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Abstract

This thesis contains a study of the circumstellar discs around inter-
mediate mass stars. Through observational data and protoplanetary
disc modelling, the physical structure and composition of protoplan-
etary discs are investigated with regards to their capacity for planet

formation.

In-depth analysis of millimetre-wavelength interferometric observa-
tions are carried out on the circumstellar environment of two Herbig
stars. Firstly, the distribution of gas and dust in the gas-rich, poten-
tially planet-hosting disc of HD100546 is characterised. Using ALMA
observations of 1.3mm continuum and CO isotopologues tracing the
disc midplane, estimates of disc mass are calculated, constraints on
the size of dust grains inferred and evidence for midplane counterparts

to scattered light features are identified.

Secondly, an analysis of the more evolved circumstellar disc around
Herbig star HD141569 is made in order to investigate the mass con-
tent of the disc and inform the debate as to its evolutionary stage.
New ALMA observations presented in this thesis find new midplane
structures in the gas and dust that support an intermediary stage of

evolution between the protoplanetary disc and debris disc regimes.

Finally, modelling of the pre-main sequence evolution of stars across
the stellar mass range at which exoplanet detections peak is combined
with Monte Carlo radiative transfer and modelling of the evolution of
midplane gas and dust in order to study the impact of stellar evolution
on the midplanes of protoplanetary discs. Variations in midplane
temperature profiles result in different locations of key snowlines in the

disc, which in turn produces variations in the molecular composition



of the local disc. The results quantify how snowline locations depend
on stellar luminosity evolution. This modelling procedure is applied
to the system of HR8799 in order to put constraints on the time and
location within the disc at which wide-orbit planets could have formed
based on their atmospheric C/O ratio. The results support an early
formation time, within around 1 Myr, for the carbon-rich exoplanet
HR8799b.
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1. Introduction

1.1 Protoplanetary Discs

Protoplanetary discs are the astrophysical environment in which exoplanets are
built and born. Comprised of gas and dust orbiting a young star, these discs
simultaneously feed the growing star and mark the beginning of the planet for-
mation process. Characterising these objects through observational evidence and
theoretical study reveals to astronomers the properties of the local environment
in which planet formation can take place. The physical structures of discs are
imprinted with the signatures of mechanisms for planet formation, the signs of
interactions with other nearby systems and clues as to the stage of evolution
the environment has reached. Astronomers can use these hints to reconstruct a
disc’s past in order to learn how much of an impact a planet can have in perturb-
ing the disc that hosts it, and to what extent the initial conditions in the local
environment dictate the properties of the planets that form there.

Remarkable progress has been made in both the theoretical and observational
efforts of the field, meaning that protoplanetary discs and the physics within them
can now be constrained with unprecedented detail. Meanwhile missions launched
to detect new worlds around distant stars provide a wealth of information on the
properties of exoplanets and the architecture of planetary systems. But there
is a long way still to go and many big questions still awaiting an answer. How
exactly do the discs we observe, and the planet formation mechanisms we define,
produce the ‘zoo’ of over 4000 exoplanets that have been detected?

This thesis explores the physical properties of discs around intermediate mass
stars at various stages of evolution through observations and disc modelling. In
the rest of Chapter 1 this thesis is put into context with the progress in the field
so far. Chapter 2 focuses on characterising the distribution of gas and dust in
a massive, gas-rich protoplanetary disc believed to be hosting embedded planets
through millimetre-wavelength interferometric observations. In Chapter 3 a sim-
ilar approach is applied to a disc showing a markedly different stage of evolution;
one that is more advanced and approaching the end of the protoplanetary disc
phase. In Chapter 4, radiative transfer modelling is combined with models of
pre-main sequence stellar evolution and with modelling of midplane evolution in

protoplanetary discs to explore why the discs hosted by intermediate mass stars
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differ from those around their lower mass counterparts. The impact of stellar
evolution on the conditions in the midplane are quantified and applied to the
system of intermediate mass star HR8799, host to four giant planets. In Chapter
5 the conclusions of this thesis are summarised and promising opportunities for

future work are discussed.

1.1.1 Star formation

Protoplanetary discs originate as a byproduct of the star formation process. In
order to understand how protoplanetary discs form, and to provide a context
within the wider cosmos, we must first understand the processes by which stars
are formed.

