2018). This lower number of detections
is likely due to the freeze out of molecules onto dust grains in the disk midplane,
the destruction of molecules via photodissociation in the disk atmosphere, and
the small angular scale that disks subtend on the sky. Space-based infrared
observations with Herschel and Spitzer have detected multiple CO lines and a

range of molecules such as CO,, H,O, CoHy, HCN and OH in disks that are tracing
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Table 1.1: Physical and chemical tracers in disks at sub-millimetre wavelengths
(adapted from Henning & Semenov, 2013). The superscripts X and Y represent
the different mass number of different isotopes, where X = 12,13 and Y = 16,17,18.

Quantity Molecule
Mass XCY0O, HD
Temperature 2cO, 3CO, H,
Kinematics XcY0, HCO™
Density CS, HC3N
Ionization HCO™, NoHT, CHT
Deuteration HD, DCO™, DCN, H,D*
Turbulence CS, DCO*
Shocks SiO, SO, CH30H
Fractionation H3CO"™ HC"N

warm gas (e.g., Fedele et al., 2013, 2016; Pontoppidan et al., 2010). Interferometry
allows for spatially and spectrally resolved observations of molecular lines in disks,
and before ALMA, the IRAM Plateau de Bure interferometre (PBdI) and the
SMA observatories were driving this science (e.g., Dutrey et al., 1996; Guilloteau
et al., 1999; Oberg et al., 2010; Qi et al., 2004). Sub-millimetre interferometry

probes the warm and cold gas in the outer disk (> 10 au).

1.5 Disk properties via ALMA observations

1.5.1 Mass

The mass of a disk is its most fundamental property as this sets a limit on the
material available to form a planetary system and can influence the mode of giant
planet formation. The initial gas-to-dust ratio of protoplanetary disks is thought
to mirror the interstellar medium (ISM) ratio of 100; therefore, the bulk mass
carrier in young disks is the gas. With ALMA, the mass of a protoplanetary
disk can be determined from observations of the dust emission and CO rotational

transitions (see Figure 1.6 and Bergin & Williams, 2017, for a recent review). The
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sensitivity of ALMA has allowed for the robust detection of the cold millimetre
dust and the rarer CO isotopologue, C*®0, in ~ 100 disks resulting in improved
disk gas mass estimates and the ability to study disk demographics.

The dust emits radiation over a continuum where the brightness is dependent
on the temperature and the optical depth. As observations with ALMA are at
millimetre wavelengths these observations are most sensitive to the millimetre-
sized dust. Under the assumption that the millimetre emission is optically thin,
the dust mass can be calculated as follows:

F,d?

M = —
dust /{VBV(Tdust)

where F), is the flux at a particular frequency v, d is the distance to the source
in pc, k, is the wavelength dependent dust opacity and B, (Ty.s) is the Planck
function assuming a constant dust temperature for the disk (typically 20 K). The

opacity k, can be expressed as:

v\ B
()
Vo

where the constants kg and the spectral index [ depend on the dust size distri-
bution and composition (Draine, 2006). A typical value for 5 is 1 and for &g it is
0.1 g em™2 for a vy of 10'? Hz (Beckwith et al., 1990).

The above method will no longer trace all of the dust mass if the emission
is optically thick at the observed wavelength. In the simplest case, ignoring any
dust sub-structure in the disk, the dust optical depth will increase with decreasing
radius (see Figure 1.6). For example, the dust disk around HL Tau (Class I/1I) has
been observed with both ALMA and the VLA and the resulting dust mass derived
from the centimetre wavelength observations is 2 to 20 times higher than that
with the millimetre wavelength ALMA observations (ALMA Partnership et al.,
2015; Carrasco-Gonzalez et al., 2016). Another indication of optically thick dust
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is the deficit of line emission at the location of high continuum optical depth.
For example, in the HD 163296 disk there is a deficit of C'®O emission where the
dust emission peaks in the inner disk (e.g., Isella et al., 2016). Additionally, there
has been recent theoretical work showing that at 1 mm the apparent low optical
depth (7 ~ 0.6) derived from observations is underestimated due to scattering

(Huang et al., 2018a; Zhu et al., 2019).

Most of the gas mass in disks is in Hy which we cannot directly observe in the
bulk of the disk (Carmona et al., 2011). This is because Hy has no permanent
dipole and therefore the transitions are very weak. As a result, most disk gas
masses rely on observations of CO that are then extrapolated to a total gas mass
by assuming a constant CO/H, abundance ratio in the disk (=~ 107%). The gas
mass can be calculated from the total integrated line flux but proper treatment
of the disk 2D temperature and density structure, accounting for freeze-out and
photodissociation, with radiative transfer is preferred when retrieving disk gas

masses (Williams & Best, 2014).

Initial observations tended to target *CO and C'™0O. This is because the
most abundant isotopologue >CO is optically thick in gas-rich disks, especially
within the CO snowline. If the line is optically thick then the emission is not
tracing the bulk gas mass in the disk midplane but rather the gas in the warm
molecular layer (see Figure 1.6). The rarer the CO isotopologue, the closer to the
midplane the observations are tracing. However, the "*CO and C'®0 are likely not
optically thin throughout the entire disk, therefore, gas masses determined with
these tracers may be underestimated. For example, *C'O has been detected
in the TW Hya disk and this emission is proposed to be optically thin within
the snowline whereas the C*®0O is optically thick (Zhang et al., 2017). Therefore,
the C'®0 is not tracing the full column of CO gas within the snowline. The

under-estimation of disk gas mass due to optically thick line emission will be
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Figure 1.6: Disk mass tracers accessible with ALMA.

more significant in more massive gas-rich disks, i.e., those around Herbig Ae/Be

stars versus those around T Tauri stars.

In general, the total (gas and dust) mass measurements of Class II disks in
nearby star-forming regions are an order of magnitude less than the Minimum
Mass Solar Nebula (MMSN) and the gas to dust mass ratios are ~ 10, an order
of magnitude lower than in the ISM (Ansdell et al., 2016, 2017, 2018; Long et al.,
2018a). Due to the high occurrence rate of exoplanets detected around main
sequence stars, it is hard to reconcile this lack of gas mass with the proposition
that these disks will not go on to form any planets. Rather, the lack of mass
may indicate that planet formation has already taken place in the Class II disks
or that these disk masses have been significantly underestimated (e.g., Greaves
& Rice, 2011; Manara et al., 2018). These surveys have revealed some trends
including the increase in disk dust and gas mass with increasing host star mass,
the decrease in disk mass with age, and the decrease in disk mass with increasing

proximity to massive stars.

As the CO gas masses measured are low, there is potentially missing disk
mass from the conversion from CO to Hy mass. Complimentary HD observations

imply the depletion of gas-phase CO in disks relative to that in the ISM (Bergin
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et al., 2013; McClure et al., 2016). CO can be depleted from the gas phase via
freeze out onto the icy grains in the cold midplane, and subsequent conversion
to COy and more complex organic species, e.g., CH30OH (e.g., Bosman et al.,
2018). The CO abundance also depends on the gas temperature and the level
and type of ionisation in the disk (Schwarz et al., 2018). Photodissociation via
far-UV radiation destroys CO in the upper disk atmosphere, and isotope selective
photodissociation can enhance the various isotopologue ratios relative to **C®0
in the atmosphere (e.g., Miotello et al., 2014). Carbon is observed to be more
depleted in the cooler T Tauri disks than in the warmer Herbig Ae/Be disks
(Kama et al., 2016a).

1.5.2 Temperature

The temperature of the emitting layer of the millimetre dust can be derived
from the brightness temperature if the emission is optically thick (e.g., ALMA
Partnership et al., 2015). Otherwise, to reliably constrain the dust temperature
radiative transfer modelling and multi-wavelength observations are required (Kim
et al., 2019; Tazzari et al., 2016).

The temperature in the gas disk can be well constrained with observations
of multiple CO lines. SMA and ALMA observations have shown that the gas
and dust are thermally decoupled in the disk atmosphere with the gas having a
greater vertical temperature gradient than the dust (Qi et al., 2006, 2011; Schwarz
et al., 2016). ALMA observations of CO have now been able to spatially resolve
emission from both the top and bottom surfaces of inclined flared disks (e.g.,
de Gregorio-Monsalvo et al., 2013). Similarly, observations of edge on disks can
give a direct measure of the gas temperature as a function of radius and height
(Dutrey et al., 2017). Other molecular lines, aside from CO, can be used to

constrain the gas temperature, for example, multiple lines of CH3CN have been
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used to determine the temperature the CH3CN emitting layer in the TW Hya
disk (Loomis et al., 2018a).

The temperature of the disk can be further constrained by locating key molec-
ular snowlines. The CO midplane snowline in disks is difficult to locate due to
the high optical depth of the more abundant CO isotopologues and the vertical
temperature gradient of the disk. The CO snowline can be determined directly
by observing less abundant, optically thin, CO isotopologues, or by detecting
molecules that, due to chemistry, peak in abundance at a location related to the

snowline, e.g., NoH" and DCO™.

DCO™ is the deuterated form of HCO™ and deuterium chemistry is active
in the cold (< 20 K), dense (> 10° cm™) midplane of disks (i.e., near the CO
snowline). This results in an increase in the D/H ratio in molecules in the disk

due to chemical fractionation:
H3+ + HD = H2D+ + H2 + 232 K.

The elemental D/H ratio is &~ 1075 but at low temperatures the forward reaction
dominates. This also leads to an enhancement of deuterium in heavier molecules,
e.g.,

H,D* 4+ CO — DCO™ + H,.

In dark clouds and disks the observed DCOT/HCO™" ratios are high ~ 1072,
representative of that measured in comets (van Dishoeck et al., 2003). A measure
of the level of deuteration of a species can inform on the thermal history of the
material which is important as an open question is whether or not cometary
ices are inherited from the parent cloud. Similarly, carbon and nitrogen bearing
species can also undergo chemical fractionation. This is the preferential transfer

of a heavier isotope into a molecule under certain conditions. Current models
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primarily focus on HCO™, HCN, and CN and the *C and N isotopes (Visser
et al., 2018; Woods & Willacy, 2009).

1.5.3 Dust sub-structure

From the first long baseline ALMA observations of HL Tau it was clear that
the radial distribution of dust in disks is likely not smooth (ALMA Partnership
et al., 2015). Concentric rings of dust are by far the most common features ob-
served (Andrews et al., 2018a; Long et al., 2018b). Azimuthally asymmetric dust
structures are also observed including horse-shoe shaped dust distributions and
spirals (e.g; Cazzoletti et al., 2018a; Huang et al., 2018b; Pérez et al., 2016; van
der Marel et al., 2013). Figure 1.7 shows recent high spatial resolution (=~ 5 au)
1 mm continuum observations from a survey of nearby protoplanetary disks. The
most popular interpretation for these dust structures are planet-disk interactions

(Zhang et al., 2018) and this will be discussed further in Section 1.6.

1.5.4 Molecular sub-structure

Significantly less detailed sub-structure has been observed in the molecular gas in
disks (see Figure 1.8). This is partly due to the longer observing times required
to achieve the same spatial resolution and signal-to-noise ratio as the continuum
observations, but it is also not expected than the gas and millimetre-sized grains
will follow the exact same radial structures. For example, in general the CO gas
disks are more radially extended than millimetre dust and this can be explained
by radial drift of the millimetre sized grains (Birnstiel et al., 2010).

Gas cavities in the inner disk associated with dust cavities have been resolved
in CO isotopologue emission in a number of disks (van der Marel et al., 2015,
2016). Gas density perturbations associated with dust rings ~ 100’s of au from

the central star are less commonly observed. Examples have been seen with
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ALMA in the HD 163296, HD 169142 and AS 209 protoplanetary disks (Isella
et al. 2016, Fedele et al. 2017, Favre et al. 2019) where the '*CO, *CO and C**0O
line observations do not follow the exact same radial profiles as the dust, but
there is a change in slope of these line intensity profiles that coincides with the
location of the dark dust rings. CO isotopologues are a good proxy for total gas
density in the disk but only if the CO/H, ratio is radially constant across the
disk, and recent work shows that this may not be the case (Miotello et al., 2018;
Nomura et al., 2016; Zhang et al., 2019).

Although CO isotopologues are the most common tracers of the molecular gas
in disks, it is beneficial to observe lines from other molecules to gain more infor-
mation about the physical and chemical conditions of the gas. Species other than

CO can be more powerful tracers of physical conditions because the abundances

Figure 1.7: ALMA Band 7 continuum emission at /~ 5 au resolution of 20 nearby
protoplanetary disks (Andrews et al., 2018a).



1.5 Disk properties via ALMA observations

are more sensitive to changes in the disk’s physical conditions. For most of the
disk, the chemistry of CO can be described simply by freeze out and photodis-
sociation, whereas other species’ abundances are more dependent on the, e.g.,
gas number density and the UV and X-ray irradiation. Chemical modelling is
required to determine whether or not molecular structures can be linked directly
to a change in the total gas surface density. Radial variations in CS emission
have been shown to trace a decrease in gas surface density associated with a dust
gap in the TW Hya disk (Teague et al., 2017). In comparison, the rings of CN
detected in the disks arise naturally without any underlying ringed dust or gas

structure (Cazzoletti et al., 2018b). The ringed CN abundance distribution in

IM Lup H13CO+

v

Tb

Figure 1.8: Variety of molecule line detections in different disks (Bergin & Cleeves,
2018): (a) IM Lup H'CO™ (Oberg et al. 2015) (b) DM Tau CoH (Bergin et al.
2016) (c) TW Hya "3CO (Schwarz et al. 2016) (d) TW Hya CN (Teague et al.
2016) (e) TW Hya NoH™ (Qi et al. 2013) (f) IM Lup DCO™ (Oberg et al. 2015.)
All colour scales represent the intensity of the line emission but IM Lup has been
coloured red and blue to show the regions of the disk where the line emission is
red and blue shifted due to the Keplerian shear.
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disks is a result of the the impinging UV flux and the flaring angle of the disk
surface (Cazzoletti et al., 2018b). Similarly, rings of CoH and C3Hs in TW Hya
are formed due to UV irradiation and a high C/O ratio in the disk atmosphere
(Bergin et al., 2016). Additionally, in the outer gas disk ALMA has detected
rings of molecular emission at the edge of the millimetre dust disk, beyond the
CO snowline, that can be explained via the non-thermal desorption of CO (()berg
et al., 2015).

Molecular rings of NoyH™ and DCO™ are associated with the CO snowline in
disks. NoH™ is the most robust chemical tracer of the CO snowline due to the

anti-correlation between gas phase CO and NoH'. NyH™ forms via this reaction:
NoH + Hy™ — NoHT + H,

but when CO is present in the gas phase these competing reactions dominate:
CO +H3t — HCO™ + H,

CO + N,H" — HCO"™ + N,

Therefore, the location of the CO snowline can be inferred from the presence of
ringed NoH™ emission (TW Hya; Qi et al. 2013b and HD 163296; Qi et al. 2015).
However, the exact location of an NoH™ ring does not necessarily correspond to
directly to the CO snowline location. Chemical models are required to properly
interpret the data and NoH™ line ratios can be used to constrain the emitting gas
temperature to see if indeed the gas is tracing the midplane or is optically thick
and tracing the warm molecular layer (Qi et al., 2019; Schwarz et al., 2019; van

‘t Hoff et al., 2017).
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1.6 Signatures of planets in disks

1.5.5 Disk dispersal

Disk winds can be traced via the velocity profiles of the atomic/molecular gas.
Most evidence for disk winds has been seen in blue-shifted line profiles of forbidden
lines [O I] and [Ne II] (e.g., Pascucci et al., 2011a). With ALMA there is evidence
for a slow ~ 3 km s™! disk wind traced in CO isotopologue emission from the
T Tauri source DG Tauri (Giidel et al., 2018). Similarly, there is evidence for a
radiatively driven disk wind from the edges of the IM Lup disk (Haworth et al.,
2017). There is a signature of a rotating MHD wind in molecular line emission
from SiO, SO and SOs emission from a young Class 0 source (Tabone et al.,
2017). With ALMA there also is evidence for a rotating disk wind traced in CO
but whether or not this is an MHD driven wind is unclear (Klaassen et al., 2013a).
The lifetime of the disk and rate of dispersal sets constraints on the timescale and
the material available in the disk for planet formation. Directly observing disk
dispersal is; therefore, of great interest and importance for understanding planet

formation.

1.6 Signatures of planets in disks

The observed structures in disks have been proposed to signify planet formation
where the apparent gaps and asymmetries are the result of dynamical clearing
and gravitational interactions with forming planets (e.g., Zhu et al., 2011). The-
oretical simulations of planets in disks show that a planet in a disk will create
sub-structures in both the dust and gas. The planet will launch spiral density
waves in the disk and will carve out a gap if massive enough. These spirals arise
to mediate the exchange of angular momentum between the planet and the disk
and can cause orbital migration of the planet. This occurs when the torques
from the inner and outer disk are unequal. The direction and timescale of this

migration depends on the planet’s mass and the physical conditions of the disk
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(Kley & Nelson, 2012).

Gas and dust depleted cavities are; therefore, the clearest indirect signposts
of giant planet formation. The presence of a massive planet in a disk causes a
pressure maximum at the outer edge of the gap it has created (Dong et al., 2015;
Pinilla et al., 2012). This pressure maximum will halt the inward radial drift of
the mm-sized dust resulting in the formation of a ring of mm-sized dust. Dust
gaps are the most common features detected in disks but there are only a few
cases where corresponding dust and gas gaps have been detected (e.g., Isella et al.,
2016). This is likely due to different sizes of gaps formed in the different tracers.
The edge of the gap traced in the micron-sized dust and in the gas are located
much closer to the perturbing planet as these particles are less efficiently trapped
(de Juan Ovelar et al., 2013). There are analytical relationships to determine the
mass of the forming planet from the gap width and depth (e.g., Dong & Fung,
2017; Kanagawa et al., 2016; Rosotti et al., 2016). However, these relationships
are limited by the spatial resolution of the observations and the assumption for
the disk viscosity. Grids of 2D hydrodynamic simulations of both the gas and
dust in a disk with varying «, scale height and planet masses can explain all
of the structures seen in the recent high angular resolution dust observations
(Figure 1.7 and Zhang et al., 2018). Intuitively, one gap would correspond to one
planet but models show that one super-Earth mass planet, in a low viscosity disk
(o < 107%), can induce multiple gaps in the mm-dust but the features in the

gas are an order of magnitude smaller (Dong et al., 2018).

The lack of a clear trend in the location and width of the dust ring with host
star properties favours planets as the likely explanation (Huang et al., 2018a).
If the rings were due to an intrinsic property of the host star, e.g., luminosity,
there should be a correlation between ring positions and spectral type of which

there is not. But, with the lack of planet candidates detected in gaps other
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mechanisms need to be considered. Rings in the dust distribution have been
shown to arise at the condensation fronts of volatile species in the disk due to
either increased pebble growth or dust sintering (e.g., Okuzumi et al., 2016; Zhang
et al., 2015). Additionally, multiple gaps and rings have been shown to form in
magneto-hydrodynamic simulations (e.g., Flock et al., 2015; Pinilla et al., 2016;
Ruge et al., 2016).

Non-asymmetric features were actually the first dust structures observed in
disks (van der Marel et al., 2013). These horseshoe shaped dust traps can form
via the Rossby Wave Instability (RWI) in a disk where self-gravity is negligible.
An axisymmetric bump in the disk surface density induces a non-axisymmetric
vortice (Lovelace & Romanova, 2014). A change in the radial gas density, i.e., a
gap due to a forming planet or a massive companion, or, a change in viscosity at
the dead zone can create the conditions for a vortex to form. If not excited by
planets or companions, spiral asymmetries can arise due to gravitational insta-
bility or flyby encounters with unbound objects (Cuello et al., 2019; Hall et al.,
2018).

The gas kinematics are encoded in the molecular line emission. The gravita-
tional interactions between a planet and its disk will perturb the local velocity
field. Local deviations from Keplerian motions have been detected in multiple
disks and can be linked to Jupiter mass planets (see Figure 1.9; Pinte et al., 2018,
2019; Teague et al., 2018). Also a local increase in line width can be attributed to
a forming planet (Dong et al., 2019). Larger scale super-Keplerian velocities have
been measured in the inner regions (< 100 au) in a few disks and these can be
explained by warped inner disks or fast radial flows (e.g., Casassus et al., 2013;
Loomis et al., 2017; Walsh et al., 2017). Both of these are due to planet-disk
interactions. A forming planet is also expected to alter the chemical composition

of the disk locally via heating due to its inherent luminosity; therefore, there
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velocity
kink

Figure 1.9: Single channels maps showing the local deviations in **CO emission
(left) and "CO (right) from the Keplerian velocity pattern in the HD 163296
(left) and HD 97048 (right) disks (Pinte et al., 2018, 2019).

is the potential for planets to be detected from observed chemical asymmetries

(Cleeves et al., 2015).

Planets will accrete material from the disk though their own disks and these
are another potential observable in both the gas and dust (Perez et al., 2015;
Szulagyi et al., 2016). These circumplanetary disks (CPDs) regulate the growth
of the planet and are the potential formation sites for moons. The most convinc-
ing detection of a CPD is in the PDS 70 disk. In this source there is a coincident
gap in both the gas and dust disk (Long et al., 2018¢) and within this gap VLT
and Gemini observations detected a point source, PDS 70b (Keppler et al., 2018).
Follow up observations detected Ha emission from PDS 70b indicative of ongoing
accretion and ALMA millimetre continuum emission associated with the point
source (Keppler et al., 2019; Wagner et al., 2018). Similarly, recent ALMA ob-
servations of TW Hya have detected a compact au-scale feature in the continuum

emission that is potentially a CPD in the outer disk (Tsukagoshi et al., 2019).

Overall, ALMA observations have given unprecedented insight into the for-

mation of planets. The observations and modelling of the millimetre dust have
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given us valuable information on disk properties but the same degree of impor-
tance also needs to be given to the molecular lines. Different molecules give vital

diagnostics on the physical and chemical structure as well as the kinematics.

1.7 This thesis

This thesis presents a study of molecular line emission from planet-forming disks
around young stars. Chapter 1 provided an overview of the formation, evolution
and structure of protoplanetary disks.

Chapter 2 outlines the different methods in this thesis including: interfer-
ometry with ALMA, chemical modelling and line radiative transfer. This thesis
uses both ALMA observations of disks and chemical models with the aim of
constraining some of the physical and chemical conditions associated with giant
planet formation.

Chapter 3 presents the first detections of *C!O in protoplanetary disks.
These data are used to constrain the total gas mass of the HD 163296 and HL
Tau disks. In both cases the detection of *C'"O shows model independently that
the disk gas masses have been underestimated from existing C'®0 observations
by a factor of 2 to 10 times. These updated mass measurements provide insight
into the gravitational stability of each star-disk system.

Chapter 4 presents the first detection of H**CO™ and HC'N in the HD 97048
disk. In particular, this work looks at the radial abundance distribution of the
H™CO" and H"™®CO™. The observed ratio is low and various models are in-
vestigated to see if chemistry alone can explain this or if modifications to the
underlying disk gas density or temperature structure are required. This analysis
highlights the need to consider isotope-fractionation chemistry and suggests that
in the outer disk the gas temperature is much colder than previously thought.

Chapter 5 presents the first detection of SO in the HD 100546 disk. In disks S
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bearing volatiles are observed to be depleted, but, in other environments SO is a
unique tracer of shocks. The spatial distribution of the emission is very compact
and the kinematics are not consistent with solely Keplerian rotation. There is
significant blue-shifted emission that is not spatially coincident with the blue-
shifted disk emission. Therefore, it is proposed that the SO is tracing a disk wind
or a circumplanetary disk given that SO is a known shock tracer.

Chapter 6 presents an analysis of the Si and S-bearing volatiles in the HD 97048
and HD 100546 disks. Like sulphur, silicon bearing volatiles are also observed
to be significantly depleted in disks, similar to dark clouds. Multiple lines of SO
and SiO are targeted towards HD 100546 and HD 97048. Upper limits on the
disk averaged column densities are derived for the non-detections of the SiO and
SO lines. These values are compared to the results from disk specific chemical
models. With this analysis the different reservoirs of volatile silicon and sulphur
can be constrained in each disk and reveals that SiS, an as-yet undetected disk
molecule, as a significant source of both.

Chapter 7 provides a summary of this thesis, details plans future projects and
shows how the work presented here informs the wider protoplanetary disk, planet

formation and exoplanet communities.
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Chapter 2

Methods

2.1 Observations with ALMA

Protoplanetary disks subtend a small angular scale on the sky and therefore, in
most cases, we need subarcsecond resolution observations in order to spatially
resolve them. The mm-sized dust in disks emits radiation at predominately mil-
limetre wavelengths and the rotational transitions of the simple molecules in disks,
e.g., CO, HCO™, are also at sub-millimetre wavelengths. The angular resolution,
0, of a telescope is given by:

6:5

where A is the observing wavelength and D is the size of the aperture. Sin-
gle dish telescopes which would meet resolution requirements at sub-millimetre
wavelengths to resolve protoplanetary disks are simply too big to construct. The
alternative is to synthesise a large continuous aperture telescope by summing sep-
arated pairs of smaller telescopes. This is this the principle behind interferometers

such as ALMA.

ALMA is the product of an international collaboration between Europe, the
United States, Canada, Japan, South Korea, Taiwan, and Chile. This interferom-

eter is located on the Chajnantor plain of the Chilean Andes where the weather
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Figure 2.1: The 66 ALMA antenna in a compact configuration. The Total Power
array is highlighted in blue and the Atacama Compact Array in orange.

conditions are very dry, reducing the effect of absorption from the atmospheric
water vapor. Figure 2.1 shows the 66 antenna that make up ALMA. There are
50 12 m antennas which make up the main array and these are complemented
by the 12 7 m antennas in the Atacama Compact Array (ACA) and the 4 12 m
antennas in the total Power (TP) array. The following section covers the basics
of interferometry and the general steps in working with ALMA data (Remijan,
2019).

2.1.1 The basics of interferometry

For a single dish antenna the brightness (specific intensity) is defined as:

oP

b= 55400

where 0P is the electromagnetic power received to a surface area d A over a given
bandwidth dv from a particular solid angle €2 on the sky. ALMA can receive
signals from 8.5 to 0.32 mm (35 — 950 GHz) (Remijan, 2019) and this is divided
into different different observing bands (see Table 2.1). The total flux density is
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Table 2.1: ALMA observing bands

Band Wavelength (mm) Frequency (GHz)

3 2.6-3.6 84 - 116
4 1.8-24 125 - 163
5 14-18 163 - 211
6 1.1-14 211 - 275
7 0.8-1.1 275 - 373
8 0.6 -0.8 385 - 500
9 04-0.5 602 - 720
10 0.3-04 787 - 950

given by:

S, = /L,dl/.

The units of S, are Wm~2 Hz~! but as the flux density received is typically very

low the convention is to use Janskys where 1 Jy = 10726 Wm~=2 Hz L.

The antenna has a parabolic surface and the total power received is the sum of
the focused radiation. This power response has a Gaussian-like central component
with a full width half maximum that is called the primary beam. This determines

the field of view and is given by:

Primary Beam = 1.03 X D

where D is the diameter of the dish. Beyond this central maximum there are suc-
cessive lobes of constructive and destructive interference. The amplitude of these

side-lobes is typically only an order of a few percent of the central component.

In aperture synthesis the signals from multiple antennas are combined. For an
ideal 1-D two-antenna interferometer (Al and A2) this works as follows. When
A1l and A2 both point towards some source S the radiation will reach A2 before
A1l. To account for this the electrical signal collected at A2 has an artificial delay

applied. The voltage response from Al can therefore be expressed as the response
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from A2 with a delay factor:

Vi = Vo e27ri(ul)
where u is the projected baseline and [ is the spatial coordinate on the sky.
Expanding this 1-D example to 2-D introduces equivalent terms for u and [ in

the second dimension, v and m. This results in:

Vi = Vo 627ri(ul+vm)'
The purpose of the correlator is to multiply and average these incoming signals.

Since v? < P and P o I this becomes:

(Viva) ~ / / L,(Im) ™ vm) didm

where the intensity at point (I, m) on the sky is I,,(I,m). The correlator therefore

is measuring a complex visibility:
V(u,v) = / / L (1, m) e em) qidm,.

This is a complex number that is defined by an amplitude and a phase which
describes the sky brightness at a position relative to the phase centre given the
spatial frequencies u and v. This visibility is the Fourier transform of the sky
brightness distribution, therefore the sky brightness distribution can be recovered
from measuring the complex visibilities with different spatial frequencies. Each
pair of antennas results in one point in the (u, v) plane defined by their separation
distance, or baseline. It is impossible to observe all of the potential points in the
(u,v) plane therefore the uv-coverage limits the final image fidelity - the accuracy
of the reconstruction of the sky brightness distribution. N antennas results in

N(N — 1)/2 different baselines, therefore the 50 12 m array has 1225 different
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baselines.

The resolution of the interferometer is limited by the longest baseline:

A

07‘65 = I .
max

The highest angular resolution achievable with ALMA at at 345 GHz is 0701.
Therefore for a disk at 100 pc this is equivalent to 1 au. The largest recoverable

angular scale is limited by the shortest baseline:

QLAS = 0.6 x

Lmin

For example, the shortest baseline in the Cycle 0 observations from Walsh et al.
(2014a), also presented in Chapter 5, is 21 m corresponding to a largest recov-
erable angular scale of 475 at 345 GHz (after converting radians to arc-seconds).
The ALMA antennas can be moved into a range of compact and extended con-
figurations in order to sample different maximum (15 km) and minimum (15 m)

baselines.

2.1.2 Working with ALMA data

The measured visibilities need to be calibrated before being Fourier inverted.
To work with these data we use the Common Astronomy Software Applications
package (CASA; McMullin et al., 2007a). The calibrators, chosen are sources of
bright, constant radiation with a well known position, e.g., Titan. The primary
calibration of the data is executed by the ALMA staff. They check though the
data and will flag any potential issues. Due to the high sensitivity of ALMA
which leads to high signal-to-noise observations a self-calibration for the phase
and amplitude is then executed by the project PI/team (Brogan et al., 2018). In
this step the calibrations are applied to the continuum data only and then the

solutions are applied to the line data which are then continuum subtracted.
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The visibilities are then Fourier inverted and deconvolved in order create an
image. This deconvolution is in order to suppress the side-lobes of emission
corrupting the image fidelity. The typical algorithm used for this is CLEAN
(Hogbom, 1974) and this is a built in function in CASA. CLEAN weighs all of
the baselines equally but there are also options to omit particular baselines using
a uv taper or to give the longer/shorter baselines higher significance in order to
improve the science products (Briggs, 1995). The use of a taper or a particular
weighting scheme is generally done to optimise both the signal-to-noise ratio and
the angular resolution of the image products.

Continuum observations result in a 2D map of the intensity that has been
integrated over the bandwidth of the observations. For the line data an image
cube (see Figure 2.2), or the channel maps, are the native form of the data.
The data cube can then be collapsed to make different moment maps including:
integrated intensity, intensity-weighted velocity, velocity dispersion, and peak
intensity. Spectra can also be extracting using different apertures, e.g., elliptical,

Keplerian mask or pixel.

2.2 Chemical modelling

From observations of disks, and in other astrophysical environments, it is clear
that different molecules have different abundance distributions. In order to con-
nect the observed column densities to the physical conditions of the environment
we need chemical models. The chemical model used in this thesis was first pre-
sented in Walsh et al. (2010) and Walsh et al. (2012). The input parameters
are the 2D disk physical structure, radiation field, initial atomic/molecular abun-
dances, and the chemical reactions and their respective reaction rates. The model
used in this work is a single point model and this means that the chemistry is

solved in time at each point independently in the disk, given the static physical
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Moment Maps Image Cube Spectra

- : Pixel extracted

pixels Mask extracted

Figure 2.2: A diagram showing the different ways to view an image cube.
Counter-clockwise from the top-left: Velocity-integrated moment maps, made
by integrating slices of the cube along the frequency axis; channel maps, where
each panel corresponds to a channel of the cube; spectra, generated from top
to bottom from a single pixel, integrated over an aperture, and integrated using
a matched spatio-kinematic mask (dashed red contours in channel maps). The
synthesized beam is shown in the lower left of the moment and channel maps
(Loomis et al., 2018b).
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conditions, temperature and density, and the radiation field.

The initial abundances used in disk models can fall into two categories: atomic
or molecular. Molecular abundances assumes that all of the disk material has the
same composition as in dark clouds. Atomic abundances assumes that during
star (and disk) formation that the increase in temperature and radiation is such
that all of the molecular material is broken down into its respective atomic con-
stituents. The reality is likely a mix of both scenarios. Eistrup et al. (2016)
show that these two different initial conditions do affect the resulting atomic and
molecular abundances therefore it is something to consider when setting up a

model.

The different types of chemical reactions can be divided into four categories:
bond formation, bond destruction, bond rearrangement and ionization. Chem-
istry in space is not in thermal equilibrium therefore to calculate abundances
models use chemical kinetics. This relies on knowing the rate at which a partic-
ular reaction occurs at a given temperature (7'). Table 2.2 summarises some of

the types of reactions and their typical reaction rates.

Reaction rates for two body reactions are given as:
ki = a (T/300)PeYT) em® 571

This is the Arrhenius form of the rate equation where « is the pre-exponential
factor, B determines the temperature dependence of the reaction, and ~ is the
activation energy of the reaction in K. These are all measured experimentally and
the two main databases are the UMIST Database for Astrochemistry! (McElroy
et al., 2013) and the KlInetic Database for Astrochemistry? (KIDA) (Wakelam
et al., 2012).

YUMIST: http://udfa.ajmarkwick.net/
2KIDA: http://kida.obs.u-bordeauxl.fr/
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2.2 Chemical modelling

Table 2.2: Types of chemical reactions with typical rate coefficients (adapted
from van Dishoeck (2014)).

Process Rate Coefficient (cm? s~1)
Bond formation

Radiative association X+Y — XY + hv 10717 —10714
Grain surface formation X+ Yigr - XY + gr ~ 10717
Associative detachment XT+Y—>XY +e™ ~ 107
Bond destruction

Photodissociation XY +hr —-X+Y 10719 - 108
Dissociative recombination XY+ +e~ = X +Y ~ 107
Collisional dissociation XY+ M—-X+Y+M 1026
Bond restructuring

Neutral-neutral X+YZ—-> XY+ 7 10~ — 107
Charge transfer Xt +YZ - X+ YZ*T 1079
Ion-molecule exchange Xt +YZ - XYt + Z 1072 - 1078
Unchanged bond

Photoionization XY +hy = XY™ 4+ e 10718 — 10712
Ionization by CRP XY + hy — XY+ + e ~ 10717

For the photo-induced reactions, photo-ionisation and photo-dissociation, these
rates depend on the thermal and non-thermal UV spectrum from the star. Sim-
ilarly, X-ray ionization is dependent on the stellar X-ray flux. X-rays provide a
significant source of ionisation in the denser regions of disks and in particular
ionize He. This cation can then go on to destroy species such as CO. Deeper in
the disk cosmic rays are the primary ionization source. The galactic cosmic ray
ionisation rate is generally taken as 5 x 10'7 s=! but this is potentially reduced
in disks by up to 2 orders of magnitude due to the exclusion of cosmic rays by
stellar winds and magnetic fields (Cleeves et al., 2013). An important reaction in
molecular clouds and disk midplanes is cosmic ray induced photo-ionisation. This
provides a secondary source of ionisation in dense regions where the material is

shielded from other sources of ionising radiation.

Another key determining factor in abundance distributions is phase changes.

The rate of freeze-out, or accretion, onto the dust grains k... and the rate of
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desorption kg are given by:

-1
kacc - <U> Ograin Ngrain S s
and

kaes = voexp(—Ey/Ty) s,

where (v) is the mean thermal velocity of molecules, 04,4, is the surface area per
dust grain, ngpqe, is the number of disk grains and S is the sticking coefficient
(= 1 for CO), vy is the characteristic vibrational frequency of an adsorbed species

in its potential well, Fj, is the binding energy, Ty is the dust grain temperature.

Taking all of the above processes into account, the rate of change of the
abundance, n(i), of a particular species i with respect to time is calculated as

follows:

J.k l m n

+ kdesni,s - kaccnz’ =0.

The first two terms are the sum over all of two-body reactions and photo-processes
and /or cosmic-ray processes that result in the formation of species i. The brack-
eted terms sum over all of the potential destruction reactions for species i. The
last two terms describe accretion and desorption of 7. For some cations in the
disk, e.g., HCO' and NoH™, there are only a few reactions to consider and thus
the chemistry can be solved analytically (Aikawa et al., 2015). In most cases
though all of these coupled ODEs need to be solved numerically. In dark clouds
and the cold midplane of disks grain surface reactions also need to be considered.
These facilitate the formation of complex organic molecules (COMs) (Hasegawa
et al., 1992; Walsh et al., 2014b). More complex chemical models be built from
the same framework as described above. For example an intuitive next step is

to modifying the physical conditions at each time step (e.g.; Drozdovskaya et al.,
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2015; Eistrup et al., 2018) or to include dust dynamics (Booth & Ilee, 2019).

2.3 Radiative transfer

Radiative transfer allows for the comparison of observations to models. The
theory behind this, for both dust and gas modelling, are described clearly in Pinte
(2015), Dionatos (2015) and Kamp (2015) and are summarised in the following

section.

2.3.1 Molecular excitation

Unlike dust which emits radiation over a continuum, molecules emit photons
of discrete energies. Molecules can undergo rotational, vibrational or electronic
transitions (Hollas, 2004). The frequency range covered by ALMA is most ap-
plicable to the lowest energy transitions, the pure rotational transitions. In the
simplest case, for the closed shell diatomic molecules, e.g., CO, in the rigid rotor
approximation the energy of a transition, F,, is defined by the rotational quantum
number J and moment of inertia [:

2

L

J(J +1).

Since E, a I, heavier molecules will have a lower frequency and more closely
spaced energy levels. For a transition to be allowed the molecule must have a
permanent dipole and follow the selection rule that AJ = 4+1. This means that
homonuclear molecules such as Hy have no allowed pure rotational transitions.
Instead, Hy undergoes electric quadrapole transitions where AJ = +2. Simi-
larity, spherical top molecules, e.g., CHy, have no purely rotational spectrum.
The unpaired electron(s) in radicals, e.g., SO, lead to substructure within these
rotational transitions (Lique et al., 2006). There are fine structure lines to each

rotational transition due to spin-orbital coupling and these follow the selection
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rules AJ = +£1 and AF = 0,+£1. For, e.g., HCN, there are hyperfine structure
lines due to the interaction between the nuclei and internally generated magnetic
and electric fields. Non-linear molecules, e.g., NH3 and H,O, have more complex
spectra. NHs and H5O are called symmetric and asymmetric tops and instead of
just one quantum number, two and three are needed to describe the total angular

momentum of the molecule, respectively.

The strength of a molecular line depends on the level populations, i.e., the
number of molecules in that particular energy state. In the case of local thermo-
dynamic equilibrium, LTE, then the level populations are given by the Boltzmann

equation and depend on the excitation temperature where Ti;, = To and:

M 9 exp —AE /KT,

ng 9

where g; and g; are the degeneracies of each state n; and n; and AE is their

difference in transition energy.

The gas is only in LTE if collisions dominate the de-excitation and excitation
of the gas. For this to be the case the density must be greater than the critical
density. The critical density is determined by:

A

v

> Cijr

j'<i

Ner =

where A;; and C;; are the Einstein A and collisional rates coefficients of the tran-
sition. These data are available from the Leiden Atomic and Molecular Database
(LAMDA; Schaier et al., 2005). If the gas in not in LTE then Ti;, # 7., and
the full non-LTE statistical equilibrium equation has to be solved. This takes
into account both the radiative and collisional processes. Statistical equilibrium

is given by:

Leiden Atomic and Molecular Database:https://home.strw.leidenuniv.nl/~moldata/

46


https://home.strw.leidenuniv.nl/~moldata/

2.3 Radiative transfer

dni
T > 0y (Aji+ BiiP (yji)) + Y niBiiP (y;s) + Y n;Ci
j>t 7<t j#i
—n; > (Ayj + BiP (vi)) —ni Y BijP (vij) —=n: »_ Cij =0
j<i §>i i

where B;; and Bj; are the rates of stimulated emission and absorption. The
first line describes the gain in molecules at a particular energy state (i) and the
second line describes the loss. This includes spontaneous and stimulated emission
from a higher level (j) to a lower level (i), stimulated absorption from a lower
level (j) to level (i), and all collisional excitation from lower and higher levels to

level (i). The second line describes the inverse processes.

2.3.2 Equation of radiative transfer

The observed and modelled dust and line emission from protoplanetary disks can
be described by radiative transfer. This general equation

drl,(s)
ds

= Ju(s) — a(s)1,(s)

describes the change in the intensity, I,(s), of light due to emission, j,, and
absorption, a,,, along the line of sight, ds.
The source function is the ratio of the emission to absorption coefficients and

is defined as:
S, =
a,

and the optical depth is given by

52
Ty :/ a,(s) ds.

1

For 7 < 1 emission is considered to be optically thin and for 7 > 1 it is optically
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thick. Taking the above two relationships the radiative transfer equation can be

re-written as:

The formal solution is given by the integration along the line of sight:

82
IU(SQ) = ]v(sl)e—n(&,w) +/ jv(S)B_Tv(SI’SQ)dS.

s1

This equation works on the assumption that the timescales for changes in physical
conditions that would change the emission/absorption of light are significantly

longer than the light travel time.

For dust modelling, the extinction depends on the density and the cross sec-
tion:

o, = poy,
and is commonly given as the opacity per unit mass:
Ky = a,/p.
If the dust is in thermal equilibrium then the emission is given by
v =, B,(T)
where B, (T') is the Planck function.
For molecular lines the equivalent emission and absorption coefficients are

given by:
o hl/ij

e = o Aij 9ij(v),
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and
i _ Wi
) =~ (njBji — niBij) i (V)

where ¢;; is the line profile function. The minimum line width is set by the
uncertainty principle and this is then broadened by collisions and thermal and /or
turbulent motions. In inclined disks, Doppler broadening due to the Keplerian
sheer is the dominant line broadening mechanism.

The equation of radiative transfer needs to be solved self-consistently in order
to achieve thermal balance between the radiation field and the dust/gas temper-
aure. The inclusion of dust scattering and optical depth effects can make this

computationally expensive.

2.3.3 Radiative transfer with LIME

The line radiative transfer calculations in this Thesis are executed using the Llne
Modeling Engine! (LIME Brinch & Hogerheijde, 2010). LIME is a 3D non-LTE
(semi-)Monte Carlo molecular excitation, radiative transfer and ray tracing code.

The inputs to the code are the physical structure, molecular data, and velocity
field (assumed to be Keplerian in this instance). The physical structure consists
of the gas density, gas and dust temperatures, global gas-to-dust mass ratio and
molecular abundance.

LIME is innovative in the way in which the grid is determined. The grid is
unstructured and points are chosen from a probability distribution function based
on one of the model parameters (e.g., density, molecular abundance). Therefore,
the grid has an automatic refinement with the most points in the regions of most
interest. The points are then connected via a Delauny Triangulation using QHull
(Barber et al., 1996). In 3D this means that four points are connected to form

an irregular tetrahedron which contains no points within its volume. Each point

!Publicly available at: https://github.com/lime-rt/lime
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Figure 2.3: Left: a random point distribution. Middle: Delaunay triangulation of
the points. Right: the corresponding Voronoi tessellation from Brinch & Hoger-
heijde 2010).

is connected to &~ 16 other points. Around each point is a Voronoi cell. This
is defined as the region surrounding the point which contains all the space that
lies closer to that point than any other points. See Figure 2.3 for a visual. Each
cell is allocated model parameters which are interpolated from the input files.
Photons propagate along the Delauny lines where the subsequent direction at
each interface is determined probabilistically. This makes LIME a semi-Monte
Carlo code. This is quite efficient as all of the possible paths are predetermined by
the grid. At each point the radiative transfer and statistical equilibrium equations
are solved iteratively until the level populations converge. The ray tracing step
projects the 3D model onto a 2D grid, as defined by the user. The rays travel in
straight lines stepping though the Voronoi cells.

The outputs of LIME are the image FITS files of the requested transitions,
the level populations and the generated grid. The image is the 2D representation

of the sky brightness distribution as would be seen by the observer.
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2.4 Summary

This Chapter summarises the different methods used in this Thesis. All of the
science chapters make use ALMA observations of different molecular lines in
disks. In Chapters 3, 4 and 5 LIME is used to make synthetic observations to
compare directly to the data. In these Chapters existing 2D disk models are
utilised with analytical predictions for the molecular abundances of CO, HCO™
and SO. In Chapter 6 molecular column densities derived from observational

fluxes are compared to the results from disk specific chemical models.
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Chapter 3

13170 as a tracer of disk gas
mass

3.1 Introduction

Gas is the dominant mass carrier in disks, hence, measurements of the total gas
mass are necessary to determine the planet formation potential of protoplanetary
disks, i.e., the mass available to form planets. Observations of rare CO iso-
topologues are typically used to determine disk gas masses. However, if the line
emission is incorrectly assumed to be optically thin this will result in an underes-
timated disk mass. This Chapter presents the first detections of the rarest stable
CO isotopologue, *C'70, in protoplanetary disks. The abundance of *C70 is
predicted to be ~ 120,000 times less than that of the main isotopologue *C¢0.
The two sources, HD 163296 and HL Tau, are two of first disks in which multiple
concentric rings of millimeter-sized dust were detected with ALMA and both have
been proposed to host forming gas-giant planets (ALMA Partnership et al., 2015;
Isella et al., 2016). The newly derived gas masses from the *C'7O are compared
to existing estimates with C'®0O and using these masses the gravitational stability

or otherwise of the disks is determined.
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3.2 HD 163296
3.2.1 The HD 163296 disk

HD 163296 is a 1.95 M, A0 Vep type pre-main sequence star (Wichittanakom
et al., 2020) that is not associated with a young star-forming region (The et al.,
1985). The protoplanetary disk around HD 163296 has been well characterised
at sub-millimeter wavelengths with both the SMA and ALMA. The most recent
high-spatial resolution observations with ALMA at Band 6 (~ 1.3 mm) and 7
(=~ 1.0 mm) observations show multiple rings in both the continuum and the CO
gas emission (e.g. Isella et al., 2016; Notsu et al., 2019, and see Figure 3.1a).
There are four proposed ~ 0.5 - 2 Mj planets in this disk inferred from the dust
and gas rings, and localised deviations from Keplerian motion in the CO gas
kinematics (see Figure 1.9 in Chapter 1: Isella et al., 2016; Liu et al., 2018; Pinte
et al., 2018; Teague et al., 2018). Recently, ~ 5 au resolution observations of
the continuum emission revealed an additional gap and ring in the inner disk
as well as an azimuthal asymmetry in one of the previously detected rings (see
Figure 3.1a: Isella et al., 2018). Hence, the proposed planet-induced structures
in the HD 163296 disk make it an excellent observational laboratory to study

planet formation.

3.2.2 Line identification and imaging

HD 163296 was observed by ALMA at Band 7 during Cycle 3 (2015.1.01259.S, PI:
S. Notsu). The work presented here began with the self-calibrated measurement
set from Notsu ef al. (2019). The *C'O was initially detected via a matched
filter analysis' (Loomis et al., 2018b) using a Keplerian mask assuming a disk

position angle of 132° and an inclination of 42° (e.g. Isella et al., 2016). Since

LA python-based open-source implementation of VISIBLE is available at http://github.
com/AstroChem/VISIBLE
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the position-velocity pattern of a disk in Keplerian rotation is well characterised,
matched filtering can be used to detect weak spectral lines in disks (Loomis et al.,
2018b). The Keplerian filter is sampled in the uv plane and these visibilities are
cross-correlated with the low signal-to-noise (S/N) observed visibilities. This is
done by sliding the filter though the data channel-by-channel along the velocity
axis. If there is a detectable signal, i.e. emission with a similar position and
velocity distribution as the filter, the filter response will peak at the source ve-
locity of the emission. The filter response is shown in Figure 3.1b with the black
line marking the *C'"O J=3-2 transition after correction for the source veloc-
ity (5.8 km s71). The filter response has a S/N of ~ 3.5. There are 14 *C'70
J=3-2 hyperfine structure lines that lie between 321.851 and 321.852 GHz. All
lines lie within a frequency range less than the spectral resolution of the data
(1.953125x107® GHz); hence, the observations are a blend of all of the hyper-
fine lines. The *C*O molecular data is from Klapper et al. (2003) and was
accessed via the Cologne Database for Molecular Spectroscopy (CDMS, Miiller
et al., 2005).

The line imaging was conducted using CLEAN with CASA version 4.6.0. The
native spectral resolution of the data is 1.8 km s~!; however, in order to optimise
the S/N the final images were generated with a 3 km s~! channel width and a uv
taper (as mentioned in Chapter 2) of (/5 resulting in a synthesised beam of 0”87
x (/51 (100°). The channel maps reach a peak of 0.079 Jy beam™' per channel
and the line-free channels have a rms noise (1o) of 0.010 Jy beam™' per channel
resulting in a S/N of 7. Figures 3.1c and d present the "*C*"O integrated inten-
sity map and the intensity-weighted velocity map, respectively. The integrated
intensity map was made using channels + 6 km s~ about the source velocity and
shows that the emission is centrally peaked and compact compared to the dust

1

disk. The peak integrated intensity is 0.55 Jy beam ™! km s~! with an rms noise
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level of 0.08 Jy beam™ km s~ (S/N = 7), the latter of which was extracted from
the spatial region beyond the detected line emission. The intensity-weighted ve-
locity map was made in the same manner but also with a 3o noise clip. There is
a velocity gradient across the major axis of the disk that is consistent with the
expectation of Keplerian rotation of the gas disk.

Archival data is used to benchmark the line emission modelling (see Table 3.1),
including the 2C1°0, 3C%0, 2C*™0 J=2-1 transitions observed from Isella et al.
(2016), and the *C'°0 J=3-2 ALMA Science Verification data.! All integrated
intensity maps were de-projected and azimuthally averaged and are shown in
Figures 3.2 and 3.3a to e. This is an effective method to increase S/N assuming
that the emission is azimuthally symmetric (e.g., Yen et al., 2016a). All pixels
in each map were placed into radial bins depending on the deprojected radius,
and the average value per bin calculated. The errors are the standard deviation
of intensity of the pixels in each bin divided by the square root of the number of
beams per annulus (e.g. Carney et al., 2018). In addition, Figure 3.2e shows the
12C170 J=3-2 transition total integrated intensity value with associated errors (Qi
et al., 2011). All data plotted assumes a source distance of 122 pc (van den Ancker
et al., 1998). Although the cA1a DR2 parallaxes put this source at 101.57%3 pc
(Gaia Collaboration et al., 2018), in order to compare to previous analyses the

previous value is used. The impact of the revised distance is discussed in Section

3.2.4.

'https://almascience.nrao.edu/alma-data/science-verification
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Table 3.1: List of the HD 163296 modelled CO isotopologue lines.

Species Transition Frequency (GHz) Beam Size Reference
2CO J=3-2 345.796 0722 x 0715 (-89.8°) ALMA Science Verification
2CO J=2-1 230.538 0722 x 0715 (-89.8°) Isella et al. 2016
3CO J=2-1 220.399 0722 x 0716 (-89.8°) Isella et al. 2016
Cc'®0 J=2-1 219.560 0723 x 0717 (-89.4°) Isella et al. 2016
c''o J=3-2 337.061 024 x 017 (-89.6°) Qi et al. 2011
Bel"o  J=3-2 321.852 0787 x ('51 (100°) This work

The values for the line frequencies are from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller

et al., 2001).
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3.2.3 Line radiative transfer modelling

Previous observations of the HD 163296 disk with ALMA and the SMA have
detected multiple CO isotopologues: 2C*0, 3C%0, 2C80 and *C'"O (Isella
et al., 2016; Qi et al., 2011). The models that were used to reproduce the line

emission in Qi et al. (2011) recover the following global isotope ratios;

n(*2C'*0) /n(BC0) = 67 + 8,
n(2C0) /n(12CB0) = 444 + 88,
n(*C0)/n(*2C70) = 3.8 + 1.7,

where n(*CY0) is the number density of the molecule. These are consistent with

the carbon and oxygen isotope ratios observed in the ISM (Wilson, 1999).