At the beginning are giant molecular clouds; massive (> 10* M) dense regions
of 10-100pc in size. Molecular clouds obscure their inner regions from exterior
starlight leading to a very cool environment with temperatures of ~10 K. In
order to form a star, these giant clouds must fragment into progressively smaller,
concentrated clumps of dense material.

Molecular clouds collapse due to gravity, and in doing so form dense clumps
(Williams et al., 2000) and elongated filamentary structures. The latter appears
to be ubiquitous in giant molecular clouds (GMCs) and can be seen in obser-
vations of gas (e.g. in Orion Bally et al., 1987) and dust (e.g. in the Gould
Belt André et al., 2010). These filaments have an average length of around 0.1pc
(Arzoumanian et al., 2014).

The densest filaments go on to form protostellar cores. Gravitational collapse
of a filament occurs when the mass per unit length exceeds the critical mass
of isothermal structure. The final collapse of a ‘pre-stellar’ core, with density of
around n~ 10* —10° cm~3, produces a protostellar object. Often stars are formed
in multiple systems, through the growth of two separate fragments from the same
molecular cloud, or through the fragmentation of a massive circum-primary disc
to form companions (e.g. simulations of protobinary systems by Bate, 2000).
The majority of stars are in multiple systems, massive stars in particular are

more likely to have companions (Raghavan et al.; 2010, and references therein)
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and this has a significant influence on the future of a system. For example bi-
nary interaction dominate the evolution of higher mass stars (Sana et al., 2012)
and dynamical interactions between partners in a system can result in truncation
or complete dispersal of the circum-primary /circum-secondary discs. This thesis
focuses mainly on single star systems. Conservation of angular momentum in
the collapsing material leads to the formation of an accretion disc comprised of
gas and dust from the pre-stellar core, orbiting the protostar. The accretion disc
simultaneously feeds the central object and provides the environment in which
planet formation begins, and so its formation marks the birth of the ‘protoplan-

etary’ disc.

1.1.2 Observational evidence for protoplanetary discs

Striking early images of protoplanetary discs came from the Hubble Space Tele-
scope (HST). At optical wavelengths dark silhouettes were identified around
young stars indicating an increase in opacity due to the circumstellar material
(Figure 1.1). Images show discs with a range of sizes and inclinations relative to
the line of sight. Some discs also exhibit ‘flaring’, an increase in vertical height
above the midplane of gas and the dust coupled to it (Bell et al., 1997). As well as
providing sharp optical images of the geometry of protoplanetary discs, the Orion
‘proplyds’ give direct evidence of external photoevaporation of discs, a process
which results in rapid mass loss (Johnstone et al.; 1998). The observations were
made of systems in Orion; where massive O-stars are more frequent than in other
star forming regions meaning the discs that reside there are subject to unusually
high photoevaporative mass-loss rates. Evidence of this photoevaporation can be
seen in Figure 1.1 as bright limbs on the edge of the discs, where strong incident
flux from neighbouring massive stars is incident upon the disc.

In the years to follow imaging of discs would be attempted in the infrared
to detect warm dust with instruments such as VISIR (e.g. Pascucci and Sterzik,
2009; Verhoeff et al., 2011), hot-dust at near-infrared wavelengths (MillanGabet
et al., 2001; Monnier et al., 2006) and via scattered light observations on the HST
(e.g. Augereau et al., 1999, 2001). Following these breakthroughs advanced adap-

tive optic systems capable of hunting for planets were developed and implemented
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Figure 1.1: Examples of some of the first direct imaging of protoplanetary disc

with the HST. This HST image of protoplanetary discs in the Orion nebula,
with a magnified view of six discs appearing in silhouette and displaying signs
of evidence of photoevaporation from external sources. Credit: NASA ) ESA, M.
Robberto (Space Telescope Science Institute/ESA), the Hubble Space Telescope
Orion Treasury Project Team and L. Ricci (ESO)