A first estimate of the column density of gas traced by the *C!"O emission can
be made under the assumption of optically thin emission in local thermodynamic
equilibrium (LTE) with:

f L,dU Qrot exXp (Eu/TeX)
0a9b l/2 <Su1,u2>

N =2.04 x 10*cm 2, (3.1)

where [ I,dv is the integrated line intensity in Jy beam™ km s, 6, and 6, are
the semi-major and semi-minor axes of the synthesized beam in arcseconds, Ty
is the excitation temperature in K, and v is the rest frequency of the transition in
GHz (Remijan et al., 2003). The partition function (Q,.), upper energy level (E,,
in K), and the temperature-independent transition strength and dipole moment
(Swp?, in debye?) are taken from CDMS (Miiller et al., 2005). The average
column density for the **C70 within 50 au, assuming an excitation temperature
of 50 K, is 7.1 x 10' cm~2. This is equivalent to an nyg column density of

2.65 x 10%° cm™? (44.4 g cm~?) at 50 au. In comparison, the corresponding

value for the *C'®0 is 1.7 x 10'® cm™2, resulting in an n(**C"™0)/n(**C'70)
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Figure 3.1: a) The 1.25 mm continuum image from Isella et al. (2018) plotted on
a log colour scale to highlight the rings and extended emission. b) The matched
filter response for the 3C'"0O J=3-2 detection where the black line marks the
frequency of the hyperfine transitions. ¢) The *C'"O J=3-2 integrated intensity
map where the white dashed contours mark 3 and 5 ¢. d) The *C'O J=3-2
intensity-weighted velocity map.
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ratio of 2.5. Under the assumption that both the lines are optically thin (and
taking the previously derived isotopic ratios), this value is a factor of 100 too low.
Therefore, the *C'®0 line emission is optically thick and the resulting gas mass
derived from this tracer will be underestimated.

To quantify this more robustly, an existing disk model that has been shown
to fit emission lines from multiple CO isotopologues (**C*°0, *C*0, *C'®0 and
2C10) is employed to model the new *C'7O detection (Qi et al., 2011). The
density (hydrogen nuclei density, ny) and gas temperature of the disk are shown
in Figures 3.4a and b. The CO abundance distribution, shown in Figure 3.4c, was
determined by setting n(CO) to a constant fractional abundance of 6.0 x 107 with
respect to Hy in the molecular layer following Qi et al. (2011). This abundance was
reduced by a factor of 107 in the midplane where Ty, < 19 K (the approximate
CO freeze-out temperature) and by a factor of 1078 in the atmosphere where CO
is photo-dissociated. This is where the vertically-integrated hydrogen column
density, o(ng), from the disk surface is < 1.256 x 10*' cm™2. The depleted
value in the midplane beyond the snowline is consistent with the CO abundances
derived from chemical models that include non-thermal desorption (e.g. Walsh
et al., 2010). The photodissociation and freeze out boundaries are shown in white
contours overlaid on Figures 3.4a and b.

The first model, Model 1, uses a constant *C'7O fractional abundance of
5.39 x 1079 relative to H,. This assumes isotope ratios that are consistent
with the observations and modelling from Qi et al. (2011). Model 1 has a total
disk mass of 0.089 M. Using the CDMS data for "*C*"O a LAMDA'-like file
was generated in order to model the J=3-2 hyper-fine components in LIME? (the
Line Modeling Engine, Brinch & Hogerheijde, 2010). Synthetic images cubes were

computed assuming the appropriate position angle and inclination of the source,

'LAMDA: https://home.strw.leidenuniv.nl/~moldata/
2LIME: https://github.com/lime-rt/lime
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and the resulting images were smoothed with a Gaussian beam to the spatial
resolution of the observations using the CASA task, imsmooth. The generated
integrated intensity map was then de-projected and azimuthally averaged. The
radial profiles from Model 1 (orange) are shown alongside the observations in

Figure 3.2 a to e.

Model 1 underpredicts the *C'"O peak emission in the integrated intensity
map by a factor of 2.5, yet provides a reasonable fit to the other lines (within
a factor of two). The higher spatial resolution observations are affected by dust
opacity within ~ 50 au (see Isella et al., 2016); therefore, the focus is to reproduce

the data beyond 50 au.

To better fit the "*C'7O observations the disk mass in Model 1 is increased
globally. This was done by initially multiplying ny by a factor of 1.5 and then
increasing this factor in steps of 0.5 until the best by-eye fit of 3.5 was found. The
results for Model 2 are shown in Figure 3.2 (purple). Model 2 provides a better fit
to most of the lines. The *C'®0 J=2-1 emission is over predicted but this line is
optically thick and will therefore be tracing the gas in the warm molecular layer;
hence the line strength is more dependent on the gas temperature than density.
This model assumes a smooth radial gas density structure contrary to the most
recent observations. However, this work is focused on reproducing the global disk
mass rather than the underlying small scale gas surface density variations. Model

2 has a total disk mass of 0.31 M.

A similar fit can be obtained using a different CO snowline location at 90 au
as determined in Qi et al. (2015). This requires a corresponding increase in gas
mass (x 3.5) within the snowline, and obtains a similar *C*®0 column density
profile as in Qi et al. (2015) beyond the snowline. Both of these models use
the same underlying physical structure but have different CO snowline locations

and levels of CO depletion beyond the snowline. The Qi et al. (2011) model has
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Figure 3.2: a-e) The deprojected and azimuthally averaged radial profiles of the
observed and modelled CO lines. f) The value of integrated flux of the observed
and modelled C'70O J=3-2 line. The shaded regions are the errors as described
in the text. Model 1 has a total disk mass of 0.089 My, and Model 2 has a total
disk mass of 0.31 M.
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Figure 3.3: Same as Figure 3.2 but for the Qi et al. (2015) model.
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Figure 3.4: The disk physical structure from Qi et al. (2011). a) The ny density.
b) The gas temperature. The white contours mark ¥ (ng) = 1.256 x 10*' cm™2
and Tyos = 19K, respectively. c¢) The n(CO)/ny distribution. d) The radially
averaged optical depth (7) of the *C'0 J=2-1 and "*C'"O J=3-2 transitions
from Model 1 (light purple and orange dashed lines) and Model 2 (dark purple
and orange solid lines) assuming a face on disk. The vertical dashed line marks
the location of the CO snowline in both models (155 au) and the horizontal
dashed line marks where 7 = 1.
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simpler assumptions regarding the freeze-out of CO, consistent with other work
(e.g., Williams & Best, 2014), and was found to be a slightly better fit to the
observations (see Figures 3.2 and 3.3).

Optical depth maps for a face on disk were generated in LIME to recover the
maximum value of 7 for each transition. These maps were radially averaged and
the resulting optical depth of the *C*¥0 J=2-1 and ¥*C'70O J=3-2 transitions for
both models are shown in Figure 3.4d. It can be seen that **C*®0 is optically thick
within the CO snowline (155 au) in both models, whereas the *C'7O remains

optically thin across the full radial extent of the disk.

3.2.4 Comparison to other mass estimates

Observations of *C'O have been used to derive a new gas mass for the HD 163296
disk of 0.31 Mg, at an assumed distance of 122 pc. The total disk mass depends
on the gas to dust mass ratio (g/d), and using the dust mass from Isella et al.
2007 this results in a g/d ~ 260. The total disk mas (dust + gas) is therefore
0.31 Mg to two significant figures. Here this new result is compared to previous
works.

The HD 163296 disk has been well studied and there are many mass measure-
ments in the literature. In general, the mass estimate in this work is the highest
by a factor of 2 to 6 compared to previous studies using *C*O (e.g. 0.17 Mg
and 0.048 Mg, from Isella et al. 2007 and Williams & McPartland 2016 respec-
tively). There are a range of g/d values in the literature that span four orders
of magnitude. Tilling et al. (2012) and Boneberg et al. (2016) models require a
low g/d = 20. Isella et al. (2016) have a radially varying g/d covering a range
from ~ 30 to ~ 1100. Recent work from Powell et al. (2019) recover a total disk
mass of 0.21 Mg, with a high g/d ~ 10 in the outer disk. The one documented
mass higher than this work’s result is 0.58 Mg, with a g/d = 350 (Woitke et al.,
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2019). The inconsistencies in these mass measurements and g/d from different
models may be explained by trying to recover the gas density structure with op-
tically thick lines and different assumptions about the 2D gas and (micron and
millimeter sized) dust distribution.

Despite these challenges, CO remains the best and most accessible tracer of
mass available for disks (Molyarova et al., 2017), and more robust lower limits to
the gas mass can only be made by targeting the most optically thin isotopologues
(2C'0, BC™®0, and *CY0). These masses have all been determined using a
source distance of 122 pc. Considering the revised distance of 101.5 pc, the total
disk gas mass from this work is thus 0.21 M, (mass o flux / distance?). This

results in a disk-to-star mass ratio of 0.1.

3.2.5 The impact of CO chemistry on the disk mass

CO is susceptible to isotope-selective photodissociation which can reduce the
abundance of the rarer isotopologues relative to **C*®0 in the disk atmosphere.
However; the observations are well fit with interstellar isotopic abundances. Be-
cause the 2C'°0, BC0 and C'O line emission is optically thick, testing the
significance of isotope-selective photodissociation in this disk requires higher sen-
sitivity observations of the rarer isotopologues that emit from higher in the disk
atmosphere.

Observations have shown that CO is depleted with respect to Hy in disks;
however, without a better tracer of the Hy column density, e.g., HD, the level of
depletion is difficult to constrain (Bergin et al., 2013; McClure et al., 2016). Re-
cent work from (Kama et al., 2020) derived an upper limit on the total disk mass
of 0.067 M from a non-detection of HD. This indicates that there is no carbon
depletion, i.e., the average CO/H2 abundance in the disk needs to be ~ 1.9 x 1074

which is comparable to the ISM value. It has not yet been shown that this model
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can reproduce the C'O emission presented in this Chapter. Carbon deple-
tion effects are less significant in warmer disks around Herbig Ae stars compared
to their T Tauri counterparts. This is because in T Tauri disks the chemical
conversion of CO to other species is more efficient where there is CO freeze-
out. Observations show moderate carbon depletion in the Herbig disk around
HD 100546 with a model-derived [C]/[H] abundance ratio of 0.1 to 1.5 x 1074
(Kama et al., 2016b), and the value for CO adopted in this works model is within
this range. Consistent with this, models have also suggested that these disks have
a close to canonical n(CO)/n(Hy) abundance (Bosman et al., 2018). A detection
of the ¥C'™0 J=2-1 line in the disk has been used as evidence for a super-solar
abundance of CO within the CO snowline (Zhang et al., 2020). This, model-
dependant, result can reconcile a higher CO gas mass with the HD upper-limit
with a total gas mass of 0.14 M. This CO abundance step-function is where
the CO abundance is depleted outside the snowline by at least and order of mag-
nitude and then enhanced by a factor of a few inside the snowline. This can be
explained by the inward radial drift and subsequent evaporation of CO ice-rich
dust grains from the outer disk as it crosses the snowline Krijt et al. (2018). Fur-
ther observations of the rare CO isotopologues in disks that have been targeted
in HD are required to determine the level of CO depletion/enhancement in disks.
Overall, there is still uncertainty as to how the CO gas masses of disks can used
to infer a total disk mass and both observations of rare CO isotopologues and

HD are required to make the most robust estimates.

3.2.6 Constraints on the location of the CO snowline

Locating the midplane CO snowline in disks is difficult due to the high optical
depth of the more abundant CO isotopologues and the vertical temperature gra-

dient of the disk, however the location of the CO snowline can be determined
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directly by observing less abundant, optically thin, CO isotopologues

Figure 3.5 shows the radial emission profiles of the C'**O J=2-1 and the *C*"O
J=3-2 lines from high spatial resolution models (5 au beam). This analysis shows
that the C'®0O emission in both models tested is optically thick, and thus can-
not be used to directly locate the midplane CO snowline. However, the *C'70
emission is optically thin, so future observations at a higher spatial resolution
and sensitivity could be used to directly constrain the radius of the midplane
CO snowline. The drop off in emission is quite steep but it may still be hard
to distinguish between a drop off in emission due to sensitivity. This will only
work if the beam-size is much smaller than the expected snowline distance and if
the observations are of high enough sensitivity. The effectiveness of this could be
tested by attempting to retrieve the snowline location from parametric models
run through LIME and the ALMA observing simulator.

The new, closer, source distance moves the absolute snowline locations to 75 au
and 128 au (depending on the freezeout temperature, 25 K v 19 K respectively).
The former location is close to one of the observed dust gaps in the disk and
it may be the case that the drop in CO surface density detected here is due to
gas depletion rather than the snowline. It is important to note that the snowline
is not a simple sharp transition at the condensation temperature, but is instead
determined by the balance of the rates of freezeout and thermal desorption, which

should be considered in future disk models (e.g. van ‘t Hoff et al., 2017).

3.2.7 Is the disk gravitationally stable?

The potential exoplanet population currently probed with ALMA, via the ringed
depletion of continuum emission, are gas giant planets on wide orbits. In the
case of HD 163296 this would imply a multiple giant planet system and indeed,

the presence of such a system has already been proposed (Isella et al., 2016; Liu
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Figure 3.5: Radial emission profiles of the C'®0 J=2-1 and the *C'"O J=3-2 line
from models convolved with a 5 au beam (left: log y-axis, right: linear y-axis).
The dashed grey line marks radial position of the model snowline.

et al., 2018; Pinte et al., 2018; Teague et al., 2018). The formation of massive
planets on wide orbits can in some cases be achieved by core accretion, but a
more economical route might involve the gravitational fragmentation of the outer
regions of the disk (Boss, 2011). The new, higher, disk mass estimate prompts an
investigation into whether such processes may have occurred (or be occurring) in

the HD 163296 disk.

As discussed in Section 1.2, the stability of a disk against fragmentation can
be quantified via the Toomre Q parameter (Toomre, 1964). Toomre Q values
of 1.7 or less imply that the disk is susceptible to instabilities in the form of
non-axisymmetric spirals and the disk may fragment (Durisen et al., 2007). Q is
calculated across the disk (Figure 3.6, orange) accounting for the lower mass due
to the new source distance, assuming a g/d of 260, and the midplane temperature
structure of the model (Figure 3.4b). The minimum value of Q is = 6 at ~ 110 au,
suggesting that the disk is currently gravitationally stable (in agreement with

recent work from Powell et al. 2019).

The relatively old age of the HD 163296 system brings into question its stabil-

ity earlier in its lifetime. The determination of previous disk masses is complicated
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by processes including episodic accretion (e.g. Mendigutia et al., 2013) and the
decrease in accretion rate with time (e.g. Venuti et al., 2014). The magnitude
of these effects are still under debate (see Hartmann et al., 2016, for a review),
therefore it is assumed that all of the accreted mass once resided in the disk, and

that the accretion rate (M) has been constant over disk lifetime. HD 163296
has an estimated age of 6.03751] Myr and current log M = —6.811 018 Mg yr!
(Wichittanakom et al., 2020); thus under these assumptions, the disk mass at
0.1 Myr is estimated to be 1.13705% My. The four proposed planets in the disk
would add an additional mass of =~ 4 My or = 0.004 M.

The resulting minimum Toomre @Q values for this star-disk configuration!
would be in the range of 1.3-0.7 (Figure 3.6, purple), placing regions of the
disk from ~50-220au in the regime of instability. Such behaviour early in the
disk lifetime has implications for the trapping and growth of dust (Rice et al.,
2004) and the chemical composition of the disk (Evans et al., 2015). This previ-
ous unstable state could also be the source of the four massive planets currently

proposed to reside in the disk around HD 163296 (Isella et al., 2016; Liu et al.,
2018; Pinte et al., 2018; Teague et al., 2018).

3.3 HL Tau
3.3.1 The HL Tau disk

HL Tau is located in the nearby (140 pc) Taurus-Auriga star forming region (Re-
bull et al., 2004). SED modelling shows it to be a Class I-1I protostar surrounded
by both a circumstellar disk and envelope (Robitaille et al., 2007). It also appears
to be accreting at a high rate (M ~ 1077 Mg yr—'; Beck et al. 2010). This obser-

vational evidence makes HL Tau an example of a young embedded, disk-hosting

! Note this does not account for any change in the stellar mass over this time period, which
would decrease Q further.
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Figure 3.6: Toomre Q parameter for the new disk mass derived from Model 2 and
extrapolated back to 0.1 Myr. The shaded regions incorporate both the errors
in stellar age and mass accretion rate. Vertical dashed lines mark the radial
positions of gaps in the mm dust and kinematic perturbations which may be due
to accreting protoplanets.

star (~ 1 Myr; Briceno et al., 2002).

HL Tau has been a prime target for studies aiming to characterise young disks
(Carrasco-Gonzélez et al., 2009; Greaves et al., 2008). In particular, HL Tau was
the first circumstellar disk observed using long baselines with ALMA. This re-
vealed an ordered series of concentric rings and gaps in the disk across multiple
millimeter wavelengths (2.9 mm, 1.3 mm, 0.9 mm; ALMA Partnership et al.,
2015). Many theories have been put forward to explain the origin of these struc-
tures (such as dust sintering and ice lines; Okuzumi et al., 2016; Zhang et al.,
2015), but one of the most persistent involves the growth of planets within the
disk (Dipierro et al., 2015b). While efforts to detect thermal emission from young
planets in the gaps have been unsuccessful, the corresponding upper limits on
their masses still lie at the higher end of the giant planet regime (10-15 M;jyp;
Testi et al., 2015).

71



3. ¥C'"0 AS A TRACER OF DISK GAS MASS

30
= - =1 =1
0.00 km s 1.00 km s 2.00 km's 3.00 kms +4.00 km s
. 7 R = =) . P 25
=1 G =1 =1 =1 =1 20
5.00 km s 6.00 km s 7.00 km s 8.00 kpds>~. 9.00 kpas=s -
7 e T q,"\\ /, ll ', ‘| l( " IS
I 2, s N S o s d o 1 \ o @
3 110 o=+ 1 & >~ e A ! Nto ! -15 &
7] | o o] P ~—my ¢ N ; SNe S )
2 4\ R ' 1 ¥ § ,', » &7 = 2
< \\“__,_’, ° \\~‘__,_/’ I\_f’ 1S
é 2 -1 -1 -1 =1 =1 - 10
@ 10.00 korss 11.00 km s 12.00 km s 13.00 km s 14.00 km s
= 1 /. N -
Q " %0 | N s
[0 1 ’ L ¢ O L ”,
S0 S (0 iy i) / -5
Io) ()
x _2 T T T T T T T T T T T T T T T 0
2 1 0 -1 -2

Relative Right Ascension (arcsec)

Figure 3.7: The HL Tau *C'"0O J=3-2 channel maps at 1 km s~'. Contours mark
the 3, 5 and 7 o levels where o is 6 mJy beam™! channel™!. The dashed black
lines show the Keplerian mask used in the cleaning procedure.

The combination of the potential for massive planets at large radii, coupled
with evidence of a high disk mass (~0.1 —0.13 M; Guilloteau et al., 2011; Kwon
et al., 2011) has seen gravitational instability (GI; Boss 1997) being invoked to
explain both the observed dust structures in HL Tau (Akiyama et al., 2016;
Takahashi & Inutsuka, 2016), along with the origin of any planetary companions
(Nero & Bjorkman, 2009). However, recent measurements of the gas mass in the
HL Tau disk using C*®0O appear to be too low for GI to be active (Mgas = 2
40 x 1073 Mgy; Wu et al., 2018).

3.3.2 Line imaging

HL Tau was observed by ALMA in Band 7 during Cycle 5 for 1.46 hours with
49 antennae in configuration C43-8 under project code 2017.1.01178.S; P.I. E.
Humphreys). The raw data was downloaded from the archive and was calibrated

then self-calibrated. Two rounds of phase calibration and then one round of
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Figure 3.8: (a) The 0.9 mm continuum image from ALMA Partnership et al.
(2015). (b) The *C'O J = 3-2 integrated intensity map. (c) The **C'7O
J = 3-2 intensity-weighted velocity map. (d) The “*C'"O J = 3-2 and 0.9 mm
continuum (normalised to the line emission peak) de-projected and azimuthally
averaged radial profiles. The shaded regions are the errors given by the standard
deviation of intensity points in each bin (0”1) per beam per annulus
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amplitude calibration resulting in an increase in the continuum signal-to-noise
ratio. The continuum was then subtracted. The spectral window (SPW) covering
the *C*0O J = 3-2 transition (321.852 GHz) had a native spectral resolution of

0.908 km s ~! (note this does not resolve the J = 3-2 hyperfine structure).

Data (self-)calibration and imaging were performed with CASA version 5.1.1
(McMullin et al., 2007b). Line imaging was performed with the CLEAN algorithm,
using a Keplerian mask with the measured position and inclination angles of the
disk (e.g. PA = 138° and i = 46°; ALMA Partnership et al., 2015). The use of
such a mask generates moment maps with less noise as only the emission with the
position-velocity pattern coincident with disk emission is integrated (e.g. Salinas
et al., 2017). The native resolution of the data resulted in a natural beam size of
0714 x 0711 (—13°). A ("2 uv-taper was used, which was found to maximise the
signal-to-noise (S/N) of the line emission, resulting in a final beamsize of (/28 x
0724 (—36°). The emission is detected across 9 1.0 km s ~! wide channels with
an rms of 4 mJy beam™! per channel measured from the line-free channels and
a peak line emission of 30 mJy beam™' per channel (S/N of 7.5). These channel

maps are shown in Figure 3.7 along with the Keplerian mask that was used.

Figure 3.8 shows the ALMA Science Verification Band 7 (~345 GHz, ~0.9 mm)
continuum image alongside the new *C'"O J = 3-2 Keplerian-masked integrated
intensity map and the *C'"O J = 3-2 intensity-weighted velocity map made with
a 2.5 o clip. Also shown are the deprojected and azimuthally averaged *C'"O
J = 3-2 integrated intensity and 0.9 mm continuum profiles derived from our

dataset, binned to the same radial resolution.

The ¥C!0O emission is detected out to approximately 140 au from the central
star, with a velocity pattern that is consistent with observations of other gas
tracers (e.g. ALMA Partnership et al., 2015). There appears to be a deficit of

emission (seen in both the integrated intensity map and radial emission profile)
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Figure 3.9: Comparison of the total gas surface density derived from the *C'"O
integrated intensity profile (circles) with our initial and final disk model (dashed
and solid lines, respectively). Filled circles show the points used to fit the model,
which the inset shows in more detail. Errors are propagated from the observa-
tions.

at approximately 50 au. This feature is not coincident with any substructure
in the dust continuum or molecular gas observed at higher spatial resolution
than our data (e.g., CO, HCO™; Yen et al., 2016b). Multi-wavelength continuum
observations have shown that the optical depth of the HL Tau disk at frequencies
comparable to the *C*"O J = 3-2 transition (~ 330 GHz) is high, with 7 ~ 8
between 40 — 50 au (Carrasco-Gonzélez et al., 2019). This deficit of emission is
therefore likely due to the high continuum opacity at Band 7 obscuring the line
emission originating from the midplane, rather than a bona-fide gap in the disk.
The central peaking of the *C'7O profile may indicate that the line emission at
radii < 10au becomes optically thick at a higher height in the disk atmosphere
than the dust at this frequency. Beyond approximately 70 au, the intensity profile

follows the expected radially-decreasing power law trend.
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3.3.3 Conversion of line flux to gas mass

The 3CYO observations can be used to indirectly measure the total gas mass
of the disk. In Section 3.2 for the HD 163296 disk 2D radiative transfer mod-
els of multiple CO isotopologues and transitions from a well tested 2D physical
structure were used to constrain the disk mass. Many molecular line observations
toward HL Tau are significantly affected by absorption and complex velocity gra-
dients from the surrounding cloud (see, e.g., ALMA Partnership et al., 2015; Yen
et al., 2019); hence a similar wealth of observational data is not readily available.

A simpler method of determing the gas mass is therefore employed here.

The HL Tau mm-dust surface density distribution has been shown to follow

a power-law distribution:

S(r) = % (Tﬁ) exp (—%)2_7 (3.2)

Do = (2~ )5ty e (22) (3.3

2mr? Te

with

where the total disk mass is 0.105 M, (assuming a gas-to-dust mass ratio of 100),
re is 80 au, ry, is 9 au and v is -0.20 (Kwon et al., 2015). This model is shown
in Figure 3.9 as the grey dashed line. Although the observed emissivity profiles
of the millimeter and centimeter sized dust are more complex, the above profile
has been shown to be consistent with these (Pinte et al., 2016) and there is no
evidence that these features are also present in the bulk gas distribution.

A range of midplane dust and gas temperature profiles exist for the HL Tau
disk (e.g.; Carrasco-Gonzdlez et al., 2019; Kwon et al., 2015; Okuzumi et al.,
2016; Zhang et al., 2015). The model from Kwon et al. (2015) is consistent with
a Tmia = 55K(r/10 au)™%% for r > 10 au. While this is colder than other

temperature structures (e.g. Zhang et al., 2015), warmer models have no CO
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snowline (~ 20K) throughout the radial extent of the disk. This is in tension
with recent observations of a chemical tracer of the CO snowline, NoH™, which
has been detected in the HL Tau disk (C. Qi, priv. comm.). Using the above

temperature structure places the midplane CO snowline at approximately 50 au.

The observed integrated line intensity of *C!O is converted to a column
density of ¥C'70 gas under the assumption of both local thermodynamic equi-
librium (LTE) and optically thin line emission. For each point in the radial profile

N(**C'0) is calculated via Equation 3.1.

Since the innermost regions of the *C'"O emission are affected by continuum
absorption, the aim is to match the level of emission between ~ 90 — 110 au. As
this radial location is beyond the model midplane CO snowline, any emission will
be tracing CO gas from the molecular layer down to the CO snow surface (see
Miotello et al., 2014). An excitation temperature of To, = 25 K is adopted for
this region (see Akiyama et al., 2011), but note that a range of values for this
parameter (20 — 80 K) result in values of column density that are well within the

observed error in the integrated intensity profile.

To convert from *C'O to *C'0 isotope ratios consistent with the ISM are

assumed,

n<l2C16O)/n(l3C16O) — 69,
n(*2C%0) /n(*2C**0) = 557,
n(*?C1%0) /n('2C'70) = 3.6

(Wilson, 1999). An H, column density is calculated assuming a moderately-
depleted disk averaged n(*?C'0)/n(Hs) ratio of 5 x 107°. A total gas density
is then calculated assuming that 80% of the gas mass lies in Hy (e.g Rosenfeld
et al., 2013).
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Based on the above, an increase in the total disk gas mass to
Mg = 0.2070% My, is required to match the observations between 90 — 110 au
(where errors are propagated from the observed radial intensity profile). The
lower limit is higher than the current highest mass estimate. The resulting curve
is shown in Figure 3.9 alongside the gas surface density values derived from the

radial intensity profile of **C*70O.

3.3.4 Assumptions affecting the gas mass

The conversion of line flux to gas mass depends on several assumptions. The
derived gas mass is sensitive to the chosen conversion factor between CO and Hy
(see Bergin & Williams, 2017, for a review). While this factor is often taken to be
~107*, studies of individual protoplanetary disks have revealed carbon depletion
from factors of five to orders of magnitude (e.g. Kama et al., 2016a; McClure
et al., 2016), and surveys have demonstrated this phenomenon is widespread
(e.g. Miotello et al., 2017). The chosen value in this work of n(**C'%0)/n(Hy) =
5 x 107° therefore accounts for a modest depletion factor of two, in agreement
with disk chemical models at ages of ~1 Myr (Bosman et al., 2018; Schwarz et al.,
2018). The derived disk gas mass scales linearly with the inverse of the depletion
factor, so under the assumption of no carbon depletion (e.g. 10~%), our derived
disk mass would be 0.5 times the above quoted value.

In this analysis it is also assumed that the observations trace the full column
of CO on both the ‘near’ and ‘far’ sides of the disk. This will not be the case
if 4) there is a significant fraction of CO frozen out in the disk midplane, or i7)
if the *CY0O J = 3-2 emission is optically thick. In addition (as discussed in
Section 3.3.2), Carrasco-Gonzalez et al. (2019) have determined that the contin-
uum optical depth in the disk is high, with 7 ~ 8 at 330 GHz. Therefore, the

observations are not sensitive to CO emitting on the far side of the disk. In this
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scenario, the true surface density of CO in the disk would be (at least) a factor
of two higher in the regions affected by the dust opacity.

Observations of CO rovibrational lines toward the HL. Tau envelope have re-
vealed a higher n(**C*%0)/n(**C*0) ratio of 760 + 80 compared to the canon-
ical value. This is consistent with isotope-selective photo-dissociation and self-
shielding (Smith et al., 2015; Visser et al., 2009). But, as these higher energy
infrared transitions do not trace the same reservoir of CO probed in our sub-mm
observations, the ISM values were used here. If the higher ratio applies, then a
higher column of CO would be required to match the observations, increasing the
derived gas mass (though by factors lower than the above examples).

The precise magnitude of these effects cannot be determined without ded-
icated modelling of the HL. Tau disk. Nevertheless, this still implys that the
derived gas mass here is a conservative lower limit. Future high spatial and
spectral resolution observations of multiple CO isotopologues, also at lower fre-
quencies, toward HL Tau will enable more stringent constraints on the gas mass

in the disk, especially in the inner region that is affected by the dust opacity.

3.3.5 Comparison to other mass measurements

Tapia et al. (2019) use combined dust and gas evolutionary disk models to
reproduce ALMA and VLA continuum profiles of the HL Tau disk from to
0.87 — 7.8 mm. Their best fitting model possesses a dust mass of 4.8 x 1073 M,
with a gas-to-dust mass ratio of 50, resulting in a disk gas mass of 0.23 M. The
result from the *C'O therefore brings mass measurements from dust continuum
and molecular line emission into agreement for the first time in this disk.

Wu et al. (2018) use C**0 J = 2-1 SMA observations of HL, Tau to derive a
total disk gas mass of 2 — 40 x 10~* M, which is between a factor of 50 — 1000

smaller than the gas mass implied here. However, the above work adopts a
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CO/H, ratio of 2.7 x 1074, which assumes no C depletion, and that all potential
volatile carbon in the disk is the form of CO (given an ISM C/H ratio of 1.4x107%;
Cardelli et al. 1996). If the same ratio as Wu et al. (2018) is adopted, the resulting
gas mass from the *C'"O would be ~0.04 M, which is still a factor of 10 — 200
higher than the gas mass derived from C*O.

Using Equation 3.1 the values for n(**C!0) and n(**C*®0) can be compared.
A column density ratio of ~ 250 would imply that both lines are optically thin.
However, using the data from the radial profile presented in Wu et al. (2018)
for a radius of 100 au, the ratio is only ~ 4. This demonstrates that the C**0O
J = 2 — 1 emission is optically thick in the HL. Tau disk, and is therefore not
tracing the bulk gas mass in the molecular layer (also found for HD 163296 in
Section 3.2).

3.3.6 The (in)stability of the disk

As in Section 3.2.7, the gravitational stability of the higher mass disk can be
assessed using the Toomre ) parameter (Toomre, 1964), assuming a central star
mass of 1.7 Mg, (Pinte et al. 2016). The resulting radial profile of ) is shown in
Figure 3.10a. The 3C!"O observations therefore support a picture in which the
disk around HL Tau is gravitationally unstable (@ < 1.7) from approximately
50 — 110 au (with minimum @ = 1.1755 at » = 77au). Taking into account
observational uncertainties, it is also possible that ) < 1 between 60 — 100 au.
If the disk around HL Tau is threaded by a magnetic field, then this may offer
an additional mechanism to support the disk against self-gravity. In these cases,

() is modified by a factor \/1 4 1/8,. The plasma parameter is given by:

2P
ﬁp = B2

where P is the gas pressure, po is he permeability of free space and B is the
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magnetic field strength. The threshold for instability lies within the range @ <
1.2-1.4 (Kim & Ostriker, 2001). In general, values of 3, range from ~ 10 under
ideal MHD conditions (Forgan et al., 2017) and up to 10? for non-ideal MHD
(Hasegawa et al., 2017). Such values do not alter the minimum Toomre @ value
by more than ~ 5 per cent, suggesting that even if the HL Tau disk possesses a
strong magnetic field (5, ~ 10), it would not be sufficient to move the disk into

a stable regime.

3.3.7 The region of instability in context

Figure 3.10b shows the region of instability in the HL Tau disk with respect to
the Band 7 (0.9 mm) continuum observations of ALMA Partnership et al. (2015).
The unstable region spans several of the bright rings and dark gaps identified in
the dust disk (B3 - B7 and D4 - D7). Modelling of unstable disks with a decoupled
dust component shows grains concentrating in spiral arms (e.g. Dipierro et al.,
2015a; Rice et al., 2004). Therefore it is not immediately clear how to reconcile
such an apparently unstable disk with the ordered concentric rings observed in
the dust.

Several studies have shown that the ‘double gap’ feature from ~ 65 — 74 au
(D5 - B5 - D6) can be reproduced by the presence of a planet with mass between
~ 0.2—0.6 My, (Dipierro et al., 2015b; Dong et al., 2018; Jin et al., 2016), which
is supported by mm—cm observations across this radial region (Carrasco-Gonzélez
et al., 2019). The higher gas surface density revealed by the *C'7O observations
implies that mm-sized grains would be better coupled to gas than in the above
works. Therefore, larger planet masses would be required to match the observed
dust structures. When considering the lower bound of the observational errors,
@ <1 from ~ 60 — 100 au. Here the local cooling time is expected to be short
(e.g. Clarke & Lodato, 2009; Rafikov, 2005), meaning that this region of the disk
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Figure 3.10: (a) Radial Toomre () parameter for our derived disk mass. Shaded
regions denote the errors propagated from the radial intensity profile. Dashed
grey and black lines mark the ) = 1.7 and @ = 1.0 levels, respectively. The
radial locations of the ‘D’ gaps reported in ALMA Partnership et al. (2015) are
shown with vertical black ticks. (b) Same as Figure 3.8(a), where the blue shaded
area highlights the unstable region of the disk, with @) < 1.7 from (a).

would undergo gravitational fragmentation. This scenario is in agreement with
dedicated modelling of star-disk systems with similar properties as HL Tau, which
form fragments with masses between 1 — 5 Mj,, (Boss, 2011). Therefore, if such
a planet is confirmed to be the origin of this observed gap structure, then it is

posssible that it has formed via gravitational fragmentation.

Recently, Yen et al. (2019) detected a spiral feature in observations of HCO™
J = 3-2 toward HL Tau. While they attribute the spiral to in-falling material
from the surrounding envelope, this feature crosses our region of instability in the
disk. Chemical models of gravitationally unstable disks have predicted HCO™ to
be a tracer of spiral structure (Douglas et al., 2013; Tlee et al., 2011). In light of
this, it is possible that the spiral structure on small (< 100 au) scales could be

due to gravitational instability within the disk.
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3.4 Conclusions

This chapter presents the first detections of *C*70 in protoplanetary disks show-
casing the power of this isotopologue as a tracer of disk gas mass. This work
provides robust evidence that disks are more massive than previously assumed
(see also Zhu et al., 2019). The *C*"0O J=3-2 detections show that the C'*O
J=2-1 lines are not optically thin throughout the radial extent of these disks.
The updated CO gas mass for the HD 163296 disk is factor of 3.5 higher and a
factor of 10 higher in the HL Tau disk. This work shows, model independently,
that C'80 is not a reliable tracer of disk gas mass. Future observations of this
tracer in more sources may help to address the discrepancy between the masses
of disks and the observed exoplanet population (Manara et al., 2018). These new
disk masses also offer GI and planet formation via disk fragmentation as a pos-
sible mechanism for the origin of the structures and proposed gas-giant planets

observed in both Class I and II disks.
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Chapter 4

H13COtT and HC°N in the
HD 97048 Disk

4.1 Introduction

In Chapter 3 it was demonstrated that "*C'"O emission is a robust tracer of total
CO gas mass. However, molecular lines aside from CO can be valuable probes of
the disk physical conditions. A legacy of observations of protoplanetary disks with
single dish telescopes have shown that HCO™ and HCN are two of the brightest
molecules in these objects (e.g., Chapillon et al., 2012; Dutrey et al., 1997; Kastner
et al., 1997; Piétu et al., 2007; Thi et al., 2004; van Zadelhoff et al., 2001). HCO™
and HCN emission is commonly interpreted to reflect the disk ionization level and
impinging UV field respectively. Emission from HCO" and HCN and selected
isotopologues have now been spatially resolved in a number of disks with ALMA
(see Section 1.5.4 and e.g. Guzméan et al., 2017; Huang et al., 2017) and exhibit
centrally peaked or ringed radial emission profiles. These observed morphologies
highlight that there are likely different physical and chemical processes that shape

the abundance distributions of different molecules in disks.

This chapter presents the first detections of H**CO™ and HC'®N in the HD 97048

disk. As discussed in Section 1.5.4, molecular sub-structure can arise without
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any underlying ringed gas and/or dust structure due to the interplay between
chemistry and, e.g., radiation. This chapter therefore investigates whether or not
chemistry alone can explain the radial emission profiles of molecular lines detected
in the HD 97048 disk, or if modifications to the underlying disk gas density or

temperature structure are required.

4.2 The HD 97048 disk

HD 97048 is a 2.4 My Herbig Ae/Be star with spectral type B9/A0 (van den
Ancker et al., 1998; van Leeuwen, 2007; Wichittanakom et al., 2020) located in
the Chameleon I star-forming region. The HD 97048 disk has been well studied
over optical to infra-red wavelengths with observations revealing much substruc-
ture in the warm gas and small dust grains. High-resolution observations with
VLT /SPHERE show four rings in the disk with observations probing disk radii
from 45 to 400 au (Ginski et al., 2016). The first spatially resolved observations
of the mm-sized dust and molecular gas were presented by Walsh et al. (2016a)
using ALMA and these data revealed the full spatial extent of the molecular
disk. The mm-sized dust is observed to extend to 400 au in radius; while, in
comparison, the flared molecular disk, revealed in CO J = 3 — 2 emission, is
significantly larger and extends to 860 au. There is a decrease in the continuum
flux within 55 au and there are three continuum emission rings peaking at 55,
160 and 290 au. There is also an inner cavity in the CO emission but only out to
11 au (van der Plas et al., 2009, 2015). The origin of the CO cavity is proposed
to be due to photodissociation of the CO gas by stellar radiation. The detected
HCO™ emission is more compact than that for CO, extending out to 540 au only
(van der Plas et al., 2017). Recently, Pinte et al. (2019) reported the indirect
detection of a few Jupiter mass planet at 130 au via kinematic analyses of the

BCO line emission (see Figure 1.9). Hence, the HD 97048 disk is another prime
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source in which to study the impact of potential gas-giant planets on the disk
structure and chemistry. This source differs to HD 163296 as the HD 97048 disk
is an extremely flared disk (Lagage et al., 2006; Walsh et al., 2016a) whereas
HD 163296 disk is relatively flat in comparison (Muro-Arena et al., 2018).

Although this is the brightest disk observed at sub-mm wavelengths, it remains
poorly studied in terms of its molecular content. Particularly lacking are spatially
resolved observations of key molecular tracers aside from those reported above.
Nevertheless, thanks in part to observations with Herschel, it is known to host a
chemically-rich gaseous disk. Spatially unresolved emission lines that have been
observed include those from Hs, [O1], [CII], OH and CHT (Carmona et al., 2011;
Fedele et al., 2013; Meeus et al., 2012, 2013a).

4.2.1 Line imaging

The HD 97048 disk was observed at ALMA Band 7 during Cycle 0 (2011.0.00863.S,
PI: C. Walsh). This work begins with self-calibrated, phase-corrected, and
continuum-subtracted measurement sets from Walsh et al. (2016a). This Chap-
ter also makes use of the archival data from ALMA Band 7 Cycle 2 observations
(2013.1.00658.S; P.I. G. van der Plas). The HCO' J = 4—3 was first presented in
van der Plas et al. (2017). These data were self-calibrated using CASA. The data
set consists of four spectral windows, two of which were tuned for continuum ob-
servations and two of which were centred on the CO J = 3—2 and HCO' J = 4-3
spectral lines. The two broadband continuum windows were self-calibrated after
flagging the line containing channels. Two rounds of phase calibration were ap-
plied then one amplitude calibration. The resulting measurement sets were then
used to self-calibrate the respective higher spectral resolution CO J = 3 — 2 and
HCO™ J = 4 — 3 line containing spectral windows. The continuum emission was

then subtracted from the two line containing spectral windows using the CASA
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task, uvcontsub.

The data and lines targeted are listed in Table 4.1 were imaged in CASA using
CLEAN with natural weighting and using a Keplerian mask. The Keplerian mask
was set to encompass emission from 1 au to 800 au. Table 4.1 lists the rms noise
(o) of each line imaged at its respective Hanning-smoothed spectral resolution,
as well as the image parameters, and the intrinsic properties of the transitions.
A comparison of the peak flux densities and integrated intensities for the CO
J = 3 — 2 line that was observed in both data-sets used here shows that they
agree to within 10%.

The CO J = 3—2 line emission suffers from missing emission about the source

Uinclusive. This is the result of either spatial

velocity, from 3.4 to 5.7 km s~
filtering due to bright background emission or foreground absorption. Spatial
filtering is a possibility because the source is in proximity to the Chameleon I
molecular cloud. This effect is seen in both the channel maps and line profiles
presented by Walsh et al. (2016a) and van der Plas et al. (2017). This work
focuses on the detection of H*CO™ and HC'N and there is no indication that
they are also affected by this phenomenon. A possible explanation is that this is
due to the higher-lying energy levels of these transitions (see Table 4.1), or due
to the lower abundances of HCO™, H"*CO™, and HC™N, in either background

or foreground material, when compared with CO.
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Table 4.1: ALMA Band 7 observations and detected molecular lines in the HD 97048 protoplanetary disk.

Observations Cycle 0 (2011.0.00863.S) Cycle 2 (2013.1.00658.5)
Date observed 14 December 2012 22 May 2015
Baselines (m) 15.1 - 402 21.4 - 555.5

On source integration time (min,sec) 23,59 7,10

Number of antenna 22 36

CLEAN image weighting natural

Molecule CO H¥CO™T HCPN CO HCO™
Transition J=3-2 J=4-3 J=4-3 J=3-2 J=4-3
Frequency (GHz) 345.796 346.998 344.200 345.796 356.734
Einstein A coefficient (s7') 2.497e-06 3.288e-03 1.879e-03 2.497e-06 3.627e-03
Fup(K) 33.19 41.63 41.30 33.19 42.80
Synthesised beam 0774 x 051 0774 x 051 0774 x 052 0771 x 0744 (0767 x 0742
Beam P.A. -26° -26° -27° -161° -161°
Spectral resolution (km s™!) 0.21 0.21 0.21 0.10 0.10

o (Jy beam™! per channel?) 0.016 0.016 0.016 0.016 0.019

The values for the line frequencies, Einstein A coefficients, and upper energy levels (E,,) are from the Leiden Atomic and Molecular
Database: http://home.strw.leidenuniv.nl/~moldata/ (LAMDA; Schéier et al., 2005).
@ At the stated spectral resolution.
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4.3 Results

4.3.1 Channel maps, moment maps, and line profiles

Figure 4.1 shows the HCO™ and H'¥CO™ channel maps at the native spectral
resolution of the H*¥CO™ data, 0.21 km s~!. The HCO™ data is slightly over-
sampled in order to allow a direct comparison between the two molecules. Both
channel maps have a 1o rms noise level of 0.019 Jy beam™! channel™! and reach
a S/N of 23 and 6, respectively. To obtain a robust detection of HC'N in the

1 and

channel maps the data were re-binned to a velocity resolution of 0.5 km s~
these channel maps are shown in Figure 4.2. The H®*CO™ channel maps at the

same velocity resolution are also shown in Figure 4.2 for ease of comparison.

For HCO™, the highest velocities at which emission is robustly detected (> 3o
within a (5 aperture) are in channels at -0.17 km s~! and 9.55 km s™!, for the
blue- and red-shifted emission, respectively. Assuming a disk inclination of 41°and
a stellar mass of 2.5 M, HCO™ emission is detected down to an average radial
distance of 41+2 au. This is different to the value of 28 au stated by van der Plas
et al. (2017); however, note that different imaging parameters are used. Here,
natural weighting is adopted in the imaging to enhance the S/N for the detected
lines. On the other hand, van der Plas et al. (2017) used Briggs weighting in
their imaging resulting in a smaller synthesised beam. In comparison, the highest
velocity CO emission from both the Cycle 0 and Cycle 2 data as determined here
corresponds to emission detected down to an average radial distance of 1441 au.
This is in agreement with van der Plas et al. (2017). The errors in these radii are

propagated from the velocity resolution of the channel maps (see Table 4.1).

The integrated intensity maps and the intensity-weighted velocity maps for
HCO™, H"®*CO™" and HC™N are presented in Figure 4.3. The moment 0 maps

were made using a Keplerian mask and the moment 1 maps were made using
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a 30 clip. The HCO™" intensity-weighted velocity map has a clear Keplerian
velocity pattern on large spatial scales and both the H*CO™ and HC' N intensity-
weighted velocity maps are consistent with this.

Figure 4.4 shows the H?CO™ and HC™N line profiles mirrored about the
source velocity. The HCO™ line profile was extracted from within the region
defined by the 30 contour of the HCO™ integrated intensity (see Figure 4.3). The
extraction region for the HC'®N line profile was chosen by eye due to the low S/N.
An ellipse that encompassed the extent of the emission in the integrated intensity
map and centred on source was used. The line profiles cover a velocity range of
+ 15 km s~! about the source velocity and are shown at a velocity resolution of
0.5 km s~!. They reach a S/N of 5 and 3 with a 1o noise level of 0.048 Jy and
0.035 Jy, respectively. The residuals of the mirrored line profiles were calculated
to show that the emission is not significantly asymmetric and to further confirm

the Keplerian nature of the emission.

4.3.2 Deprojection and azimuthal averaging

To better quantify the radial structure of the emission from each molecular tran-
sition, the Keplerian-masked integrated intensity maps were deprojected and az-
imuthally averaged (as described in Section 3.2.2). The radial intensity profiles
and the associated errors for CO, HCO™, H¥CO™, and HC"N are shown in
Figure 4.6. Also plotted is the mm-dust radial profile from Walsh et al. (2016a)
where the image was generated using super-uniform weighting in CLEAN. The
continuum profile shown by the grey dashed line in Figure 4.5 is that derived
from modelling the emission in the uv domain. The profile has rings which peak
at 55 and 160 au with a gap at 110 au and an additional shoulder of emission at
290 au. Although these data were lower spatial resolution than that presented in

van der Plas et al. (2017), modelling the continuum emission in the uv domain

91



4. H™®CO™ AND HC'"N IN THE HD 97048 DISK

successfully predicted the presence and location of the outer ring(s) that were

subsequently imaged in that work (see also Zhang et al., 2016).

The radial profiles of the CO and HCO™ emission show no deviation from
a monotonically decreasing radial distribution. As discussed previously, the CO
J = 3 — 2 emission suffers from missing emission about the source velocity, from
3.4 to 5.7 km s~ !; therefore, the radial profile likely underestimates the CO flux
from the disk. The profile is centrally peaked because the observations do not have
the spatial resolution to resolve the inner CO cavity detected in CO ro-vibrational
lines (van der Plas et al., 2009). The HCO™ J = 4 — 3 is also expected to be
optically thick and the radial profile is also centrally peaked. In comparison,
the more optically thin tracers, H*CO™ and HC'N, show a different radial
behaviour. Whilst the H'¥CO™ J = 4—3 radial profile is also centrally peaked but
the intensity does not fall off as steeply as the profile for HCO™'. Additionally, the
intensity profile appears to have a step-like morphology compared to the smooth
HCO™ profile. These changes in slope coincide approximately with the locations

of the second and third continuum emission rings.

Comparatively, the HC'N profile appears to have a ring-like morphology with
the peak in emission occurring at ~ 100 au. This is consistent with the moment
0 map shown in Figure 2, but due to the low S/N of the data a centrally peaked
smooth radial intensity profile cannot be ruled out. Also plotted in Figure 4.5
with a black dashed line is the mm-dust radial profile from Walsh et al. (2016a)
convolved with a 50 au beam. The HC' N follows the mm-sized dust distribution
at the spatial resolution of the currently available observations. Further anal-
ysis of the HC'N emission is not conducted here due to the unavailability of

observations of line emission from the main isotopologue, HCN.

The HCO™ to HCO™ integrated intensity ratio across the disk is shown
in Figure 4.6. To directly compare the HCO' and H®CO™ emission from the
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disk, the channel maps have been smoothed to the same beam size using the
CASA task, imsmooth. The new beam is 0’7 x (/6 with a position angle of -26°.
The same analysis using a uvtaper when CLEANing the lines (see Chapter 2) to
enforce a common beam was also tested and found that the results were consistent
with using imsmooth. New moment maps were generated and radial profiles from
the resulting integrated intensity maps used to calculate the HCO™ to H*¥CO™
integrated intensity ratio across the disk. The smoothed radial profiles are also
shown in Figure 4.6. The plotted ratio is truncated at the point where the H**CO™
profile falls below the noise level. The computed errors have been propagated from
the standard error for each profile generated during azimuthal averaging. The
expected ratio is ~ 69 for the case where both lines are optically thin, reflecting
the underlying elemental ratio for '*C/"C in the ISM (e.g., Wilson, 1999). The
observed ratio decreases slightly with radius but is constant across the disk within
the error bars, and has an average value of 12 + 3. This is much lower than the

canonical value and confirms that at least the HCO™ emission is optically thick.

4.4 Chemical modelling

In this section the origin of the radial distribution of the detected H**CO™ emis-
sion and the HCO" /H®CO™ integrated intensity ratio is investigated. The line
emission is modelled for both molecules to explore two hypotheses i) whether or
not chemistry alone can explain the radial emission profiles, or, ii) if modifica-
tions to the underlying disk structure need to be invoked (e.g., gas cavities). The
HC'N emission is not modelled since complementary observations of the main
isotopologue HCN do not exist. However, this detection and related chemistry is

discussed in Section 4.5.3.

The underlying physical disk structure is the publicly available HD 97048
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disk structure from the DIscANAlysis project (DTANA)!. The aim of this large
collaboration is to generate disk models that can reproduce multi-wavelength
(from UV to sub-mm) observations of sources for which data are available (see
Woitke et al. 2016, Kamp et al. 2017, and Woitke et al. 2019, for further details
on the models). The underlying model assumes a parametric disk model, and for
which the gas temperature is self-consistently calculated considering the balance
between cooling and heating mechanisms for the gas. The resulting model fits
the SED of the source and aims to reproduce the integrated flux from far-IR gas
emission lines. The underlying disk structure is assumed to be smooth; however,
to better fit SEDs at near to mid-IR wavelengths, models are adapted to include
a dust (and gas) cavity if required. Generally, models have not been generated to
account for dust gaps and rings as seen in spatially-resolved mm dust continuum
images.

This work uses the gas density, gas temperature, and ionisation structure from
the DIANA model of HD 97048. This model has a total disk (gas plus dust) mass
of =& 0.1 M. Assuming a global gas-to-dust mass ratio of ~ 100, this disk mass
is consistent with the upper limit for the dust mass derived from the (sub)mm
continuum emission observed with ALMA and corrected for the revised distance
(184%3 pc) to the source (< 0.09 My; Walsh et al., 2016a). The ionisation rate
throughout the disk is the sum of both the cosmic-ray and X-ray ionisation rates.
Maps of the disk physical structure as a function of disk radius and height are
shown in Figure 4.7. The best-fit DIANA model has a cavity out to 65 au in both
the gas and the dust and a small inner ring of gas and dust out to 6 au. We note
here that the size of this cavity is greater than that observed with ALMA in the
mm-dust continuum (= 50 au).

Due to chemistry, the abundance distribution of HCO™ will not have a con-

!The full DIANA models are publicly available: http://www-star.st-and.ac.uk/~pw31/
DIANA/DIANAstandard/

94


http://www-star.st-and.ac.uk/~pw31/DIANA/DIANAstandard/
http://www-star.st-and.ac.uk/~pw31/DIANA/DIANAstandard/

4.4 Chemical modelling

stant value relative to the underlying gas density as is commonly assumed in
parametric models. Following Aikawa et al. (2015), the HCO' abundance is de-
rived analytically, n(HCO™) em~3, throughout the disk under a few acceptable
and tested assumptions. Because the chemical timescale in a disk is significantly
shorter than the disk lifetime steady state is a reasonable assumption, i.e.,

dn(HCO™)

— Ry — Ry =0
dt ! d =

where R; and R, are the rates of HCO™ formation and destruction, respectively.