on the Keck and Gemini telescopes (e.g. the four giant planets in HR8799, Marois
et al., 2008) and later with SPHERE on the VLT (e.g. two planets within the gap
of transition disc PDS 70, Haffert et al., 2019). With this observing technique
‘backlit’ images of protoplanetary discs are produced from light that has been
scattered or reflected into the line of site of the observer. Analysis of the im-
ages allows for characterisation of the inner dust disc in individual systems (e.g.
HD141569 with MagAO/GPI Follette et al., 2017) of for wider surveys as done in
the SEEDS survey with SUBARU (Dong et al., 2012). Modern instruments such
as SPHERE and NACO on the VLT are used for probing disc structure present

in the upper layers of the disc, which often take the form of spiral arms and gaps
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Figure 1.2: Left: Near IR SPHERE/IRDIS DPI image of the disc HD 97048,
overlaid with the best fitting ellipses corresponding to ring (dashed blue lines)
and gaps (white lines). Image and fits from (Ginski et al., 2016). Middle: Spiral
arms revealed in the Ks band VLT /NACO image of HD 135344B (Garufi et al.,
2013) . Right: Polarised light obsverd by SPHEER in the H band shows clumpy
spiral arms over a range of spatial scales in the disc AB Aur (Boccaletti et al.,
2020). All images have their brightness scaled with r?.

in the disc as demonstrated in Figure 1.2. Boccaletti et al. (2020); Garufi et al.
(2013); Ginski et al. (2016).

Imaging of protoplanetary discs requires angular resolution only achieved by
a handful of leading modern day instruments, but evidence of circumstellar gas
and dust can also be found from analysing the photometry of a disc over a range
of wavelengths, known as its spectral energy distribution (SED). Infrared wave-
lengths are particularly useful for alerting observers to not only the presence of
protoplanetary discs, but also their structure (Dullemond and Dominik, 2004a;
Hillenbrand et al., 1992; Natta et al., 2001). Starlight absorbed by solid dust
grains is re-emitted at longer wavelengths, resulting in an excess of infrared (IR)
emission relative to the blackbody of the star. The presence of an IR excess in a
young star’s SED therefore provides indirect evidence of circumstellar material.

The greatest leap in observations of protoplanetary discs came through mil-
limetre interferometry (Section 1.4.1). Continuum emission at millimetre wave-
lengths traces thermal emission from cool dust that resides within the midplane
and in the outer regions of the disc. The midplane is a dense, sheltered environ-

ment that remains cool as a result of this shield from radiation. The midplane is
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also where giant planets are expected to form. Unlike observations made in the
infra-red, millimetre emission is usually optically thin meaning that variations
in the intensity of continuum emission from dust alerts observers to changes in
dust density within the disc. Millimetre emission therefore plays a vital role in
weighing protoplanetary discs (although not without uncertainties; see Section
1.1.6). A further benefit is that millimetre continuum emission originates mostly
from grains of around millimetre sizes, i.e. dust on the verge of becoming ‘peb-
bles’. Dust grains of this size are at a critical juncture in dust evolution and
planet formation models as they demonstrate that dust has grown significantly
from typical ISM grains of around micron sizes. Further growth beyond mm- or
cm-sizes is however very difficult due to fragmentation barriers and increasingly
rapid inward radial drift (Section 1.1.6). Confirming the location and structure
of millimetre grains in the disc is therefore crucial in characterising the potential
sites of planet formation. It is not just studies of dust that benefit from mm
wavelengths; low-level rotational transitions of key mass tracer carbon monoxide
and its less abundant isotopologues fall within millimetre wavelengths. This pro-
vides the opportunity to study the structure and temperature of gas in the disc
whilst simultaneously investigating the dust (Section 1.1.5).

Facilities such as Australia Telescope Compact Array (ATCA) in the southern
hemisphere and the Sub-Millimetre Array (SMA) and Plateau de Bure Interfer-
ometer (PdBI, later renamed NOEMA), in the northern hemisphere led the way
in producing interferometric images of continuum emission from dust and molec-
ular emission from gas in protoplanetary discs. The arrival of the Atacama Large
Millimetre Array (ALMA) provided unprecedented sensitivity and angular res-
olution at millimetre and sub-millimetre wavelengths. Protoplanetary discs can
be probed with incredible accuracy by sub-au angular resolution, and as a result
a wide range of sub-structures have been unveiled within discs including rings,
gaps, spirals and asymmetric density clumps. In fact, sub-structure within discs
appears to be ubiquitous amongst high resolution observations to date, especially
in the case of gaps and rings. Figure 1.3 shows 35 milliarcsecond resolution im-
ages from the ground-breaking Disk Substructures at High Angular Resolution
Project (DSHARP) survey (Andrews et al., 2018), in which the full range of
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Figure 1.3: The modern view of protoplanetary discs - ALMA continuum images
at 1.25mm from the DSHARP survey of protoplanetary discs (Andrews et al.,
2018). High resolution mm observations such as these have unveiled a range of
substructures in protoplanetary discs, including rings, gaps, spirals and asym-

metric density clumps.

protoplanetary disc substructure is exhibited with state-of-the-art sensitivity and

resolution.

1.1.3 Protoplanetary disc structure

Protoplanetary discs are comprised of a mixture of gas and dust inherited from
the parent molecular cloud. The gas is mainly Hy (~90%) and He (~10%),
unfortunately the spectral lines of these species are weak and difficult to detect.

The next most abundant molecule, carbon monoxide (less-abundant than Hy by a
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factor of ~ 10,000 in the ISM), has numerous bright spectral lines over a range of
wavelengths making it the most useful astronomical tracer of density in molecular
clouds and protoplanetary discs.

Dust properties are deduced from observing spectral features of continuum
emission, particularly in the infrared. Dust in the ISM is mostly sub-micron
sized amorphous silicate grains enriched with elements including O, Fe, Mg, Ca
and Al, some crystalline silicates have also been observed in protoplanetary discs
(Kemper et al., 2004; Malfait et al., 1998). Millimetre observations can be used to
calculate opacities in the dust or protoplanetary discs (Isella et al., 2010; Natta
et al., 2006), which are strongly sensitive to grain composition and .., the
largest grain size in the distribution (Draine, 2006).

Gas is far more abundant than dust in protoplanetary discs. Typically a
canonical ratio of gas to dust mass (g/d) of 100 is adopted based on values from
the ISM. This value does an adequate job in modelling of discs, however significant
evolution of dust and gas occurs over the lifetime of a disc and g/d is unlikely
to remain constant radially, or with time. The uncertainties in estimating total
disc mass from observations of gas and dust emission are significant (discussed in

Sections 1.1.5 and 1.1.6), and prevent a critical verification of this assumption.

Radial structure

Protoplanetary discs are first and foremost accretion discs feeding the central
star, and so to describe their structure we must consider the transport of angular
momentum through the disc. Lynden-Bell and Pringle (1974) were the first to
suggest that a viscous accretion disc could explain known properties of T Tauri
stars. Angular momentum transport in discs is assumed to be driven by turbu-
lence within the disc on length scales that are small in comparison to the disc
scale height. It is still somewhat of a puzzle as to what the specific physical ori-
gin of this turbulence is. However in order to proceed, many parametric models
adopt the Hartmann et al. (1998) description of viscosities in the disc as a time-
independent power law v o« R”. Shakura and Sunyaev (1973) introduced a way
to write the ‘effective’ or turbulent viscosity as v = acgh still regularly utilised

to this day. This prescription allows for viscosity to be defined only in terms of
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the local disc quantities sound speed cg, scale height h and the dimensionless al-
pha parameter «, a constant which describes the efficiency of angular momentum
transport independent of a specific physical origin.

Building from these seminal works and the disc modelling that followed them,
Andrews et al. (2011) define a global surface density radial profile based on mil-

limetre observations of protoplanetary discs and modelling of their SEDs as

5 =5 (%) ol - (2], "

(¢

where X, is the surface density of the gas, R, is a characteristic scaling radius
and Y. the surface density at that radius. This model includes a tapered expo-
nential decay in the outer disc, necessary for reproducing the extended gas and

dust emission regularly detected in outer regions (Hughes et al., 2008).