The main formation reaction for HCO™ is via CO,
Hs™ + CO — HCO™ + Hy,

and the primary destruction reaction is dissosiative recombination with an elec-

tron,
HCO" + e~ — H+ CO.

The destruction of HCO™ via grain-surface recombination is ignored as this is
only dominant in the inner < 10 au of the disk in the dense midplane where dust
grains become the main charge carrier and this region of the disk is not modelled.
It is also assumed that HCO™ is the dominant cation in the molecular region of
the disk as has been confirmed by full chemical models (e.g.; Walsh et al. 2012,
Aikawa et al. 2015). The resultant abundance of HCO™ is given by;

k?g n(CO) ’I"L(H3+)

n(HCO™) = by n(e)

The reaction rate coefficients, k;, are given in Table 4.2, where ¢ is the number of

the reaction as compiled by Aikawa et al. (2015).

The CO abundance distribution is parameterized as described by Williams &
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Table 4.2: Reaction rate coefficients from UDFA RATE12! used in the analytical
formula from Aikawa et al. (2015).

¢ Reactions Q 15}

1 Hy+crp— Hym +e - -

2 Hy" +H, — Hs" +H 2.08(-9) 0.0

3 Hzt+CO — HCO™ + H, 1.61(-9) 0.0

4 HCO" +e— H+CO 2.40(-7) -0.69
)

5 Hy"+e—Hy+HorH+H+H 720(-8) -05

Rate coefficients are given in the form of k = a x (7/300.0)” cm3s~! and A(B) stands for A x 107
! http://udfa.ajmarkwick.net/index.php, (McElroy et al., 2013)

Best (2014). CO is present in the disk with a relative abundance of n(CO)/ny =
1.4 x 10~* if the temperature is greater than 20 K (the approximate freezeout
temperature of CO) and if the vertical column density of Hy (integrated vertically
downwards from the disk surface) is greater than 1.3 x 10?' cm~2. Hence, there
is no CO depletion factor applied here, because, as confirmed by Kama et al.
(2016a) HD 97048 exhibits no evidence of carbon depletion. Here, ny is the total
number density of hydrogen nuclei. This simple prescription takes into account
the two primary destruction pathways for CO: freezeout onto dust grain surfaces
in the midplane, and photodissociation in the atmosphere. The column density
upper limit comes from modelling work by Visser et al. (2009) and observations
of HD 163296 by Qi et al. (2011). The H3" and electron abundances are given
by
1 ¢

Hyt) = =
n(Hs?) =5 nu ks n(e”) + ks n(CO)’

and
¢ nu

nle”) =4/ Ty

(Aikawa et al., 2015). Here ( is the sum of the cosmic ray and X-ray ionisation
rates from the DIANA model. These equations are determined by solving the

rate equations for each species under the steady state assumption.
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The H'¥CO™ abundance is determined by simply assuming that
HIQCOJr/HlSCOJr — 120/130 = 69

(e.g., Wilson, 1999). Although isotope fractionation processes (e.g., fractiona-
tion reactions and isotope-selective photodissociation) will cause the "*CO/*CO
and H?CO™/H"™CO™ abundance ratios to vary throughout the disk (Woods
& Willacy, 2009), developing and running a full chemical model that includes
fractionation is beyond the scope of this work and best addressed in a future
dedicated study. In a previous study, Woods & Willacy (2009) show that the
n(H™2CO™) /n(H®CO™) ratio has a value of & 40 — 60 in the layer in the inner
disk (< 30 au) at which HCO™ reaches the highest fractional abundance (~ 1077).
The resulting abundance distributions as a function of disk radius and height for

CO, HCO" and H"®CO™ are shown in Figure 4.7.

Synthetic channel maps were generated using LIME version 1.6 (LIne Mod-
elling Engine; Brinch & Hogerheijde, 2010) using the molecular data files for
HCO" and H¥CO™ from the LAMDA molecular database!. To check whether
or not the assumption of LTE was appropriate, the critical density of the HCO™
J = 4 —3 transition was calculated using the collisional rates from Flower (1999).
The critical density was determined to be 10® em™ in the temperature range
from 30 to 100 K. In the region of the disk model where the HCO™ is present the
gas density is above this value (see Figure 4.7); therefore, it was confirmed that
LTE is an appropriate assumption. The models were made using the same po-
sition and inclination angles of the source. The resulting image cubes were then
smoothed to the same Gaussian beam as the HCO™ and H*CO™ observations.
The simulated channel maps were used to generate azimuthally-averaged radial

profiles from the resulting integrated intensity maps and then directly compared

'LAMDA data files are available online at: http://home.strw.leidenuniv.nl/~moldata/
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with the observations. For the HCO™/H"CO™ integrated intensity ratio the
images were smoothed to the same common beam as described for the obser-
vational dataset. A range of models were run step-by-step altering the initial
model to find a best by-eye fit to the observed radial profiles. The specifics of
the models are summarised in Table 4.3. The resulting modelled radial intensity
profiles for HCO™ and H®CO™, and the line ratio, are shown in Figure 4.8 where

the coloured lines are the observations and the black lines are the models.

4.4.1 Fiducial model results

Model 1 is the fiducial model as described above and this model is found to
overestimate the magnitude of the emission for both the HCO™ and H!3CO™
lines. The difference between the modelled and observed peak flux for HCO™
and H®CO™ are around a factor of 1.3 and 2.4, respectively. The morphology
of the modelled emission also does not match the observed profiles. The latter
are centrally peaked whereas the modelled profiles peak in emission at ~ 100 au.
The resulting line ratio also does not exhibit the same radial behaviour as the

observation as it increases radially from 6 to 26 + 1.

4.4.2 Modifications to the fiducial model

Since the fiducial model is a poor fit to the observations the next step is to
modify this model step by step in order to better reproduce the data. The first
aim is to fit the radial profiles beyond a radius of ~ 100 au. In Model 2 the
abundance of HCO™ was multiplied by a factor, ryco+, of 0.2 relative to the
abundance calculated using the analytical chemical model. This factor was de-
termined by gradually reducing the multiplication factor in steps of 0.1 in each
test, i.e., [0.9, 0.8, ...], until an acceptable by-eye fit to the HCO™ was found. The

multiplicative factor ryisqo+ is additionally applied to the H**CO™ abundance
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4.4 Chemical modelling

which alters the n(H"?*CO")/n(H'CO™) ratio in the disk. For Model 2 s+
is 1i.e n(H?CO')/n(H™COT) is 69. A comparison with the observed profiles
shows that good agreement with the radial integrated intensity profile for HCO™
emission is now obtained beyond 100 au. The overall decrease in abundance of
a factor of 5 that is required here indicates that either the gas surface density
is overestimated by this factor in the disk, or that the disk temperature of the
emitting layer is over-estimated, or that the analytical chemical model describ-
ing HCO™" is over-predicting the fractional abundance. However, in this model
the H'*CO™ peak flux is now under-predicted. The resulting H'*CO™/H*CO™"
integrated intensity ratio still does not exhibit the same radial behaviour as the

observations and is increasing radially from 16 to 44 + 2.

The next iterations of the model are to reconcile the HCO™ model and ob-
servations in the inner disk and apply the same changes to the H**CO™ in order
to retain their abundance ratio throughout. In Model 3 the disk structure is
modified by hand to include gas in the cavity from =~ 6 to ~ 65 au. The gas
density, temperature, and molecular abundances within the cavity are set equal
to the values at the inner edge of the model gas disk. An LTE model with gas
in the cavity and with 0.2 times the HCO™ abundance (1eauity) used in Model
2 reproduces well the observed radial profile (see Figure 4.8). The continued
disagreement with the H**CO™ observations and models shows that the initial
assumption of a globally constant value for n(HCO™)/n(H"®¥CO™) of 69 may

not be appropriate.

For the H*¥CO™, further modifications to this model are required to better
reproduce the observations. The disk n(H"?CO™)/n(H*®CO") abundance ratio
is altered globally by increasing n(H"CO™) relative to the values in Model 3.

The best by-eye fit for rysco+ was found to be 2 relative to the abundances

in Model 2. This results in a global disk n(H*CO™")/n(H"®CO") abundance
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ratio of 35. This is not unrealistic as chemical models that include chemical
isotope fractionation processes do predict a decrease in n('*CO)/n(**CO) and
n(HCO™) /n(H®CO™) by at most a factor of two in the midplane (Miotello
et al., 2014; Woods & Willacy, 2009). This model provides a much improved
fit in the inner disk within 200 au in the H**CO™, but there is still not enough
H'CO™ emission in the outer disk.

In Model 5 the n(H™CO™)/n(H"®CO™) ratio is decreased in the outer disk
(>200 au) further to better fit the H**CO™ observations. The best by-eye fit for
Kusco+ was found to be 6 relative to the abundances in Model 2 resulting in a
n(H™2CO™) /n(H®CO™) ratio of 14 in the outer disk . This suggests the presence
of two carbon chemical fractionation regimes traced in H**CO™ in the HD 97048
disk. The feasibility of this scenario and possible explanations will be discussed

in Section 4.5.
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Figure 4.1: HCO™ (top) and HCO™ (bottom) channel maps with a velocity
resolution of 0.21 km s™!. The rms noise, o, is 0.016 Jy beam™! per channel in
both maps and the emission is detected with a S/N of 25 and 7 respectively. The
grey dashed contour shows the Keplerian mask used and the dotted white lines
mark the major and minor axes of the disk.
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Figure 4.2: H"*CO™ (top) and HC'®N (bottom) channel maps with a velocity res-
olution of 0.5 km s™*. The r.m.s. for each map are 0.011 Jy beam™! km s*
channel™! and 0.012 Jy beam™! km s~! channel™! respectively. Emission is de-
tected in each map with a S/N of 6.8 and 5.7 respectively. The black contours
are at the 3 and 50 level. The grey dashed contour shows the Keplerian mask

used and the dotted white lines mark the major and minor axes of the disk.
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Figure 4.3: The integrated intensity maps (left) and the intensity-weighted veloc-
ity (right) for the HCO' J = 4—3 (top), H*CO* J = 4 — 3 (middle) and HC'°N
J = 4 — 3 (bottom) transitions generated using the Keplerian masks shown in
Figures 4.1, and 4.2. The S/N of the integrated intensity maps are 20, 3 and 3
respectively. The intensity-weighted velocity maps were made using a 3o clip in
the channel maps. The dotted white lines mark the major and minor axes of the
disk.
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Figure 4.4: Line profiles of the H*CO™ (left) and HC'®N (right) emission at a
velocity resolution of 0.5 km s™! and mirrored about the source velocity. The
H'CO™ line profile is extracted from within the region encompassing the 3¢
extent of the HCO™ integrated intensity and the HC'N extraction region is an
ellipse centred on source and chosen by eye. The residuals from the mirrored line
profiles are also shown.
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Figure 4.5: Deprojected and azimuthally-averaged radial profiles of the contin-
uum emission, and CO, HCO*, H*¥CO™, HC'N line emission ratio (from top to
bottom, then left to right). The coloured shaded region on each profile represents
the errors (see text for details). The vertical dashed grey lines highlight the rings
and gaps in the mm-dust continuum profile and the dashed grey profile is the
best-fit model of the continuum wv data from Walsh et al. (2016a) and is nor-
malised to the peak value in each plot. The dotted black line on the HC*N plot
is the continuum model convolved with a 50 au beam from Walsh et al. (2016a)
and is normalised to the peak value in each plot.
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temperature (top left), total H nuclei number density (top right), CO number
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Table 4.3: The different models as described in Section 4.4 along with the parameters that are varied in each model.
The ticks and crosses denote if the model fits the specified observation.

Model KHCO+ K130+ Gas in cavity Neavity n(HCO™) HCO™ HYCO™ HCO"
n(H¥CO™) HY¥CO™"

1 - - no - 69 X X X

2 [0.9,0.8,...,0.2] 1 no - 69 x X x

3 0.2 1 yes [0.9, 0.8,...,0.2] 69 v X X

4 0.2 2 yes 0.2 34.5 v X X

0.2 (< 200 au 2 (< 200 au 35 (< 200 au
S 02 E> 200 au§ 2, 3,..(.,6](> 20(3 au) yes 0.2 11.5<(> 200 al)l) v v v




4. H™®CO™ AND HC'"N IN THE HD 97048 DISK

The residual channel maps (observations minus Model 5) are shown in Fig-
ure 4.9 for HCO' and H™CO™, respectively. These channel maps show that the
flux from the HCO™ line (purple contours) is under-predicted by the model de-
spite the reasonably good fit to the integrated intensity profile. These residuals
may be due to the model emission originating from a lower height in the disk
than the observations. This would mean that the HCO™ gas is optically thick
higher in the disk than the model used here predicts such that the model is either
underestimating the disk temperature and hence the disk scale height (i.e., it is
more flared than predicted), or that the disk is more massive than suggested by
the DIANA model. The H'3CO™ residuals are insignificant.

To investigate the effect of the gas temperature on the HCO™ and H*¥CO™
line emission a set of exploratory models were run. Reducing the gas temperature
by a factor of 2 throughout the disk led to a good by-eye fit to the observations
in the inner disk (< 200 au) using the canonical abundance ratio. However,
a significant increase in the H**CO™ abundance relative to HCO™ in the outer
disk is still required to better reproduce the emission here. This supports the
claim of the presence of two carbon fractionation regimes in this protoplanetary
disk, and also supports enhanced fractionation in the outer disk due to the disk
being colder than previously inferred from previous modelling work. A more
robust determination of the gas temperature structure of this source will require
high spatial resolution observations of multiple lines of molecular tracers of gas

temperature e.g. '2CO and "*CO.

4.5 Discussion

This Chapter presents the first detections of H**CO™ and HCN in the HD 97048
protoplanetary disk. The radial emission profiles of these tracers are compared

with the mm continuum emission profile and the line emission from CO and
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Figure 4.8: Deprojected and azimuthally-averaged radial integrated intensity pro-
files for HCO', H'*CO™ and the HCO™ /H"CO™ ratio from the observations (in
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file represents the errors (see text for details). The specifics of each model are
detailed in Table 4.4.2 and Section 4.4.
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Figure 4.9: Residual (data - model) HCO" (top) and H**CO™ (bottom) channel
maps at a velocity resolution of 0.21 km s~*. The rms is 0.016 Jy beam ™! km s~!
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HCO™. The optically thin tracers, H**CO™ and HC'N, appear to exhibit ra-
dial variations in their integrated intensity profiles in contrast to the optically
thick tracers, CO and HCO™. Contrary to the HCO™ J = 4 — 3 data, the
H¥CO" J = 4 — 3 radial intensity profile shows a step-like radial structure.
The H*CO™ /HCO™ intensity ratio across the disk is constant with an average
value of 12 + 3. This value is consistent with observations of other disks where
the disk-integrated H'?CO™" /H"*CO* (J = 3 — 2) flux ratios range from 13 to 25
(Huang et al., 2017; Oberg et al., 2010, 2011). This low ratio (< 69) is consistent
with optically thick HCO' emission. However, using radiative transfer models,
consideration of optical depth effects alone cannot explain the data. These mod-
els show that radial variations in the abundance ratio of H**CO™ to H**CO™ are
necessary to explain the radial behaviour in the observed intensity ratio. The
one model that provides a good by-eye fit to the data is Model 5. This model
requires an enhancement relative to the canonical ratio of H'*CO™ to H'?*CO™

by a factor of 2 in the inner disk (< 200 au) and 5 in the outer disk (> 200 au).

The HC'™N intensity profile appears to peak in a ring which appears to match
well with the mm-sized dust distribution at the same spatial resolution. Higher
spatial resolution observations are required to confirm this association. Without
complementary observations of the main isotopologue, HCN, it is difficult to
investigate further the origin of the HC'*N emission. However, the suppression of
line emission by the dust opacity in the inner disk can likely be ruled out, within
the first dust ring (< 55 au), as the potential origin of a molecular ring as there

is not sufficient millimeter dust in this region of the disk.

The remainder of this Section explores if isotope-selective chemistry can ex-
plain the structure seen in the H*CO™ emission profile and H**CO* /H*CO™*
ratio across the disk. There is also an estimate of the level of gas depletion in

the inner cavity of the disk. These results are compared to observations towards
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other Herbig Ae/Be disks, and there is also a speculative discussion on alternative

physical /chemical processes that could explain the results presented here.

4.5.1 Can isotope-selective chemistry explain the H3CO™
emission?

The best fit model requires multiple H**CO™ /H®CO™ fractionation regimes. Iso-
tope selective chemistry could be responsible for the radial intensity profile of the
H'"¥CO™ emission and the observed H**CO™ /H'CO™ ratio but chemical models
with isotope selective chemistry only predict a change in the H'*CO™/H*CO™"
ratio over very narrow radial and vertical regions of the disk (Miotello et al., 2014;
Woods & Willacy, 2009). While detailed chemical modelling of this is beyond
the scope of this work, this section explores how isotope selective chemistry could

influence the emergent HCO™ and H®CO™ line emission.

Isotope selective photodissociation enhances the ratio of *CO/*CO in the
disk atmosphere due to the different self-shielding column densities of the differ-
ent isotopologues (Miotello et al., 2014; Visser et al., 2009). The relative abun-
dances of 12CO and ¥CO are the least affected of the different CO isotopologues
since they are the most abundant. However, the shielding column for "*CO will
be reached slightly deeper into the disk atmosphere than that for **CO (Miotello
et al., 2014). Hence, there will exist a layer in the disk surface where CO/*¥CO
> 69 such that H'?CO*/H"™CO™" is also > 69 due to the coupled chemistry be-
tween the two species. In the model of a T Tauri disk in Miotello et al. (2014)
that includes comprehensive isotope-selective chemistry, the peak abundance ra-
tio for *CO/™CO is only ~ 2 x the underlying elemental ratio and only in a
narrow layer of the disk atmosphere. The models of carbon isotope fractiona-
tion in the inner 30 au of a T Tauri disk by Woods & Willacy (2009) show that

there is an increase in the isotopologue ratio in HCO™ relative to that for CO in
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the more tenuous and irradiated disk atmosphere (i.e., n(H*CO™) /n(H*CO™) >
n(**CO)/n(**CO) with a maximum n(HCO™)/n(H?CO™) of ~ 110). However,
this cannot explain the results for HD 97048 because isotope selective photodis-
sociation leads to an enhancement of the main isotopologue relative to the rare
isotopologue, which acts in the opposite direction to that required to explain the

observations.

Additionally, there are isotope exchange reactions which enhance the abun-
dance of *CO relative to *CO and H'*CO™ relative to H**CO™ at low temper-
atures, < 35 K and < 9 K respectively (as measured by Smith & Adams, 1980).
Models of the carbon isotope fractionation in protoplanetary disks show that the
chemical HCO™ fractionation follows the CO fractionation for warm temperatures
> 60 K but for lower temperatures the fractionation is more extreme for HCO™"
than CO. In the Woods & Willacy (2009) models the **CO/"™CO reaches ~ 40
in the disk midplane whereas the H'*CO™* /H?CO™ ratio is lower (= 30). Since
the density in the disk is relatively high this process is roughly in equilibrium and

can be calculated as follows:

n(H™CO™) o [ 7K n(**CO)
—e——" = €X )
n(HBCO™) P\ Tp ) n(BCO)

Figure 4.10 shows the n(H"™CO™)/n(H"CO™") ratio as a function of gas tem-
perature and underlying n(**CO)/n(**CO) ratio. The white contours mark the
three n(H"CO™)/n(H™CO™) ratios used in Models 1 to 3, 4, and 5 respec-
tively. The dashed black line marks the lowest gas temperature in the disk model
(=~ 16 K). This calculation shows us that the fractionation required in Model 4 is
reasonable, but in order to reach the level of fractionation in Model 5, depending
on the underlying n(**CO)/n(**CO) ratio, the gas temperature needs to be be-

tween 5 and 10 K and this is less than the minimum gas temperature in the disk
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Figure 4.10: The n(H™CO™)/n(H'CO™) ratio as a function of gas tempera-
ture and underlying n(**CO)/n(**CO) ratio. The white contours mark the three
n(H™2CO™) / n(H™CO™) ratios used in Models 1 to 3, 4 and 5 respectively. The
dashed black line marks the lowest gas temperature in the disk model.

model employed in this work. For chemical fractionation to explain the results
the gas temperature in the outer disk needs to be significantly cooler than current

models predict.

The radial abundance profiles of best-fit models for the HCO™ and H**CO™
emission shows that isotope-selective processes are occurring in this disk; however,
the enhancement factors required for H**CO™ are needed across a significantly
larger column density of the disk compared to predictions from models, and there
needs to be a radial change in the ratio. Comprehensive chemical models are
required to determine if the H**CO* /H*CO™ abundance ratio exhibits variations
more than a factor of a few relative to the elemental ratio in the outer disk (100’s

of au) and how the observed line emission will reflect this.
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4.5 Discussion

4.5.2 Estimating the gas depletion in the cavity

The HCO™ emission in the channel maps is detected down to at least 40 au
whereas the model assumes a gas cavity size of 65 au. Adding gas to the cavity in
Model 3 with an abundance 0.2 times that at the edge of the disk well reproduces
the radial profile of the HCO™ emission. The fractional abundance of HCO™ in
the dust cavity reaches a maximum value of 6 x 107. Chemical models show that
the HCO™ fractional abundance in the inner (< 50 au) regions of full disks can be
as high as ~ 1077 (Aikawa et al., 2015; Walsh et al., 2010). Hence, if this value
represents an absolute ceiling value for the HCO™ fractional abundance then the
gas surface density is ~500 times less that in the dust cavity than in the inner
edge of the outer disk. However, there remain caveats to this estimate related
to chemistry. Because there is a central dust cavity in this disk then the gas
will be less shielded from ionising radiation resulting in potentially higher HCO™
abundances than calculated in chemical models of disks without dust cavities.
HCOT is not an optimal tracer of gas mass; hence, the gas depletion in the cavity

be should be estimated using CO isotopologue observations.

4.5.3 A comparison with other Herbig Ae/Be disks

Molecular line emission from Herbig Ae/Be disks has been shown to trace both
sub-structure associated with an underlying ringed dust structure and radial
structure  that  arises due to  chemistry, such as  snowlines
(e.g., HD 163296, HD 169142: Carney et al., 2018; Fedele et al., 2017; Isella
et al., 2016; Mathews et al., 2013; Qi et al., 2013a, 2015). With ALMA we
now have spatially resolved detections of the HCO™ and HCN isotopologues in
multiple protoplanetary disks (see Figure 4.11) . Although these molecules are
commonly detected in disks around T Tauri stars, e.g., IM Lup, AS 209, V4046
Sgr, DM Tau, LkCa 15 (Guzman et al., 2015, 2017; Huang et al., 2017; Oberg
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Figure 4.11: Gallery of 1.1 mm continuum and H*®*CO™ and HC'N J=3-2 radial
emission profiles in disks (adapted from from Huang et al. (2017) ).

et al., 2015; Piétu et al., 2007), this section will primarily discuss the detections
towards HD 97048 in the context of other Herbig Ae/Be disks given the differ-
ences in chemistry expected between these two disk types (e.g., Agindez et al.,

2018; Walsh et al., 2015).

Both HCN and HCO™ have been detected towards the dust-trap-hosting tran-
sition disk around the Herbig Ae star, HD 142527 (Casassus et al., 2013, 2015a;
Rosenfeld et al., 2014; van der Plas et al., 2014). However, for this source, the
molecular emission is strongly influenced by the large cavity (140 au) and the
lop-sided dust trap. The HCO" emission from within the cavity traces non-
Keplerian motions that have been attributed to radial flows through the gap
(Casassus et al., 2013, 2015a; Rosenfeld et al., 2014), and the HCN emission is
strongly anti-coincident with the dust trap. This anti-coincidence is proposed to
be due to either the lower dust temperatures in the trap (leading to enhanced
freezeout) or a high continuum optical depth in the dust trap that is suppressing

the emergent line emission (van der Plas et al., 2014). The disk around HD 142527
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4.5 Discussion

is a clear example demonstrating the influence that extreme dust structure has
on the emergent molecular emission. Emission from H?CO™ (J = 8 — 7) from
HD 142527 has been targeted with ALMA; however, it was reported as a non-
detection (Casassus et al., 2015b).

Evidence for multiple rings of H*CO™ have been detected in the HD 163296
disk and one ring of H**CO™ has been detected in the MWC 480 disk, but their
relation to the underlying dust and/or gas structure has not yet been fully in-
vestigated using detailed models (see Figure 4.11; Huang et al., 2017). These
observations have a spatial resolution of ~ 60 to 70 au. In both of these sources
there is a central cavity in the H"*CO™ emission and this has been primarily at-
tributed to optically thick continuum emission in the inner disk which suppresses
the emergent line emission. For the specific case of H*CO™, this may also be
partially due to chemistry in the inner disk. Depending on the location of the
H,O snowline, which can reside at ~ 10s of au from the star in Herbig Ae/Be
disks (e.g., Notsu et al., 2017; Woitke et al., 2009b), gaseous HoO may be present
which facilitates another destruction pathway for HCOT. Hence, the absence
of HBCO™ emission in the inner regions of protoplanetary disks and protostars
has been proposed as an indirect indication of the radial location of the water
snow line. This effect has yet to be conclusively demonstrated for a protoplane-
tary disk but has been demonstrated for the protostellar envelope encompassing
NGC1333-IRAS2A (van ‘t Hoff et al., 2018). As yet, there is no evidence for
a central cavity strongly depleted in dust in neither HD 163296 nor MWC 480,
unlike as has been found for HD 97048. This explains why the H*CO™ emission
profile for HD 97048 is centrally peaked: the emergent emission is not suppressed

due to the presence of a significant reservoir of mm-sized dust.

The first detection of HC'N in a protoplanetary disk was reported in the
MWC 480 disk (Guzmaén et al., 2015). In this source, and in the TW Hya disk
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(Hily-Blant et al., 2019), the HCN, H**CN and HC'N all show similar radial
distributions which follow the smoothly decreasing dust emission profile. From
the same study, HCN emission from the DM Tau disk, a T Tauri source, shows
a second ring of emission beyond the mm-dust emission at ~ 300 au. The ring
is proposed to arise as a result of increased photodissociation of HCN due to the
depletion of micron sized dust interior to the detected molecular ring. The HC**N
emission appears to follow the radial emission profile of the mm-dust to the spatial
resolution of the observations. Observations of the main isotopologue HCN with
improved spatial resolution in the HD 97048 disk are needed confirm the presence
of rings in this tracer that align with the dust rings. The H'CN emission in
the AS 209 disk, another T Tauri disk, is also ringed (Guzméan et al., 2017),
and recent ALMA observations have shown clearly that this disk has multiple
rings of dust (Fedele et al., 2018). This, again, is another example disk with
rings of dust and rings of molecular gas. HC'N has since been detected in
the HD 163296 disk but the observations are not of high enough S/N to make
assertions about the radial distribution in relation to the dust rings (Guzman
et al., 2017). Nevertheless, there is growing evidence, including in the analysis
presented here, that molecular line mission from optically thin tracers may be
following, and is thus influenced by, the underlying dust distribution in Herbig

Ae/Be disks making them interesting test cases.

4.5.4 What is the effect of the ringed dust (and gas) struc-
ture on the chemistry?

A radially smooth profile cannot fit the H'™CO™ observations and the
H"CO™/H"™CO" abundance ratio across the disk. As this is not wholly consis-

tent with predictions from chemical fractionation models this section now explores

the possible effect of the dust rings on the disk chemistry.
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From ALMA observations the mm-sized dust is distributed in three rings
(van der Plas et al., 2017; Walsh et al., 2016a). Scattered light observations
with SPHERE show that at the disk surface there are four rings, two of which
are located at comparable positions to the mm-sized dust rings (Ginski et al.,
2016). Due to the matching rings in both the mm-sized and micron-sized grains
planet-disk interactions have been proposed as the best explanation for the dust
rings in the HD 97048 disk (Ginski et al., 2016; van der Plas et al., 2017; Walsh
et al., 2016a). From the non-detections of direct emission from planets in the
gaps and by comparing the observed rings to models, limits can be placed on the
masses of the anticipated planets. van der Plas et al. (2017) estimated the mass
of the inner-most planet, located between 2.5 and 11 au, to be ~ 0.7 M; guided
by models from Rosotti et al. (2016). Low-mass planets, &~ 1 M;, will create a
narrower and shallower cavity in the gas surface density than in the mm-sized
dust which forms more distinct rings (de Juan Ovelar et al., 2013, 2016; Zhu et al.,
2012). Pinte et al. (2019) indirectly detect a planet of a few Jupiter masses at
130 au, which is consistent with upper-limits from VLT /SPHERE (Ginski et al.,
2016). Hence, it is possible that perturbations in the gas surface density are
sufficiently shallow that they are not visible in the CO and HCO™ isotopologue
observations, or conversely, that the gas gaps are deep, but also sufficiently narrow

that subsequent chemical inhomogeneities are resolved out.

It is also a possibility that variations in the underlying gas density due to form-
ing planets may be responsible for the observed radial variation in the
H"™CO™/H"™CO" abundance ratio. This is in contrast to the scenario discussed
in Section 4.6.1 (see Figure 4.12a). Although these data do not have the resolu-
tion to resolve the proposed gas gaps, the presence of such gaps may be revealed
through analysing global abundance ratios, that average over the chemical sub-

structure. A drop in the column density of small dust grains at the location of
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the millimetre-sized dust gaps will provide less shielding from photodissociating
and photoionising radiation. This will increase the ionisation fraction within the
dust gaps relative to the dust rings. Given that HCO™ is the dominant cation
in the molecular layer, its abundance may also increase in the dust gaps and
this may mask the presence of gas depletion therein because the overall column
density of HCO™ may not change significantly. In this case the difference be-
tween the HCO™ and H®CO™ abundance distributions would only be due to
isotope-selective chemistry (Figure 4.12b). Also, because of the non-linear na-
ture of the chemistry, a reduction in gas density can have a profound effect on
the abundances of more minor species because the rates of two-body ion-molecule
reactions are proportional to n?. Hence, it is possible that this can amplify the ef-
fects of isotope-selective photodissociation by e.g., slowing down the reformation
of 1¥CO relative to "*CO. This would reduce the abundance of H'*CO™ relative to
HCO™ in the disk, in contrast to the observations presented here (Figure 4.12c).

An additional explanation to consider is the effect of the dust structure on
the gas temperature. Models show that the gas temperature relative to the dust
temperature can decrease in the disk atmosphere due to grain growth and settling
and at the location of the dust gaps (Facchini et al., 2017; van der Marel et al.,
2018). A decrease in gas temperature could be traced by isotope fractionation
(see Figure 4.12d) but this remains speculation until dedicated physio-chemical
models are available that include isotope-selective chemistry as well as ringed

dust structure.

4.6 Conclusion

This chapter shows, for the first time, that the disk molecules H*CO™ and
HC™N, are may be tracing sub-structure in the HD 97048 protoplanetary disk.

The favoured by-eye fit to the H**CO™ observations require a model with an en-
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Figure 4.12: Cartoon illustrating the possible gas and dust distributions in the
HD 97048 disk. The mm-sized dust is represented by brown circles, the micron-
sized dust is represented by grey circles, the gas and depleted gas are represented
by purple and lilac respectively and the light blue corresponds to a cold gas
Teservoir.
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hancement in fractional abundance relative to the canonical isotope ratio in the
outer disk. Since the HCO' models do not require such enhancement factors,
chemical fractionation is the simplest explanation for the emergent line emission.
The enhancement in H**CO™ relative to HCO™ can be explained by a cold reser-
voir of gas in the outer disk (< 10 K, 2 200 au). Through a comparison with
disk models that include carbon fractionation, isotope selective chemistry cannot
solely explain the observations. Future ALMA observations of HD 97048 need to
have the spatial resolution to properly resolve the ringed structure in the dust
and in the different gas tracers, and will allow for the determination of the size
of central cavity in different tracers. This will enable a detailed study on the
dominant chemical processes in the disk and allow a clearer distinctions between
the different scenarios presented and provide insight on the physical and chemical

nature of planet-carved gaps.
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Chapter 5

SO in the HD 100546 Disk

5.1 Introduction

As discussed in Chapter 1, sulphur is observed to be depleted in molecular rich
gas. Despite this depletion issue, sulphur-bearing species are useful tracers of
physical processes in interstellar and circumstellar material. For example, SO
is frequently detected as a tracer of shocked gas associated with the bipolar
outflows from Class 0 and I protostars, (e.g., Tafalla et al. 2010 and Podio et al.
2015). Searches for SO have found that detections in outflows are ubiquitous but
in protoplanetary disks infrequent (Fuente et al., 2010; Guilloteau et al., 2013).
ALMA observations have also revealed ring components of SO emission in Class
0 protostars (Sakai et al., 2016) that have been interpreted as accretion shocks
at the disk-envelope interface. It is evident from existing observations that SO
is a tracer of shocks in Class 0 and I protostars. However, SO is an elusive
disk molecule requiring high sensitivity observations for its detection: this is now
possible with ALMA. This Chapter presents the first detection of SO in the disk
around HD 100546. This is an important source for the study of planet-disk
interactions due to the verified discovery of a point source in the disk at 50 au

that is proposed to be a young giant planet (Quanz et al., 2013, 2015).
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5. SO IN THE HD 100546 DISK

5.2 The HD 100546 disk

HD 100546 is an isolated 2.4 M, Herbig Be star at a distance of 109 pc (van den
Ancker et al., 1998; Wichittanakom et al., 2020). Similar to both the HD 163295
and HD 97048 disks, ALMA Band 7 observations show that the millimeter-sized
dust grains in the HD 100546 disk are distributed in two rings: one ring is 21 au
wide centred at 26 au and the other is 75 au wide centred at 190 au (Walsh et al.,
2014a). The best fit evolutionary model for the data is a scenario where there
are two planets in the disk: a 20 M; planet at 10 au and 15 M; planet at 68 au
(Pinilla et al., 2015). This is in agreement with observations of an embedded
protoplanet and a possible companion in the cavity of the disk (Avenhaus et al.,
2014; Benisty et al., 2017; Brittain et al., 2014; Currie et al., 2014, 2015; Garufi
et al., 2016; Mulders et al., 2013; Quanz et al., 2013, 2015).

Various molecular and atomic lines have been detected with single-dish tele-
scopes. Although spatially unresolved, these observations suggest a warm disk
atmosphere above the disk midplane with the highest abundances of the detected
species coinciding with the outer edge of the cavity which is thought to be puffy
(Carmona et al., 2011; Fedele et al., 2013; Goto et al., 2012; Hein Bertelsen et al.,
2014; Liskowsky et al., 2012; Pani¢ et al., 2010; Sturm et al., 2010; Thi et al.,
2011). The disk hosts a large molecular gas disk with the CO gas extending
out to ~ 400 au (Pineda et al., 2014; Walsh et al., 2014a). In addition to this,
there is evidence for thermal decoupling of gas and dust in the disk atmosphere
and radial drift of millimeter-sized dust grains (see Bruderer et al., 2012; Meeus
et al., 2013b; Walsh et al., 2014a), now a common property of protoplanetary
disks (Andrews, 2020).
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Table 5.1: ALMA band 7 observational parameters and sulphur monoxide transitions for HD 100546

Date observed 18th November 2012

Baselines 21-375m

Weighting natural

SO rotational transitions 77 — 6g Ts — 67 8 — 77 39— 1y T7—6g + 73 — 67
Rest frequency (GHz) 301.286  304.078  344.311 345.704 -
Synthesised beam "1 x 06 171 x0'6 170 x 0’5 170 x 05 171 x 076
Beam P.A. 24° 23° 40° 40° 24°
Spectral resolution ( km s7!) 0.24 0.24 0.21 0.21 1.00
rms noise (mJy beam™!) channel™! 10.9 9.9 174 16.2 4.2
Peak emission (mJy beam™1) - - - - 24.7
E., (K) 71.0 62.1 87.5 21.1 -
Einstein A coefficient (s7!) 3.429e-04  3.609e-04  5.186e-04  1.390e-07 -

The values for the line frequencies and Einstein A coefficients are from the Cologne Database for Molecular Spectroscopy
(CDMS; Miiller et al., 2001) as listed in the Leiden Atomic and Molecular Database (LAMDA; Schéier et al., 2005).
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5. SO IN THE HD 100546 DISK

5.3 Line imaging

The HD 100546 disk was observed at ALMA Band 7 during Cycle 0 (2011.0.00863.S,
PI: C. Walsh). This work began with the self-calibrated, phase-corrected, and

continuum-subtracted measurement sets from Walsh et al. (2014a).

The observations of HD 100546 and the four SO transitions analysed in this
work are detailed in Table 5.1. Imaging of the data was done using CASA version
4.6.0. The individual lines were each imaged at the spectral resolution of the
observations (0.21 - 0.24 km s™!, applying Hanning smoothing) and then at a
coarser resolution of 1 km s=!. Only the J = 7; — 65 and J = Tg — 67 transitions
were detected. These two SO lines were then stacked in the uv plane to increase
the signal-to-noise ratio (S/N) in the resulting channel maps (see Table 5.1).
This was done as follows. The central frequency of each spectral window was
transformed to the central frequency of the SO line it contained using the CASA
tool regridspw. These measurement sets were then concatenated using the CASA
task concat. The line emission was imaged at a velocity resolution of 1 km s—*
using the CLEAN algorithm with natural weighting and a channel-by-channel
mask guided by the spatial extent of the CO J = 3 — 2 emission (30). The SO
J = 35 — 1, transition has a low excitation energy (21 K) and it is expected that
the inner region of this disk is warm (> 20 K). Hence, the detection of the higher
energy transitions only is consistent with the expected temperature of emitting
molecular gas. Further, the lower energy transition is significantly weaker (see
Table 5.1). Including the J = 83 — 7; transition in the stacking increased the
noise level in the channel maps thus degrading the S/N in the resulting images.
Stacking wholly in the image plane gave the same results but with a slightly
lower S/N than using the regrid plus concat method (seen also in the analysis

conducted by Walsh et al. 2016a).
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5.4 Results
5.4.1 Detected SO emission

Figure 5.1 shows the integrated intensity maps of the two SO lines detected in the
imaging. They encompass the significant (> 30) on source emission detected in
the 1 km s~! channel maps. This is integrated across 11 channels from —7 km s*
to 5 km s~! with respect to the source velocity. The source velocity of the emis-
sion, as inferred from the CO J = 3 — 2 emission (Walsh et al., 2014a, 2017), is
5.7km s~ !. The J = 77, — 65 and J = Tg — 67 transitions are detected with a peak

S/N of 7 and 11 respectively in the integrated intensity maps. The rms noise was

extracted from the region beyond the 30 contour of the integrated intensity.

Stacking these two transitions results in a robust detection of SO in the chan-
nel maps (60) and line profile (50). Figure 5.2 shows the channel maps of the

1

stacked SO emission at a velocity resolution of 1 km s™ and with respect to

the source velocity. The emission reaches a peak S/N of 6 with an rms noise of

! channel~!. The noise in the channel maps was determined by

4.2 mJy beam™
taking the rms of the line-free channels either side of those with significant emis-
sion. The CO emission (> 30) is also plotted to allow a comparison between the
emission morphology of these two molecules. When comparing the SO and CO,
the SO emission is significantly more compact than the CO emission and there is
an excess blue-shifted component of SO emission that is not spatially consistent

with the blue-shifted disk emission traced in CO. This is further highlighted by

comparing the SO and CO line profiles shown in Figure 5.3.

Figure 5.4 shows the line profile extracted from within the 30 contour of

1 to

the stacked integrated intensity and covers a velocity range of — 50 km s~
+ 50 km s™! about the source velocity. This large velocity range was chosen to

highlight the significance of the emission with respect to the underlying noise.
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Figure 5.1: Integrated intensity maps of the two SO transitions integrated over
a 11 km s™! velocity range. Left: the J = 7; — 6¢ transition with an rms of
22 mJy beam™! km s™! and a peak emission of 151 mJy beam™! km s=! re-
sulting in a S/N of 6.9. Right: the J = 73 — 6; transition with an rms of
19 mJy beam~! km s~! and a peak emission of 206 mJy beam™! km s~! resulting

in a S/N of 10.8. The black contours are at intervals of o going from 30 to peak.
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Figure 5.2: Channel maps of the stacked SO emission (red contours) and the CO
J = 3—2 emission with a 3¢ clip (grey colour map). The stacked SO emission has
an rms noise of 4.2 mJy beam ™! channel™ and peak emission of 24.7 mJy beam ™!
resulting in a S/N of 5.9. The contours are from 3¢ to peak in intervals of o.
The stated velocities are with respect to the source velocity of the emission.
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Figure 5.3: SO stacked (red) line profile and CO J = 3 — 2 (black) line profile
extracted from within the 30 extent of their respective integrated intensity maps.
The SO stacked line profile reaches a S/N of 5.3 and the CO J = 3 — 2 reaches a
S/N of 375. Note that the rms for the CO J = 3 — 2 is not visible on this scale

(81 mJy).

Normalised Flux Density

The rms of the line profile was determined from the line-free channels either
side of the channels with significant emission. The line profile is double peaked
which could indicate that the emission is originating from an inclined disk in
Keplerian rotation. However, the trough of the profile is 2 km s~! blueshifted from
the CO-determined source velocity. Because the emission is clearly peaking on
source, numerous checks were done to see if the blue-shifted emission shift is real.
The CASA velocity reference frame is LSRK as is needed, the line frequencies
are correct, and there are no other emission lines within the considered velocity
range that could attribute to the blue-shifted emission. In addition to this, with
the removal of 5% to 10% of the longer and shorter baselines and the double-
peaked line profile persists. This was done to check that this was not an imaging
artifact. We also confirmed that the frequency axis of the spectral cube was
correctly indexed. The line profiles of the individual transitions (see Figure 5.4)
both have the same line profile shape. Therefore, any additional signal was not

induced through stacking.
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Figure 5.4: Top: Line profile extracted from within the 30 extent of the SO
stacked integrated intensity with an rms noise of 5.7 mJy and a peak flux of
30.4 mJy resulting in a S/N of 5.3. Bottom: Line profiles of the individual
J=T; — 66 (left) and J=Tg — 67 (right) transitions extracted from within the 3¢
extent of their respective intensity maps. Both line profiles reach a S/N of 3 with
rms noise of 10.8 mJy and 8.7 mJy respectively. Highlighted in red and blue are
the velocity ranges of emission used in the moment maps of the individual lines
in Figure 5.1.
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Table 5.2: Moment map S/N and rms.

Moment map S/N rms.
(mJy beam™! km s71!)
J =7; —6¢ disk component 4.8 17
J =7; —6¢ wind component 5.0 15
J =7Tg — 67 disk component 8.4 15
J =73 — 67 wind component 6.8 13

To investigate the spatial distribution of both components of emission (on
source emission and blue shifted emission, respectively), a moment zero map
was created for both. Figure 5.5 shows the integrated intensity maps from -
7.5 km s7! to -2.5 km s7! and from -2.5 km s7! to 4.5 km s™!. These velocity
ranges are highlighted in the stacked line profile and the individual lines profiles
(Figure 5.4). The peak S/N and rms. for each of these integrated intensity maps
are listed in Table 5.2. The peak emission in the two maps is spatially offset but
the exact separation of these two components is unclear because the emission is
of the order of the same size as the beam. The ratio of the peak emission in the
moment zero maps of the J = 7; — 64 transition to the J = 7g — 6; transition
is higher in the blue-shifted component of emission compared with the emission
at the source velocity. This likely indicates that the blue-shifted component is
tracing warmer gas. The stacked moment maps over the two velocity ranges are
shown in Figure 5.6 in which the spatial offset between the two components is

more significant.

From this analysis it can be said that there are two components of emission and
not just Keplerian disk emission that is blue-shifted relative to the source velocity.
The emission in the line profile that peaks on source and aligns kinematically with
the CO in the channel maps (Figure 5.2) can be attributed to disk emission. The
morphology of the on-source singly-peaked disk component might be explained by

asymmetric SO emission which is arising from the north-east side of the disk only.
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Figure 5.5: Integrated intensity maps of the two SO transitions over two velocity
ranges. Top: the J = T; — 64 transition from -7.5 km s™'to -2.5 km s7! (left)
and -2.5 km s7'to 4.5 km s7! (right). Bottom: the J = Tg — 6 transition from
-7.5 km s7'to -2.5 km s (left) and -2.5 km s™'to 4.5 km s™! (right). The peak
S/N and rms. for each of these maps are listed in Table 5.2. The black contours
are at intervals of ¢ going from 30 to peak.
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Figure 5.6: Integrated intensity maps of the stacked SO emission over two
velocity ranges: -7.5 km s 'to -2.5 km s7! (left) with a S/N of 7 and -
2.5 km s7'to 4.5 km s7! (right) with a S/N of 9. The r.m.s. noise reached
in these maps is 11 and 14 mJy beam ™! km s~! and the peak emission is 80 and
123 mJy beam~! km s~! respectively. The black contours are at intervals of o
from 30 to peak.

This is investigated further in Section 5.6. The blue-shifted emission peaks off
source spectrally and potentially spatially too (= 1-2 pixels, a projected distance
of 15 - 30 au) and it is attributed to a disk wind where material is being driven

from the surface of the disk resulting in a blue-shift along the line of sight.

5.4.2 Relative line strengths via matched filter analysis

As discussed in Chapter 3 a matched filter! can be used to detect lines in the uv
data (Loomis et al., 2018b). This is utilised to derive the relative line strengths
of the deteced SO lines. A CLEANed image of the CO line (J = 3 — 2) and
the best fit LIME model (see Section 5.5 for details) are used as filters. The

CO image has been scaled down to one quarter of its size and this is motivated

lyvis_sample is publicly available at:
https://github.com/AstroChem/vis_sample
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5.5 Line radiative transfer modelling

by the compact nature of the SO emission (as seen in the channel maps and
the integrated intensity: Figures 5.1 and 5.2). Application of the matched filter
results in a measure of the response of the filter to the data at a given frequency.
The response is scaled to o with the rms noise normalised to 1.

Figure 5.7 shows the response of the three detected SO lines to the compact
CO and best fit LIME wedge model filters (see Section 5.5). For the CO filter
three of the four lines were detected, the J = 7g— 67, J = 77 —6¢, and J = 8 — 75
transitions. They have a peak response of 6.8, 4.2 and 4.0 respectively. There is
no detection of the lower energy J=35 — 15 transition. Different CO filters were
tested with different compression factors of 1/2, 1/3 and 1/4. The J = 73 — 67
transition is picked up in all the filters but the higher excitation lines have an
improved response with the more compact filters. The best fit LIME model also
detects the same three SO lines. The J = 83 — 77 filter response is approximately
the same as with the compact CO filter but the other two lines responses are
quite different.

The peak of the responses are not all at the expected source velocity support-
ing the theory that there are multiple velocity components of emission including
a possible disk wind. The matched filter has confirmed the detection of the two
lines detected in the image plane and they are observed at a substantially higher
S/N than in the channel maps. It has also facilitated the detection of a line
that was not detected in the imaging. Further, as the matched filter line response
scales with intensity, there is now rudimentary excitation information on the three

lines to motivate further modelling.

5.5 Line radiative transfer modelling

The abundance of SO was estimated by matching the observed emission with

simulated emission generated using a HD 100456 physical disk structure (from
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Figure 5.7: Matched filter responses for the three detected SO transitions. Left:
the results using a spatially compact (1/4) version of the CO channel maps as
a filter. Right: the results using the best fit LIME wedge model as a filter (see
Section 5 for details). Highlighted in red and blue are the velocity ranges of
emission attributed to a disk and a wind component respectively.
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5.5 Line radiative transfer modelling

Kama et al. 2016a, see Figure 5.8) and LIME version 1.5 (LIne Modelling Engine;
Brinch & Hogerheijde, 2010). Ray-tracing calculations were done assuming LTE
and the appropriate distance, inclination and position angle for the source. The
molecular data files for sulphur monoxide were taken from the Leiden Atomic
and Molecular Database (LAMDA!). To check that LTE calculations were a good
approximation the critical density of the transitions was calculated . The critical
density for the SO J = 77 — 64 transition was determined to be 6 x 10° cm™3
at 100 K using the LAMDA molecular data with the collisional rates from Lique
et al. (2006). The other transitions are of a similar order of magnitude.

Because the matched filter is a linear process the relative responses for a pair
of lines can be used as a proxy for their relative intensities after correcting for the
difference in noise levels in each line. These relative intensities were converted to
line ratios and this information was used to confine the location of the SO in the
disk with respect to the temperature and density conditions. Model line ratios
were calculated from line intensities determined using the RADEX 2 radiative

2 motivated by full

transfer code assuming an SO column density of 104 cm™
chemical models (Kama et al., 2016b, priv. comm.). RADEX is a non-LTE 1D
radiative transfer code that can be used with the intensity of an observed par-
ticular molecular line to estimate the excitation temperature and column density
of the gas, assuming an isothermal, homogeneous medium with no significant ve-
locity gradient (van der Tak et al., 2007). The line ratios of the three lines were
calculated over a grid of temperatures and densities and the results are shown in
Figure 5.9. These model line ratios were compared to the observed line ratios from
the matched filter responses. Within the velocity range defined as disk emission,
these are 1.5, 1.6 and 1.1 for the J = 73— 6/J = 77 —6¢, J = Ts—67/J = 8 —T¢
and J = T; — 6¢/J = 8; — T line ratios respectively. A selection of the RADEX

http://home.strw.leidenuniv.nl/~moldata/S0.html
’http://home.strw.leidenuniv.nl/~moldata/radex.html
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Figure 5.8: The HD 100546 disk physical structure from Kama et al. (2016a). Top
left and moving clockwise: the dust temperature (K), gas temperature (K), UV
flux (in units of the interstellar radiation field) and number density (cm™3). The
two white contours in each of the temperature plots correspond to a temperature
of 30 K and 50 K. The shaded region highlights the location of the SO motivated
by RADEX calculations and used in the LIME modelling.

results are shown in Table 5.3 along with the observed ratios and their associ-
ated errors. The regime that best fits our observations is a Hy density from 10®
to 10 cm™3 and a gas temperature between 50 and 100 K. These conditions
result in the SO being distributed in a ring from 20 to 100 au in a layer above
the midplane (see Figure 5.8). This is in agreement with previous modelling of
sulphur volatiles in disks (e.g.; Dutrey et al., 2011) and is in agreement with the
compact nature of the SO emission. Placing the SO in a region of lower density
and higher temperature resulted in significantly more extended emission than in
our observations. Only the near surface of the disk is modelled as it is assumed
that this region of the disk (< 100 au) the optically thick dust emission will block

the emission from the molecular gas in the far surface of the disk.

A set of models were run varying the fractional abundance of SO with respect
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5.5 Line radiative transfer modelling

Table 5.3: Model and observed line ratios for the detected SO transitions.