Vertical structure

The vertical profile of a protoplanetary disc is a balance between the vertical pres-
sure gradient in the gas, and the vertical component of gravity. This gravitational
component is a result of rotation around the central star, i.e. not the gravita-
tional field of the disc, which is assumed to be negligible unless Mg, ~ M, in
which case disc self-gravity leads to the disc becoming unstable to the formation
of spiral waves in the disc. Assuming the disc to be vertically isothermal and

that pressure in the midplane is defined by P = pc?, this gives

1P ¢ ap -
pdz p dz '

The solution to Equation 1.2 for a thin disc z < r in Keplerian rotation gives

a vertical density profile of

22
p = poe 27, (1.3)

where h is the disc scale height and pg is the midplane density. The midplane
of a disc is dense, resulting in an increased optical depth to starlight meaning that

it becomes an obscured environment that cools to temperatures of around 20 K
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even at 10s of au. It is in this environment that giant planets are expected to form.
The ratio h/r increases with radius due to the flared disc surface; outer regions
are heated mainly through the capture and reprocessing of starlight from the
surface layers. Dust grains coupled to the gas are suspended vertically above the
midplane in a balance between gas pressure and gravity. The largest grains settle
towards the dense midplane of the disc (Dullemond and Dominik, 2004b). Close
to the inner wall of the disc temperature gradients are steeper and subsequently
viscous heating becomes a dominant factor in determining disc temperature. The
size of the regions over which viscous heating is significant varies depending on
the spectral type of the star and the disc properties, but typically does not stretch
much further than a few au.

An isothermal vertical temperature profile is often adopted in modelling fol-
lowing Chiang and Goldreich (1997), this approximation only holds for regions

close to the midplane, where heating from reprocessed starlight is negligible.

1.1.4 Results from observational surveys

High resolution observations with long integration times are useful in character-
ising individual discs to a great degree of accuracy such as those in Figure 1.3. In
order to determine fundamental properties of discs across statistically significant
sample sizes, a slightly different approach is required. Large demographic surveys
take snapshots of complete populations within known star forming regions to de-
termine fundamental properties of discs. Furthermore the different star forming
regions span a range in ages, and so comparisons between regions can also give
an indication as to expected trends in disc evolution.

One key property constrained in surveys such as these is disc mass. Typical
gas masses for the young discs in Lupus are < 1 M; (Miotello et al., 2017),
whilst most dust masses range between 10~* — 1076 M. Figure 1.4 compares
the disc dust mass cumulative distribution for star forming regions of different
ages. Between the ~1 Myr Orion Nebular cluster and 5-10 Myr Upper Sco, dust
masses generally decrease as the discs evolve (See Section 1.2 for discussion of

disc evolution).
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Figure 1.4: Disc dust mass cumulative distribution in Orion Nebular Cluster
(ONC) (1 Myr, Eisner et al., 2018), Taurus (2 Myr, Andrews et al., 2013), Lupus
(1-3 Myr, Ansdell et al., 2016), Chameleon 1 (2 Myr, Pascucci et al., 2016), o
Orionis (3-5 Myr, Ansdell et al., 2017), and Upper Sco (Barenfeld et al., 2016).
The distributions and the 1 confidence intervals (shaded regions) were calculated

using the KaplanMeier estimator. Figure originally in Eisner et al. (2018).

The other fundamental property well constrained by these surveys is disc size.
Gas discs are universally more extended than the millimetre dust discs (Ansdell
et al., 2018) and there is evidence that this is because of inward radial drift of
solids, rather than optical depth effects (Trapman et al., 2019). The size of dust
discs also appears to decrease with time when comparing across star forming
regions. Dust discs in Upper Sco are around three times smaller than in Taurus
(1-3 Myr) (Barenfeld et al., 2017).

1.1.5 Gas in discs
Molecular line emission

Gas in discs is studied by the observation of emission lines from molecules within
the disc. Different molecules trace different regions of the disc or act as useful

tracers of chemical processes. Emission lines broaden through the Doppler effect if

12



1.1 Protoplanetary Discs

the gas is moving along the line of sight of the observer, and as a result spectrally
resolved lines also provide kinematic information. In the case of protoplanetary
discs this can be used to constrain the inclination of the disc relative to the
observers line of sight and its position angle on the sky.

CO is an abundant molecule with well studied chemistry making it a useful
observational tool. It also has a number of less abundant isotopologues that
are readily detectable at similar frequencies. These species are useful tracers of
gas density structure and, through spectral resolution of their emission lines, gas
kinematics in the disc. CO is also the molecule most regularly used to make
estimates of disc mass; a property that is vital to observational and modelling

efforts in the field, but one that is still not accurately measured easily.