Observed line ratios

- - 1.5+0.4 1.6+£0.4 1.1+0.4

Radex model line ratios

ng, (cmfs) Tk- (K) J:78 - 67/J:77 - 66 J:78 - 67/J:87 - 76 J:77 - 66/J287 - 76

10° 25 1.909 7.000 3.667
109 25 1.726 3.982 2.296
107 25 1.607 2.481 1.544
108 25 1.587 2.302 1.451
109 25 1.583 2.288 1.446
1010 25 1.583 2.288 1.446
10° 50 1.659 4.056 2.444
106 50 1.489 2.285 1.535
107 50 1.386 1.530 1.104
108 50 1.367 1.449 1.060
10° 50 1.364 1.442 1.058
1010 50 1.364 1.442 1.058
10° 100 1.546 2.930 1.895
106 100 1.400 1.683 1.203
107 100 1.296 1.197 0.924
108 100 1.273 1.150 0.903
109 100 1.269 1.144 0.902
1010 100 1.270 1.145 0.902
10° 250 1.555 2.348 1.510
109 250 1.371 1.318 0.961
107 250 1.239 1.015 0.819
108 250 1.212 0.990 0.816
109 250 1.211 0.984 0.812
1010 250 1.203 0.978 0.813
10° 500 1.551 2.182 1.407
108 500 1.358 1.203 0.886
107 500 1.218 0.962 0.790
108 500 1.192 0.939 0.788
10° 500 1.191 0.939 0.789
1010 500 1.193 0.939 0.787
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Figure 5.9: The RADEX modelling results of the selected SO line ratios. From
left to right are the three ratios: J = 73—67/J = 77 —6¢, J = Ts—67/J = 8; —T¢
and J = 77 — 6g/J = 8; — 7. The solid black line is the observed line ratio
and the dotted black lines are the error bars. The shaded region highlights the
temperature and density conditions chosen for the location of the SO in the LIME
modelling.

to Hy. This was done in order to match the observed peak in the integrated inten-
sity of the disk component for each of the two transitions: 80 mJy beam ™! km s*
for the J = 77 — 6¢ transition and 124 mJy beam~! km s~! for the J = 75 —67. A
model for a full disk was calculated with a fractional abundance of 3.5x 10~7 with

respect to Hy resulting in a peak intensity for each of the lines of

1 1

92 mJy beam™! km s~! and 109 mJy beam~! km s~! respectively. These values
match the peak emission of the observations within + 1o. The residual maps of
the observed integrated intensity minus the model integrated intensity for the two
lines are shown in Figure 5.10. The residuals show that the observed emission is
asymmetric peaking in the north east region of the disk and that a full disk is not
an accurate representation of the data. A second model was run restricting the
SO to a specific angular region of the disk. A 45° wedge of emission was calculated
with the optimal position picked by eye from the residual maps to be from 0° to
45° from the disk’s major axis. A fractional abundance of 5.0x 1076 with respect

to Hy resulted in a peak intensity for each of the lines of 93 mJy beam ™! km s™1

1

and 96 mJy beam ™! km s~! respectively. These values match the peak emission
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5.6 Discussion

of the observations within 4+ 2¢. This fractional abundance is more than an order
of magnitude greater than the ‘depleted’ sulphur fractional abundance observed
dark clouds (SO/Hy ~ 107%; Ruffle et al. 1999). This suggests that there are
energetic processes occurring in HD 100546 releasing a source of refractory sul-
phur into the gas phase. The fractional abundance of SO derived from the LIME
modelling is model dependent as it depends on the gas density of the region of
the disk where the SO is located. This model well reproduces the integrated
intensity; however, the kinematics trace red-shifted disk emission. The peak in
both of the line profiles for the wedge models is 1.7x the observed line profile
peaks and the model emission is over a narrower velocity range. The model line
profiles for both the disk and the wedge models are compared with the observed
line profiles in Figure 5.11. Further refinement of the disk emission component

requires better data as the emission is the same size scale as the beam.

5.6 Discussion

5.6.1 Location and abundance of the detected SO emis-
sion

This Chapter presents the first detection SO in the protoplanetary disk around
HD 100546. In the image plane there is a clear detection of two lines in the
integrated intensity maps and the the S/N in the channel maps and line profile is
improved by stacking. From the morphology of the line profile and the asymmetric
distribution of the emission it is likely there are two components of emission: a
wedge of disk emission and a blue-shifted component (at =~ -5 km s™!). We use
a matched filter to better determine the relative intensities of the SO lines in the
data set and confirm the detection of three transitions and a non detection of the
lowest energy transition. The relative intensities of the three detected lines are

used to motivate the location of SO in the disk using LIME radiative transfer
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Figure 5.10: Residual maps from the disk emission integrated intensity and the
LIME models for each of the transitions. Top: disk emission minus disk model.
Bottom: disk emission minus wedge model. Overlaid are dashed -5,-4 and -3¢0
contours and solid 3, 4 and 50 contours.
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Figure 5.11: Line profiles of the individual J=7; — 64 (left) and J=75 — 6 (right)
transitions with the LIME model line profiles plotted on the top: disk model
(red) and wedge model (blue).

modelling. The residuals from the observed and modelled integrated intensity
maps reveal that the integrated emission is indeed asymmetric peaking north-
east of the source position. This is coincident with a ‘hot-spot’ observed in CO
emission relating to a possible disk warp (Walsh et al., 2017). The CO J =3 —2
emission from the HD 100546 disk is asymmetric along the minor axis with the
emission peaking in the north east region of the disk. Since this CO emission
is optically thick it should be tracing the temperature of the gas and therefore
reflects an non-axisymmetric temperature structure. The SO can be modelled
as a wedge of emission in this region. The excess blue-shifted component (-
5 km s™! with respect to the source velocity) is spatially inconsistent with the
expected location of blue-shifted Keplerian disk emission. This emission could be
attributed to a disk wind. This hypothesis is summarised in a cartoon in Figure
5.12.

None of the four SO lines in the complementary HD 97048 Cycle 0 data (see
Walsh et al., 2016a) using the imaging methods detailed in Sections 5.3 and 5.4.
The stacked emission in the channel maps at a velocity resolution of 1 km s=*
reaches an rms noise of 6 mJy beam ™!, and there was no significant response using

the matched filter analysis. This supports the hypothesis that SO is tracing a
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Figure 5.12: Cartoon of HD 100546 showing the wedge region of disk emission
and the disk wind traced in SO.

physical mechanism unique to HD 100546. The disks around HD 100546 and
HD 97048 have significantly different structures: the gap(s) in the sub-mm dust
are further from the star in HD 97048 and there are no protoplanet candidates
directly detected in this disk (Quanz et al., 2012; van der Plas et al., 2017; Walsh
et al., 2016a). But, there is a recent indirect detection of a planet at 130 au
(Pinte et al., 2019). Further detailed modelling is required to determine the
chemical origin of the SO emission in the HD 100546 disk and how the physical
and chemical conditions differ from those in the HD 97048 disk.

The only other disk from which SO emission has been imaged is AB Aur
(Pacheco-Vézquez et al., 2016). In this transition disk the SO is located further
from the star in a ring from approximately 145 to 384 au with a maximum
modelled abundance of 2x1071% with respect to Hy. The SO, like in HD 100456,
is thought to reside in a layer between the surface and the midplane of the disk.

The relative abundance of SO observed in AB Aur is a few orders of magnitude less
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5.6 Discussion

than in HD 100546, so the emission is not necessarily tracing the same process.
In AB Aur, SO is proposed as a chemical tracer of the early stages of planet
formation as the abundance of SO appears to decrease towards the disk’s dust
trap, a local pressure maximum thought to be the site of future planet formation

(e.g.; van der Marel et al., 2013).

5.6.2 Sulphur chemistry

Sulphur chemistry, particularly the evolution of S-bearing molecules on grain
surfaces, is not fully understood as current models fail to reproduce observed
abundances (e.g.; Guilloteau et al., 2016). If the observations are probing a
wedge or partial ring of SO, the inner edge of the emission coincides with the
inner edge of the sub-millimetre dust ring at approximately 20 au. Since HD
100546 is a transition disk the midplane material is exposed to far-UV photons
from the central star. This will cause the desorption of molecules from icy grain
mantles. HO ice has been observed in this disk (Honda et al., 2016) and HsS
ice is a primary component of cometary ices (Bockelée-Morvan et al., 2000). The
photodissociation of these molecules originating from cosmic rays or UV photons,

depending on the height of the gas in the disk, would create the reactants needed

to form SO;
H,O + hv — OH +H (5.1)
— O+H+H (5.2)
HyS + hv — HS+ H (5.3)
— S+H+H (5.4)
HS+0O —SO+H (5.5)
S+ OH — SO + H. (5.6)
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5. SO IN THE HD 100546 DISK

These two SO formation reactions have no reaction barrier (KIDA: KInetic Database
for Astrochemistry http://kida.obs.u-bordeaux1.fr/). There are a few possible re-
actions for the destruction of SO to form SO (Millar & Herbst, 1990);

SO + 0 — SO, + hv (5.7)
SO + OH — SO, + H. (5.8)

In AB Aur the abundance of SO decreases with increasing density towards
the disk’s dust trap. This is attributed to the increase in conversion of SO to
SO, via radiative association with atomic oxygen and then freeze out of SOq
onto dust grains (Pacheco-Vézquez et al., 2016). In HD 100546, the density and
temperature of the disk may have been perturbed creating the conditions for the
localised formation of the observed asymmetric SO. However, chemical modeling
of warped disks and associated temperature perturbations are required to confirm

this hypothesis.

From observations of cometary volatiles, and for the particular case of 67P, the
total abundance of sulphur-bearing species detected is consistent with the solar
abundance of sulphur (Calmonte et al., 2016). This means that if our solar system
is typical then the observed depletion of sulphur in circumstellar regions may be
an observational effect as we have not been able to detect the various forms of
sulphur. The form of the sulphur, whether it resides in refractory or volatile form
in planet-forming disks is still an open question. For the SO detected in HD
100546 it is unclear as to its origin, e.g., if it is a result of the volatile reactions
described above or whether it has been released from refractory materials due to
a shock as suggested by the high abundance in the models. Further observations

may make this clearer.
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5.6 Discussion

5.6.3 What is the SO tracing?

The influence of the massive companion at approximately 10 au in the disk may
cause the disk velocity structure to depart from simple Keplerian rotation in the
inner region. The protoplanet embedded in the disk at 50 au may also have an
effect (Quillen, 2006). If the disk is warped, the line of sight inclination will vary
radially changing the velocity structure. Previous observations with APEX show
that the *CO emission from the HD 100546 protoplanetary disk is asymmetric
(Pani¢ et al., 2010) suggesting that one side of the outer disk is colder by 10-
20 K than the other or that there is a shadow on the outer disk caused by
a warped geometry of the inner disk. Shadows resulting from disk warps and
their effect on gas kinematics have been observed in a few other sources, e.g.,
HD 142527 (Casassus et al., 2015a). There is evidence for a possible warp in the
inner 100 au of the HD 100546 disk from a detailed study of the CO J = 3 — 2
kinematics (Walsh et al., 2017). The spatial resolution of the HD 100546 Cycle
0 observations is limited to approximately 100 au along the minor axis of the
disk so it is unclear what is causing the non-Keplerian motions. Since previous
observations point towards this star hosting at least one massive companion, a
warped disk is a favoured hypothesis. A warp would directly expose the north-
east side of the disk to heating by the central star, creating locally the conditions
for the formation of SO and the launching of a disk wind. The non-Keplerian
motions in the inner 100 au of this disk could explain the discrepancy in the

kinematics of the best fit model for the SO and the observations.

Disk dispersal is predicted to occur on a timescale up to 10 times shorter than
observed disk lifetimes (Alexander et al., 2014). This process limits the time
available for giant planet formation, decreases the gas to dust ratio in the disk,
and the mass loss will have an effect on the chemical content of the disk. In

planet-forming Class II disks, jets and/or outflows are not the main driver of disk

147



5. SO IN THE HD 100546 DISK

dispersal. Instead the removal of angular momentum from the disk material can
be achieved by slower disk winds (< 30 km s™!). Photoevaporative disk winds
are thought to be the primary disk dispersal mechanism (Alexander et al., 2014).
MHD disk winds also drive disk dispersal but are less well understood (Ercolano
& Pascucci, 2017). Evidence of photoevaporative disk winds has been detected
from a number of sources in the form of blue-shifted (up to 10 km s!) line
profiles of forbidden line emission in the optical (e.g.; Ercolano & Owen, 2016;
Pascucci et al., 2011b). In addition to this, ALMA observations show a spatially
resolved molecular disk wind originating from the HD 163296 disk (Klaassen et al.,
2013b), and a molecular protostellar outflow from TMCI1A launched by a disk
wind originating from a Keplerian disk (Bjerkeli et al., 2016). We checked for any
large scale or high velocity (>10 km s™!) CO or SO emission from HD 100546 but
none was detected. Gas launched from the HD 100546 disk surface with a velocity

! would have a blue shift along the line of sight to the observer and

of a few km s~
could account for the blue-shifted emission. The mechanism for launching this
material and why it is traced in the SO emission is unclear. The lack of observed
excess blue-shifted CO emission is due to the SO originating from a layer in the
disk that is higher than the emitting layer of the CO J = 3 — 2 (E, =33.19 K)
gas. To see this effect in CO will require observations of higher J transition lines
which will be tracing the warmer gas in the atmosphere. We surmise that the
red-shifted counterpart of the disk wind, launching from the far side of the disk, is
obscured by the optically thick dust disk. Determination of the chemical origin of
the SO will help to shed light on whether the wind is MHD driven (ion-molecule

chemistry) or photoevaporative (photon-dominated chemistry) in nature.

An alternative explanation for the SO emission is that it is the result of
an accretion shock due to a circumplanetary disk. The position angle of the

SO emission coincides with the observed infrared point source in the disk at
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approximately 50 au that has been attributed to a protoplanet (see Figure 5.13
Currie et al., 2015; Quanz et al., 2013, 2015). Future ALMA observations at a
higher spatial and spectral resolution will help determine if the SO emission is
due to an accreting giant planet. As SO is a known shock tracer this is a valid

hypothesis that should be tested.

Flux (arbitrary linear scale)

-04 -02 00 02 04 06 08 10

HD100546 - L'band

0.5

0.0

Arcseconds

-0.5 0.0 0.5
Arcseconds

Figure 5.13: Observations of HD 100546 with VLT /NACO at L’ band that detect
a point source in the disk at a de-projected radius of ~ 50 au (Quanz et al., 2015)

5.7 Conclusions

This work has shown that SO is detectable in protoplanetary disks with ALMA
by uncovering a sulphur reservoir in the HD 100546 protoplanetary disk. The S
abundance required to reproduce the emission is > 3 orders of magnitude larger
than the “depleted” value assumed in the ISM. This is strong evidence of a shock
origin for the S that is then incorporated into SO. In addition, it is discussed that

SO may be a tracer of a molecular disk wind or a circumplanetary disk. New
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data with better spatial and spectral resolution are required to truly disentangle
the different components of the emission in the case of a wind. Data with a beam
less than the semi-major axis of the planets orbit are required to determine if the
SO is directly tracing a forming planet. An ALMA Cycle 7 proposal has been
accepted on the basis of the work presented in this Chapter and the observations

are currently underway.
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Chapter 6

Tapping into the semi-refractory
reservoir in protoplanetary disks

6.1 Introduction

As discussed in Chapters 1 and 5, sulphur bearing volatiles are observed to be
depleted in protoplanetary disks by a factor of ~ 10° relative to the cosmic S
abundance. A more significant, ~ 10*~® times, level of depletion, is observed in
silicon that has a solar abundance of Si/H = 4 x 107> (Asplund et al., 2009).
SiO is expected to be the most abundant Si bearing molecule in the gas phase at
warm temperatures: the observed fractional abundance of SiO in dark clouds on
the other hand is very low (= 107'%; Ziurys et al., 1989). It is therefore proposed
that most of the Si is in refractory form as high fractional abundances (=~ 107°) of
SiO are only detected in shocks (Martin-Pintado et al., 1992). As Si is a primary
constituent of the Earth’s crust and the main component of the disk dust grains,
the raw materials for building planets, this element is of particular interest. The
Si and S abundances relative to other refractory elements in a disk can be derived
from spectral observations of the stellar photosphere (Kama et al., 2015). This
enrichment in refractory materials in the photosphere is due to the accretion

of disk material onto the star. The radiative rather than convective envelopes
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Table 6.1: SiO and SO transition data

SiO SO
Transition J=8-7 J=9-8 J=T7,—65 J=73—067
Frequency (GHz)  303.9268 347.3306 301.2861 304.0778
Eyp(K) 58.35 75.02 71.0 62.1
E. (s71) 1.464x1073 2.204x1073 3.429x10~* 3.609x10~*

The values for the line frequencies, Einstein A coefficients, and upper energy levels
(Eyup) are from the Leiden Atomic and Molecular Database: http://home.strw.
leidenuniv.nl/~moldata/ (LAMDA; Schéier et al., 2005).

of the young Herbig Ae/Be stars leads to slow mixing timescales meaning that
the accreted material remains near the stellar surface (Jermyn & Kama, 2018).
While the photospheric abundances can characterise the level of dust depletion
and the elemental ratios of the accreted material (Kama et al., 2015), they do
not necessarily reveal the full origin story of the nature of the reservoirs that
carried those atoms through the disk. Being able to directly measure the volatile
abundances of Si and S in protoplanetary disks provides an additional constraint
on the total refractory abundances and gives insight into the nature of their
main molecular carriers. This Chapter calculates the column densities of SiO
and SO from observations of two SiO and SO lines observed in the HD 100546
and HD 97048 disks. These values are then compared with disk specific chemical

models to identify the main molecular carrier and constrain their abundances.

6.2 Column density upper limits

The relevant SiO and SO lines targeted in both disks are are listed in Table 6.1.
Only the two SO transitions that are robustly detected in HD 100546 are analysed
in this Chapter. For each disk none of the SiO lines were detected in the image
plane nor via matched filter analysis (Loomis et al., 2018b). This was also the
case for SO in the HD 97048 disk. In order to give the lowest upper limits,

the non-detections of the two SiO and SO lines were stacked respectively in the
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6.2 Column density upper limits

Table 6.2: ALMA Band 7 observations of SiO in the HD 97048 and HD 100546
disks.

HD 97048 HD 100546
Molecule SiO SO SiO SO
Synthesised beam 0794 x 0764 0794 x 0764 1709 x 0759 1709 x 076
Beam P.A. -46° -46° 29° 24°
omms (mJy beam™! per channel®) 6.8 4.9 5.0 4.2
Detected N N N Y

@ At a channel width of 1 km s~

visibility domain for each disk using the CASA tools mstransform and concat.
Spectra were extracted from the stacked channel maps using specflur from both
Keplerian and elliptical masks (see Figure 6.1). For the HD 97048 disk both the
masks were 800 au in radius and for the HD 100546 disk both masks were 500 au
in radius. There is no clear signal in the resulting plots as all fluxes are less than
the 30 level (calculated from the line free channels in the line profile extracted

via an elliptical mask) further confirming the non-detections.

The rms noise (0,,s) from the line free channels in the channel maps was
used to calculate an 30 flux upper limit for the non-detected lines. Following the

method in Carney et al. (2019):

n

P % dv X Ops, (6.1)
Tppb

where n,, is the number of pixels included in the mask, n,pp is the number of pixels

per beam and dv is the channel width of 1 km s

The disk averaged column
density is then calculated using Equation 3.1 where the partition function (Qyo)
and the temperature-independent transition strength and dipole moment (Syu?,
in debye?) are taken from CDMS (Miiller et al., 2005). The integrated line flux,
[ I,dv, is 3 o in the case of the non-detections and for the SO detection in

HD 100546 this is calculated by integrating the line profile shown in Figure 5.4

and this is 0.191 Jy km s~!. A range of excitation temperatures were used and
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Figure 6.1: Stacked SiO (top) and SO (bottom) spectra extracted from the
HD 97048 and HD 100546 disks with both elliptical and Keplerian masks. The
black dashed line marks the 3¢ level where o was calculated from the line free
channels in the line profile extracted from the channel maps using an elliptical
mask.
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HD 97048 HD 100546
Tes (K) Nsio (cm_z) Nso (Cm_z) Tex(K) Nsio (Cm_z) Nso (Cm_z)
50 <7.8x10"%  <9.7x10" 50 <1.3x108  4.3x10™3
100 <7.4x10"?  <1.1x10" 100 <1.3x10¥  5.0x10'
200 <1.0x10% <1.7x10™ 200 <1.9x108  7.6x10
400 <1.3x108  <2.2x10% 400 <2.3x10¥  9.8x10'

Table 6.3: SO and SiO column density upper limits and measurements.

the results are shown in Table 6.3. The upper limits are calculated with the
molecular data for each of the stacked transitions but only the lower of the two
values are listed in the table in order to give the lowest upper limit. The values
are of order 10'3 to 10'* cm~2. To put this into context, the CO surface density
in the HD 163296 model in Chapter 3 ranges from 10?° to 10?? cm~2 within the

CO snowline.

6.3 Chemical modelling

Chemical modelling enables a determination of which different molecules the S
and Si are partitioned into and if they are in the gas or ice phase. This will inform
on the dominant S and Si carrier in both disks and allow a direct comparison to
the upper limits and direct measurements from the observations and a constraint

on the expected volatile abundance of SiO and SO.

6.3.1 Model set-up

The HD 100546 and HD 97048 physical disk models are the same as used in Chap-
ters 5 and 4 respectively. Both are shown again in Figure 6.2 with the same color
scales to allow for a direct comparison between the two sources. Shown is the
gas density (ny), the gas temperature, the UV-radiation field and the X-ray ion-
ization rate. Additional parameters in the model are the dust temperature, host

star luminosity and the cosmic ray ionisation rate assumed to be 5 x 10717 g1
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Table 6.4: Select initial abundances for S and Si bearing volatiles where ny is the
number density of H nuclei. Where grain is equivalent to ice.

Species  n(Xgas)/mu  (Xgrain) /11
SiO 8.45 x 10710 575 x 10719
SO 1.70 x 107t 9.36 x 10716
SiS 4.00 x 10717 5.18 x 10717
CS 4.16 x 107  8.85 x 10710
SiHy 6.21 x 107" 4.19 x 107°
H,S 6.19 x 1072 294 x 1078

in the HD 100546 disk and 1.7 x 1077 s7! in the HD 97048 disk to keep con-
sistency with Kama et al. (2016a) and Bruderer et al. (2012), and Woitke et al.
(2019), respectively. The HD 100546 model is more flared than the HD 970478
model. The HD 100546 has a radially increasing z/r varying from 0.5 to 2.0 and
the HD 97048 has a constant z/r of 0.34. The HD 100546 disk gas temperature
in the atmosphere and outer midplane is also warmer. The UV field and X-ray
ionization rate are both higher in HD 97048 model.

The initial molecular abundances were determined by running a single point
dark cloud chemical model from atomic initial conditions for 1 Myr. The gas
and dust temperature were set to 10 K, nyg to 2.0 x 10* cm™3, and the cosmic
ray ionisation rate to 10717 s7! (Drozdovskaya et al., 2015). The initial volatile S
and Si abundances in this model relative to ny were 8.00 x 10~® and 8.00 x 10~
respectively. Additionally, n(C)/ng = 1.40 x 107%, n(O)/ng = 3.20 x 10~* and
n(N)/ng = 7.50 x 107>, The resulting molecular gas and ice phase initial abun-
dances relative to ng are shown in Table 6.4 for a select number of S and Si
bearing volatiles after 1 Myr of chemical evolution. The main source of Si and S
after 1 Myr are SiH, and H,S ice, respectively.

The chemical code as described in Section 2.3, was run for 1 Myr for each disk
model using the reaction network from Walsh et al. (2015). Gas phase reactions

and freeze-out/desorption processes only are included as these are expected to
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Figure 6.2: HD 100546 (left) and HD 97048 (right) disk models from Bruderer
et al. (2012); Kama et al. (2016a); Woitke et al. (2019). From top to bottom: ny
density (cm™3), gas temperature (K), UV field (G0) and X-ray ionization rate
(s71). The red dot marks the point in the disk where the time dependency of the
abundances were explored in each model.
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dominate in the warmer Herbig Ae/Be disks. After this time the molecular

abundances have approached steady state in most regions of the disk.

6.3.2 Model results

Figures 6.3, 6.4, 6.5 and 6.6 show the 2D abundance distributions of the most
abundant Si and S bearing molecules in both disks. In both cases the gas-phase
molecules are constrained to a thin layer in disk atmosphere. This molecular
layer is considerably thicker in the HD 100546 disk and this can be attributed to
the differences in disk physical structure. The HD 100546 disk is more flared, has
a higher gas temperature and lower X-ray ionisation rate and UV flux meaning
that there is a larger column of gas in the disk where these molecules can survive
in the gas phase.

In HD 100546 SiO is the dominant Si-bearing species but in comparison the
Si0 abundance in the HD 97048 disk is negligible. In HD 97048 SiS is the domi-
nant Si and S bearing molecule in the molecular layer. There is also significant SiS
in the HD 100546 disk (n(SiS)/nmy ~ 1077). SO, SO,, CS have peak abundances
in the HD 100546 disk that are at least 3 orders of magnitude greater than those
in the HD 97048 disk. In the upper atmosphere atomic and ionised S and Si are
present and these species account for rest of S and Si in the disk atmosphere.

There is significant ice-phase SiO in both disks (n(GSiO)/ngy ~ 10~%, where
G denotes that the molecule is frozen-out onto the dust grain). This and the ice
phase SiH, accounts for almost all of the available volatile Si in this region of the
disk. There is negligible gas phase SiH;. Most of the ice-phase S is locked up in
the HsS ice in both disks. There is more ice phase SO in HD 97048 than in the
HD 100546 disk and this is likely due to the HD 97048 disk being colder. As the
grain surface chemistry is not included in this model care has to be taken when

interpreting the ice phase abundances as they may go on to form other ices if a
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full chemical model is run.

As the disk has a radial and vertical density gradient it is more intuitive to
calculate the vertically integrated column density to determine the most abundant
species in the disk. These are shown in Figure 6.7 for SiO, SO, CS and SiS in
each disk. From this it is very clear that the HD 100546 model is more molecule
rich than the HD 97048 model. This is partly due to the large inner cavity in the
HD 97048 model and freeze-out in the colder midplane of HD 97048 disk coupled
with enhanced dissociation and ionization in the atmosphere. The differences in

chemistry between the two models will be discussed further in the next Section.