Mass estimates

The mass of gas in the disc can be estimated from observations by integrating the
flux received from a molecular emission line and then for an assumed temperature,
calculating how many molecules are required to produce such a flux. This is done

with Equation 1.4

dr F,ym d?
hVuJ Au,l X ’

where F,,; is the integrated line flux resulting from a transition from upper energy

Mg,s = (1.4)

level u to lower level [, v,,; is the rest frequency of the transition, d the distance to
the source, m is the mass of the CO molecule and A, is the appropriate Einstein
coefficient. X, is the fractional population of the upper level, assuming that all
energy levels are populated through a Boltzmann distribution

N = 7 (15)
where g, is the degeneracy of level u, F, is the energy of that level, T}, is the

Xy =

kinetic (i.e. disc) temperature and Z is the partition function

—E;
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Equation 1.4 provides a direct method for computing disc mass which is not
dependent on any model. This method does however make a number of assump-
tions which introduce large uncertainties into the result it produces.

CO remains in the gas phase until its freezing temperature, which in a pro-
toplanetary disc is ~20 K (C)berg et al., 2011) , meaning unlike other molecules
it remains in the gas phase for a large fraction of the protoplanetary disc’s radial
extent. At a certain radial separation from the host star, the midplane temper-
ature profile drops below this critical value. CO that is radially interior to the
so-called ‘snowline’ will remain in the gas phase whereas beyond the snowline CO
molecules stick to icy solid grains, a process known as ‘freeze-out’. As a result,
beyond the snowline any CO or CO isotopologues will not be detectable and so
the disc mass estimate is likely to be an underestimate. Molecules of the chosen
tracer can exist in various radial and vertical locations in the disc, and so local
disc temperature is unlikely to be the same across the whole emitting population.
In this thesis, the density tracers used for mass estimates are CO isotopologues
that are assumed to be tracing the column down to the midplane. In the cold,
dense midplane and in the outer disc (where a large proportion of disc mass is
stored) temperatures can drop to levels of around 20K. If temperature is any
lower than this, CO will be frozen out and undetectable. By assuming a minimum
temperature of 20 K, this method provides a firm lower limit on the estimate of
gas mass.

Figure 1.5 shows the regions of the disc in which carbon resides in different
forms. UV absorption lines of *2CO become optically thick at a column density
of 10" ¢m™2 (van Dishoeck and Black, 1988), reached in the warm molecular
layers towards the surface of the disc as shown in Figure 1.5. In this case, the
optically thick 2CO emission is not useful for tracing density in the disc as the
observed emission originates only from a thin layer of the disc above the 7 =1
surface. This means that variations in the observed intensity can originate either
from variations in density or in temperature of the local disc in emitting regions.

The optical depth issues can be solved with observations of less abundant
CO isotopologues such as ¥CO and C*0, because these species do not become
optically thick until much deeper in the disc, if at all. In discs with optically

thick 2CO emission, optically thin CO isotopologue emission is a powerful tool
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Figure 1.5: Diagram showing the thermo-chemical structure of carbon in a pro-
toplanetary disc as a result of the radial and vertical temperature profile. Figure
from PhD thesis of Miotello (2018)

in tracing column density down to the dense midplane of the disc. In this case,
the derived disc mass must be scaled up to reflect the relative abundance of, for
example, C'®O compared to 2CO, by assuming the ratio C'*0O/2CO follows the
elemental isotopic ratio [**O]/[*°0] in the ISM ~560 (Wilson and Rood, 1994).
Again we must be careful with the assumption of a constant abundance ratio.
1200, BCO and C'O are sensitive to photodissociation by UV photons, but
at high column density can also self-shield and mutually shield (Visser et al.,
2009). Due to their different abundances photodissociation occurs at different
depths within the disc, meaning large relative abundances of e.g. '2CO and *CO
will arise in dense regions where C*Q is affected by dissociation. Miotello et al.
(2014) show that isotope selective photodissociation effects such as these can lead
to underestimation of disc masses by up to an order of magnitude.

A final consideration in relation to disc mass is the depletion of volatile carbon
budget in the disc. Although H, emission cannot aid with the determination of
disc mass, a handful of HD detections have been made in bright protoplanetary
discs. Mass estimates using HD are producing values greater than that obtained

from CO, suggesting the latter may not be as strong a tracer of density as previ-
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ously thought (Bergin et al., 2013; Favre et al., 2013; Kama et al., 2016). Removal
of carbon may occur through the conversion of CO into more complex molecules
(Yu et al., 2016), locked up in solids towards the midplane (Du et al., 2015) or
through depletion as a result of chemical evolution in the disc driven by X-rays

and cosmic rays (Eistrup et al., 2016).