6.4 Discussion

6.4.1 The detectability of SiO and SO

Figure 6.8 shows the model column densities of SiO and SO in each disk as a
function of radius and over plotted in the grey box are the column densities cal-
culated in Section 6.2. For both disks there is a radial region where the model
SiO abundances are greater than the calculated upper limits. The angular reso-
lution of the observations limits resolving emission on scales of to ~ 180 au and
~ 100 au in the HD 97048 and HD 100546 disks, respectively. As the detectable
SiO region in HD 97048 is very close to the upper limit value and ~ 10 au in
radius this would not be detectable in the current observations. The detectable
SiO region in HD 100546 is ~ 200 au in diameter and on average at least an order
of magnitude higher than the upper limit, therefore, this suggests that it should
have been detected. While there are no disk specific studies on silicon chemistry
with which to compare to, silicon chemistry has been studied in other environ-
ments. For example, Herbst et al. (1989) modelled SiO in dark clouds and found
that the resulting fractional abundances was four orders of magnitude less than

the observed upper limit from this work. As SiO is expected to make up 50%
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Figure 6.3: Select gas phase molecular abundances with respect to my in the
HD 100546 (left) and HD 97048 (right) disks.
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Figure 6.4: Select ice phase molecular abundances with respect to ny in the
HD 100546 (left) and HD 97048 (right) disks.
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Figure 6.5: Select atomic and ionic abundances with respect to ny in the
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HD 100546 (left) and HD 97048 (right) disks.
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Figure 6.7: Vertically integrated column densities for SiO, SO, CS and SiS in
HD 100546 (left) and HD 97048 (right) disk models

of the available volatile silicon this has been attributed to either a more signifi-
cant Si depletion or an incomplete chemical network. The non-detection of SO
in the HD 97048 disk is consistent with the upper limit. On the other hand, the
strength of the SO detection in HD 100546 disk appears to be inconsistent with
the chemical model predictions. The chemical model predicts a higher column of
SO than extracted from the model independent analysis from the observations in
Chapter 5. Full line radiative transfer models of the specific transitions detected
are required to make a direct comparison, as the observations only probe the
region of emitting gas at specific frequencies, not the entire reservoir of SO as
shown in the chemical models. In general, sulphur chemical models fail to repro-
duce the observed SO abundances (e.g.; Guilloteau et al., 2016), again indicating
more volatile depletion or incomplete or inaccurate sulphur reaction networks.
Agtndez et al. (2018) model the gas phase chemistry in both a generic T-Tauri
and a Herbig disk model. In their model the sulphur chemistry is calculated
but no Si-bearing molecules are included in their network. Additionally X-ray
induced processes are not included. In their Herbig disk model the SO has a col-
umn density of order 10 em™2 from a10-100 au (consistent with the HD 100546

observations) and 102 cm™2 from >100 au. This is is lower than the values in
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Figure 6.8: Radial column denisties for SiO (top) and SO (bottom) in the
HD 100546 (left) and HD 97048 (right) disks. Over-plotted in the grey box
are the column densities from Table 6.3

Figure 6.8 for the inner disk shown here.

6.4.2 Si and S chemistry

Both SiO and SiS have yet to be detected in a protoplanetary disk. In compar-
ison, a variety of S and Si molecules are routinely detected in the outflows from
forming stars and asymptotic giant branch (AGB) stars (e.g.; Brunner et al.,
2018; Massalkhi et al., 2019; Wright et al., 2020). The formation and destruction
reactions pertinent to SiO, SO and SiS are investigated at 10* and 10° yrs. These
are time steps where the rate of change in abundance is high. Figure 6.9 shows

the gas and ice phase abundances of these species in time from a point in each
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Figure 6.9: Relative abundances of select gas and ice phase Si and S bearing
volatiles in time for a point in the HD 100546 (left) and HD 97048 (right) disk

models.

disk. The point chosen is where the abundances peak in each disk and this is
highlighted in Figure 6.2 with a red dot. This is at (r = 90 au, z = 20 au,
ng =3 X 107 em ™3, Tyas = 100 K) for HD 97048 and (r = 76 au, z = 25 au,
NH=2x105 em—3, Lgas = 200 K) for HD 100546.

In the HD 100546 disk at 10* and 10° yrs SiO is formed via three processes,
all of equal significance, and there is an overall net increase in abundance. These

are dissociative recombination:
SiO" 4+ e~ — SiO + H,
the neutral-neutral reaction:

Si4+ 0y — SiO+ O

and thermal desorption:

GSiO — SiO.

In comparison, in the HD 97048 disk there is a net decrease in SiO abundance at
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the chosen point. At 10* yrs approximately 70% of the SiO is formed via proton
transfer:

NH; 4+ SiOH™ — NH, " + SiO.

The dissociative recombination reaction from above accounts for 15% of the SiO
formation and the rest is formed via neutral-neutral reactions of Si with COg, O4
and NO. By 10* years proton transfer accounts for 95% of the SiO formation. The

only significant destruction pathway for SiO in both disks is via photo-ionization:
SiO + hv — SiOT +e™.

In the HD 97048 point the SiOH™ ion is a significant reactant compared to the
HD 100546 point. The formation of SIOH™ depends on the above destruction

recation for SiO and then the subsequent ion-molecule reaction:

H, + SiO" — SiOH™ + H.

The SO has a similar destruction reaction to SiO in both disks via photo-
ionization:

SO + hv — SOT +e™.

At both time steps in the HD 100546 disk the dominant formation pathway (80%)

is via the neutral-neutral reaction:
S+ 0y — SO+ 0.

The reaction with OH accounts for a few percent and the rest is from desorption.

In the HD 97048 disk the primary formation reaction for SO is

NH3 + SO+ — NH3+ + SO.
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At the earlier time step the neutral-neutral reaction

O+ SH — SO + H.

is also significant.

There are many more mechanisms for the destruction of SiS in the disk. These
are various ion molecule exchange reactions with C*, Hs™, HCO™, He' and are
present in both disks at both times. In both disks significant SiS is adsorbed to
the grains. This is not seen for the SiO or SO and is because the binding energy of
SiS is higher (3.8 x 10? K) than for SiO (3.5x10% K) and SO (3.5x 10 K) meaning
it will be frozen out at warmer temperature in the disk. In the HD 100546 disk by
10 and 10* yrs thermal desorption is the primary formation mechanism for the
SiS. In comparison, reactions with the HSiS™ ion are significant in the HD 97048
disk where:

NH; + HSiS™ — SiS + NH, ™,
HCN + HSiS™ — SiS + HCNH™*

and

HSiST™ + e~ —» SiS + H.

Similar to the SiOH™, after thermal desorption, the HSiS™ forms via photo-
dissociation:

GSIH4 — SiH4,
SIH4 + hy — SIH2 + HQ,
SIHQ + hy — SiH2+ +e,

SiH,* + S —» HSiST + H.
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Overall, this is consistent with more SiO and SO formed and retained in the
warmer disk (HD 100546) and in which the ionization rate is lower and UV field
is weaker. On the other hand, the SiS formation is more efficient in the disk with
the higher ionization rate and stronger UV field. A caveat of the above analysis is
that no grain surface reactions were included. A follow up from this work would
be to investigate the effect of including grain surface reactions that may convert S
to HyS and Si to SiHy thus reducing the abundances of S and Si in the gas phase.
This would also require updating the S and Si reactions in the chemical network
from more recent works. For example, Laas & Caselli (2019) recently presented
an updated gas-grain chemistry network to describe the depletion of S in dark
clouds, but no Si reactions are considered. Nevertheless, SiS is predicted to be

a tracer of ionization dominated chemistry in cool and massive protoplanetary

disks.

6.4.3 Volatile sulphur depletion or enhancement in the
HD 100546 disk?

Chapter 5 reported the detection of SO in the HD 100546 disk. The chemical
model in this Chapter predicts a layer of SO in the disk out to 100’s of au that
would have been detectable out to ~ 150 au. In comparison, the observations
show that the SO emission is compact < 100 au and a comparison to models shows
that the observed emission is also asymmetric. The SO model column density is
also much higher than the value derived from the observations which are sensitive
to the column density of the emitting gas through specific rotational transitions.
As discussed in Chapter 5 S-bearing volatiles are observed to be depleted in disks.
Recently, Kama et al. (2019) have shown, using photospheric abundances that
89+ 8% of the total sulphur abundance is locked in refractory materials (thought
to be FeS). This would mean that ~ 1 — 10% of the S is in volatile materials, this
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is consistent with the n(S)/nyg of 8.00 x 1078 used in this model. Even given this
though, model predictions of SO and other species tend to be at least an order of
magnitude higher than upper limits and detections (Phuong et al., 2018). This
indicates that either (or both) the chemical network for the sulphur reactions is
incomplete, the depletion of S is at the higher end of the Kama et al. (2019)
value, and/or the physical model is not wholly representative of the source.

The SO emission in the HD 100546 disk is proposed to be attributed to either
a disk wind or a circumplanetary disk. An MHD disk wind traced in SO has
been detected from the HH 212 system and a molecular disk wind traced in CO
has been detected originating from the HD 163296 disk (Klaassen et al., 2013a;
Tabone et al., 2017). Both are associated with large scale outflows but there is
no evidence for such an outflow towards the HD 100546 star and disk system.
If the SO is liberated due to an accretion shock then the non-detection of the
SiO places an upper limit on the strength of this shock. A proposal of follow up
ALMA observations in Cycle 7 was accepted and are currently underway. These
will target both SO, SiO and SiS lines in the HD 100546 disk at higher angular

resolution and sensitivity.

6.5 Conclusion

This chapter takes the first detailed look at the sulphur and silicon chemistry
in Herbig Ae disks. Silicon is the primary constituent of the dust in disks but
the volatile component remains unconstrained both from an observational and
modelling perspective. The non-detection of SiO in the HD 100546 disk is not
consistent with the predictions from the chemical model whilst the non-detections
of SO and SiO in the HD 97048 disk are consistent with the models. A significant
decrease in the SO abundance in the HD 100546 disk model is required to match

the observations. Further radiative transfer models of the detected and non-
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detected SO transitions using the results from the chemical model are required
to confirm this. Given the evidence for gas-phase sulphur depletion and the
high percentage of refractory sulphur needed in the models in Chapter 5, the
argument for a volatile enhancement of sulphur in this disk via a shock to explain
the HD 100546 observations still holds. Additionally, the disk wind interpretation
is also still feasible as dedicated chemical models of the chemistry in disk winds
do not yet exist. Finally, the chemical models enable mapping of the different
reservoirs of gas and ice phase Si and S in both the HD 100546 and HD 97048
disks. This reveals that SiS is a significant reservoir of both S and Si in these
warm disks and will provide key insight to the observed volatile depletion of

sulphur in protoplanetary disks.
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Chapter 7

Conclusions

7.1 Summary

Molecular lines can be used to gain vital information on the physical and chemical
conditions in disks. Constraining the properties of these disks leads to an under-
standing of the initial conditions of planet formation. This thesis has presented
observations, analysis, and modelling of molecular line emission from four proto-
planetary disks. These sources are all proposed to be hosting gas-giant planets.

The following sections summarise the key findings of this thesis.

7.1.1 13C'0 as a tracer of disk gas mass

The total gas mass of a protoplanetary disk is most often inferred from observa-
tions of the most abundant CO isotopologues: *CO, *CO and C'®0. ALMA
has allowed for the routine detection of C'%0 in disks but the inferred gas masses
have been anomalously low compared to the mm-dust derived masses. This has
been primarily proposed to be due to the volatile depletion of carbon in disks
(Miotello et al., 2017). This can account for the low masses in disks under very
chemical specific conditions (Bosman et al., 2018; Schwarz et al., 2018). Another
complementary reason for the low gas masses may be that the C'®O emission is

optically thick and therefore not tracing the full column of gas in the disk. This
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can be verified, model independently, through observations of less abundant and
therefore optically thinner CO isotopologues. Chapter 3 presents the first de-
tections of *C'70O in protoplanetary disks, which is the rarest (=~ 120,000 times
less abundant than '*C*°0) stable isotopologue. The *C*"O J=3-2 transition is
detected in the HD 163296 and HL Tau disks, and in both cases, a comparison to
existing C'®O observations towards these disks reveal that indeed the C'®O lines

are not optically thin throughout the entire radial extent.

The HD 163296 disk has been particularly well studied with the SMA and
ALMA meaning that multiple CO isotopologue lines have been detected and
modelled in previous work (Isella et al., 2016; Qi et al., 2011). This thesis utilises
an existing 2D model of the gas density and temperature structure that has been
shown to reproduce the existing observations. The *C'"O J=3-2 line strength
from the model is determined using the line radiative transfer code LIME and the
existing model flux is significantly less than what is observed. A model with 3.5
times more mass fits well both the new *C'7O observations and the existing line
observations. The new gas mass of 0.21 M, (at 101.5 pc) is &~ 10% of the stellar
mass and brings the gravitational stability of the disk into question. A Toomre
Q analysis shows that the disk is currently stable with a minium Q value of = 6.
Considering the disk mass lost through accretion in time, the simplest possible
argument, and adding this mass back onto the disk results in a young unstable
disk with a minimum Q of ~ 1. If this past instability is true then this may have
been the origin of the four massive planets currently proposed to reside in the

disk (Isella et al., 2016; Liu et al., 2018; Pinte et al., 2018; Teague et al., 2018).

After the 2015 ALMA long baseline observations of HL Tau, this has arguably
become one of the most famous protoplanetary disks (ALMA Partnership et al.,
2015). Due to the high dust mass in the disk and under the assumption of an
ISM gas-to-dust mass ratio (=~ 100) this disk has historically been considered
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gravitationally unstable. Recent observations of C'®0 measure too low a gas
mass for this to be the case (Wu et al., 2018). Due to the more embedded nature
of the HL. Tau disk compared to the HD 163296 disk there are fewer observations
and well tested disk models of the molecular lines. However, there are many
studies that fit the mm-sized dust observations with a radial surface density
power law (e.g.; Kwon et al., 2015). Therefore, a similar analysis can be used
for the molecular line emission. In this work, a simple power-law model is fit to
the radial column density profile of the *C!"O derived assuming optically thin
emission with the reasonable assumption that the observations are tracing the
full column of CO gas from both sides of the disk and not accounting for any CO
freeze-out. The greatest uncertainty in this gas mass calculation is the CO/Hy
ratio. With a CO/H, ratio consistent with recent disk chemical models (Bosman
et al., 2018; Schwarz et al., 2018) there is now sufficient mass for the disk to be
considered gravitationally unstable with Q,;, of =~ 1.1, a disk mass of 0.21 Mg,
and a disk-to-star mass ratio of 0.12. The radial region of instability coincides
with the location of a proposed planet-carved gap in the dust disk. This gap has
been attributed to a Saturn to Jupiter mass planet (Dipierro et al., 2015b; Dong
et al., 2018; Jin et al., 2016). Models of star-disk systems with similar masses as
the HL Tau system form fragments with masses between 1-5 My, on timescales
of 103 years (Boss, 2011). Therefore, the gravitational fragmentation of the HL
Tau protoplanetary disk resulting in the formation of giant planet(s) may be the

cause of the observed dust structures in the disk.

7.1.2 HBCOT and HC'N in the HD 97048 disk

Observations of different molecular lines in protoplanetary disks provide valuable
information on the gas kinematics, as well as constraints on the radial density

and temperature structure of the gas. The HD 97048 disk has multiple rings of
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mm and micron-sized dust and there is a proposed Jupiter mass planet located in
one of the gaps (Ginski et al., 2016; Pinte et al., 2019; van der Plas et al., 2017;
Walsh et al., 2016a). Chapter 4 presented the first detections of the H*CO™
and HC™N isotopologues in this disk. These new detections are compared to the
ringed continuum mm-dust emission and the spatially resolved CO and HCO™
emission. The H®CO™' and HC'N emission show hints of ringed sub-structure
whereas the optically thick tracers, CO and HCO™, do not. The HCO™/H*¥*CO™*
intensity ratio across the disk it is radially constant (within the uncertainties),

with a value of 12 & 3 which is consistent with optically thick HCO™ emission.

A physio-chemical parametric disk structure of the HD 97048 disk with an
analytical prescription for the HCO™ abundance distribution is used to gener-
ate synthetic observations of the HCO™ and H™CO™ disk emission assuming
LTE. The best by-eye fit models require radial variations in the HCO™ /H*CO™"
abundance ratio and an overall enhancement in H**CO™ relative to HCO™. This
highlights the need to consider isotope selective chemistry and in particular low
temperature carbon isotope exchange reactions. This also points to the presence
of a reservoir of cold molecular gas in the outer disk (T < 10 K, R > 200 au)
despite the disk being hosted by an A-type star. Chemical models are required
to confirm that isotope-selective chemistry alone can explain the observations as
current models do not extend to the Herbig disks (e.g.; Woods & Willacy, 2009).
With these data, it cannot be ruled out that the known dust substructure in the
HD 97048 disk is responsible for the observed trends in molecular line emission.
Higher spatial resolution observations are required to fully explore the chem-
istry in planet-carved dust gaps and the potential of different molecular lines to
trace these phenomena. Nevertheless, this results shows that disks around Herbig

Ae/Be stars may be cold enough for the freeze-out of CO.
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7.1.3 SO in the HD 100546 disk

Sulphur-bearing volatiles are observed to be significantly depleted in interstel-
lar and circumstellar regions. This missing sulphur is postulated to be mostly
locked up in refractory form. Chapter 5 presents the first detection of sulphur
monoxide (SO), a known shock tracer, in the HD 100546 protoplanetary disk.
Two rotational transitions: J= 7; — 6¢ (301.286 GHz) and J= 73 — 67 (304.078
GHz) are detected in their respective integrated intensity maps. The stacking of
these transitions results in a clear 50 detection in the stacked line profile. The
emission is compact but is spectrally resolved and the line profile has two compo-
nents. One component peaks at the source velocity and the other is blue-shifted
by 5 kms~!. The kinematics and spatial distribution of the SO emission are not
consistent with that expected from a purely Keplerian disk. One explanation is
that the blue-shifted emission could be due to a disk wind. The disk component
was simulated using LIME and a physical disk structure. The disk emission is
asymmetric and best fit by a wedge of emission in the north-east region of the disk
coincident with a “hot-spot” observed in the *CO J = 3 — 2 line. The favoured
hypothesis is that a possible inner disk warp directly exposes the north-east side
of the disk to heating by the central star, creating the conditions to launch a disk
wind across this azimuth. Chemical models of disk winds will help to elucidate
why the wind is particularly highlighted in SO emission and whether or not a
refractory source of sulphur is needed. An alternative explanation is that the SO
is tracing an accretion shock from a circumplanetary disk associated with the
proposed protoplanet embedded in the disk at 50 au. Ongoing ALMA Cycle 7

observations will enable a distinction between the two hypotheses.
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7.1.4 Tapping into the semi-refractory reservoir of proto-
planetary disks

Silicon is the primary component of the dust grains in protoplanetary disks, which
are building blocks of planets. The refractory silicon abundance in disks is dif-
ficult to constrain but the volatile material is more accessible via observations
of Si-containing molecules such as SiO. The volatile silicon reservoir in disks is
unconstrained, both via observations and chemical models. Chapter 6 calculates
upper limits for the non-detections of SiO in the HD 97048 and HD 100546 disk
(< 10" em™2). Additionally, the detected SO in HD 100546 and non-detected
SO in HD 97048 are investigated. Two source specific physical models are used
in conjunction with a disk chemical model to calculate the 2D abundance distri-
butions of different Si and S-bearing molecules in each disk. The non-detection of
SiO and SO in the HD 97048 disk were found to be consistent with the chemical
model predictions. The HD 100546 model predicts significantly more SiO and
SO than the upper limit and detection respectively. This is potentially due to
incomplete chemical networks, disk model structures and/or increased volatile de-
pletion. The models also reveal that SiS is a significant reservoir of both S and Si
in these warm disks, particularly in the disk dominated by ionization, HD 97048.
If confirmed as a warm molecular gas tracer in disks, SiS will provide key insight

to the observed volatile depletion of silicon and sulphur in protoplanetary disks.

7.2 Future work

The following section describes follow up projects on the science presented in this
thesis and considerations for future research by protoplanetary disk community

as a whole.
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7.2.1 Disk gas masses

The natural extension of the work presented in Chapter 3 is to use ALMA to
detect C70O in other disks to see if these results can be applied to the general
population of Class I and Class IT disks. Targeting disks with detections of C'*0
J=2-1 (Band 6) will allow for precise sensitivity estimates for detecting *C'*O
and ¥C'70. As shown in this thesis, accurate disk masses can be achieved with
a moderate angular and spectral resolution (a beam size of ~ 0’5 and a velocity
resolution 1 km s™1). Unfortunately this will not circumvent the greatest source of
uncertainty in disk gas masses: the CO/H, ratio. Recent models have used CoH
observations to constrain the level of carbon depletion in the atmosphere (Miotello
et al., 2019). This species can be included in same spectral setting as the CO lines
to estimate the carbon depletion factor. Also, including NoH™ would allow for
an additional constraint on the location of the CO snowline and thus the disks’
midplane temperaure structure. As demonstrated by Williams & Best (2014),
a grid of parametric models with different gas masses, temperature structures,
and gas-to-dust mass ratios can be computed and then the model integrated line
fluxes calculated and compared to the observations. Repeating and extending
this to the less abundant CO isotopologues will enable a determination as to
whether or not disk gas masses have been systematically underestimated due to
the high optical depth of the C*O line emission. This will contribute necessary
information to the current disagreement between disk and exoplanetary system
masses (Manara et al., 2018). Additionally, for the more gas rich disks, like
HD 100546 and HD 97048, revised gas masses will give important constraints on
the gravitational stability of these objects. As ALMA is indicating that planet
formation seems to be happening early (< 10° yrs), then the formation of the
proposed gas-giant planets in these systems will be more feasible via gravitational

instability rather than core accretion.
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7.2.2 Disk midplane temperature structures

Both the HD 163296 and HL Tau disks require dedicated high spatial resolution
(=~ 0”1) and high sensitivity observations in order to directly determine the loca-
tion of the CO snowline. The proposed observations would again target *C**0O
and CY0, but at Band 3. Lower frequency observations are preferred as this
will limit the loss in line emission due to the known optically thick dust in these
disks. As shown in Chapter 3, C'®0 will not trace the CO midplane snowline
directly in more massive disks due to the high column of gas in the disk atmo-
sphere. Constraining the location of the midplane CO snowline is important for
multiple reasons. Grain growth is proposed to be enhanced at snowline loca-
tions and therefore these are potential locations for planet formation via core
accretion. Dust grains with CO ice mantles are also the feedstock for complex or-
ganic molecules like CH30H which are in turn the building blocks of more exotic

pre-biotic molecules (Walsh et al., 2016b).

7.2.3 Key molecular tracers in Herbig Ae/Be disks

The disks around Herbig stars are the formation sites of gas-giant planetary sys-
tems. A-type stars have the highest occurrence rate of gas-giant planets across
the stellar mass range (Johnson et al., 2010; Reffert et al., 2015, ; detections via
the radial velocity method). Therefore, the radial and vertical chemical structure
of these disks need to be mapped in order to determine the disk composition and
the physical and chemical conditions within planet-carved gaps. This will set the
composition of the gas-giant planet atmospheres, therefore future studies will en-
able the accurate interpretation of future high resolution exoplanet transmission
spectra with, e.g., JWST and Ariel. The HD 97048 disk is among one of the
brightest Herbig disks. The disk is gas rich but has yet to be fully targeted with

ALMA for molecular line observations. This project would target the known key
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disk tracers: "*C'"O, HCO™, HCN, CN, CoH, NoH™ (and isotopologues) with the
spatial resolution to resolve emission within and outside the dust gaps (= 10 au).
These observations will allow for a more accurate 2D physical and chemical disk
model to be constructed and the composition of the planet feeding material to be
determined. The disk mass and CO snowline could also be constrained. These
observations would also validate or disprove the key result from Chapter 4 which

is that H'*CO™ is tracing a reservoir of cold gas in the outer disk.

7.2.4 SO as a tracer of circumplanetary disks

While there is overwhelming evidence that planets have already formed in disks,
circumplanetary disks (CPDs) have remained unconvincingly detected in the con-
tinuum and molecular line emission. Detecting CPDs are fundamental for un-
derstanding how planets assemble from the surrounding protoplanetary disk ma-
terial. In the HD 100546 disk, there is evidence that SO is tracing an accretion
shock from a CPD or a disk wind is another possibility. SO is a known tracer of
shocked gas and has been shown to trace accretion shocks at the disk-envelope
interface in young Class I sources. The accretion of material from protoplanetary
disk to planet can be viewed as a scaled down version of this and it is expected
that the same observational tracers of shocks are applicable when studying gi-
ant planet formation. Therefore, SO has the potential to be a unique probe of
embedded CPDs, which have so far only been convincingly detected in Ha emis-
sion (PDS 70; Wagner et al., 2018). A proposal based on the work presented
in this thesis was accepted in Cycle 7 and the observations are currently under-
way. These observations target SO, shock tracers (SiO, CH3OH), and SiS in the
HD100546 disk. The first successful confirmation of the presence of a CPD traced
in a molecular line opens doors to new molecular line diagnostics of planet-disk

interactions at high angular resolution and the physics and chemistry of giant
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planet formation.

7.3 Final remarks

Gas giant planets on wide orbits are the potential exoplanet population currently
probed with ALMA via the ringed depletion of continuum emission. These dust
structures motivate the need for studies on the distribution of molecular gas in
these potentially planet-forming disks. This thesis has shown that molecular lines
are powerful probes of disk physical and chemical conditions. Further progress
requires observations of molecular lines in disks at high sensitivity with the angu-
lar resolution required to properly probe the planet-building environment. The
sensitivity of ALMA means that the rarest of isotopologues can be targeted.
Additionally, disk models that accurately represent the dust and gas distribu-
tion in disks are sorely needed. Specifically, models which take into account the
gas within the dust cavities and multiple rings of gas and dust depletion. Such
models will maximise the power of molecular line emission to provide much needed
information on the physical and chemical conditions in planet-forming disks. Ef-
forts also need to be made to find models to fit multiple observable from different
molecules and at different frequencies, e.g., both HD and rare CO isotopologue
lines. Complementary observations of the dust at shorter and longer wavelengths
than ALMA at comparable spatial resolution are also needed. The distribution of
both the larger and smaller disk grains are important for the disk chemistry. Cur-
rently SPHERE is proving incredible scattered light images of disks (Avenhaus
et al., 2018) and future observations with ngVLA and SKA will provide unprece-
dented observations of dust that has grown to centimeter sizes (Andrews et al.,
2018b; Wilner, 2004). Similarity SOFIA will allow for observations of HD which
will prove an additional constraint on disk gas masses. Molecules like H,O, CO,

and CH, which are not accessible with ALMA but that will be with JWST will
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give information on the composition of the disk atmosphere in the planet-building
zone.

Finally, because there is growing evidence that planet formation is happening
early (<1 Myr) these younger sources need to be targeted in observing cam-
paigns. Targeting the rarest isotopologues will limit the effect of envelope and
cloud contamination at ALMA Band 3. This will allow us to view the initial
conditions of planet formation enabling us to connect the dots in the journey

from protoplanetary disks to exoplanets.
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