1.1.6 Dust in discs
Radial Drift

Dust in protoplanetary discs orbits the central star in a Keplerian fashion. The
gas however is affected by a centrally peaked pressure gradient. Assuming vis-
cosity and magnetic fields to be negligible, in a stationary axisymmetric flow
where the star dominates the potential, the radial component of the momentum

equation gives

... GM, 1dP
p,gas +

(1.7)

r 72 pdr’
as given in (Armitage, 2009) where the second term on the right hand side
is negative, because pressure decreases with radius from the star for a centrally
peaked density profile such as in Equation 1.1. This means that gas will always
orbit at a slightly sub-Keplerian velocity, slower then the dust. This creates a
headwind for orbiting dust grains, decelerating their orbital velocity from Kep-
lerian and introducing a radial velocity that carries the dust grain towards the
central star in a process known as radial drift (Weidenschilling, 1977). Radial
drift results in a radial size-sorting of particles because the drag force increases
for grains of larger surface area. The smallest grains remain in the outer disc,
whereas larger grains approaching mm sizes drift inwards. Radial drift timescales
for particles in the outer regions of the disc (>100 au) are of order 10° years, how-
ever disc lifetimes are of order 106 — 107 years, meaning the particles in the outer
disc should have already drifted onto the star.
Retention of large grains in the outer disc, or alternatively some form of
continuous replenishment, therefore seems to be essential in order to explain

the observational data (Birnstiel and Andrews, 2013; Klahr and Bodenheimer,
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2006). Local maxima in gas density due to pressure bumps can prevent radial
drift and create ideal locations for further growth of dust (Pinilla et al., 2012b;
Weidenschilling, 1977; Whipple, 1972). Massive planets capable of opening a
cavity in the gas distribution create a large pressure bump at the edge of the
orbit, resulting in radial dust traps that produce ring shaped dust accumulation
(2012a). All of the rings analysed in the high resolution ALMA observations in the
DSHARP survey are consistent with the predictions of dust trapping (Dullemond
et al., 2018). Pressure maxima can occur azimuthally as well as radially. If a
massive orbiting body causes a large perturbation, azimuthal dust traps can have
an influential role on the dust distribution in the disc, producing a crescent or
banana shaped dust structure. This theory has been successful in explaining the
highly asymmetric dust emission observed in IRS 48 (van der Marel et al., 2015).
Evidence of crescent-shaped dust asymmetries in systems such as V1247 Orionis
(Kraus et al., 2017) and HD135344B (Cazzoletti et al., 2018) point towards the
gravitational interaction of orbiting massive planets as the cause of the dust traps.
Radial drift can also be inhibited by magnetic dead-zones where turbulence and
angular momentum transport reduce to a minimum, allowing solid material and
planetary embryos to be efficiently trapped at the inner edge of the dead zone
(Dzyurkevich et al., 2010).

Dust evolution

Dust in the ISM is found with a grain size distribution that follows a power law,

dn/da < a™?, (1.8)

a distribution described by a power law such as this with index p=3.5 is known
as an MRN power law, after the authors of the paper in which it was derived, and
describes a typical size distribution in interstellar grains (Mathis et al., 1977). The
index in Equation 1.8 changes as the dust population evolves, a flatter power law
means more of the mass in the total dust population is contained within the larger
grains. Dust grains orbiting in the disc stick together as a result of collisions. If
the collisional velocity in the disc is high, the grains can bounce off each other or

fragment into smaller grains (see Testi et al., 2014, and references therein).
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Models suggest the competing growth and fragmentation processes will settle
towards a steady state solution. The resulting distribution is usually a power-law
or broken power-law, which does not necessarily match the MRN distribution seen
in the ISM (Birnstiel et al.; 2011). Growth of grains tends to lower p, whereas
fragmentation will re-introduce small particles and raise p.

Birnstiel et al. (2012) present a simple model comprised of just two popula-
tions: small grains that are well coupled to the gas and large grains that feel the
effects of radial drift and contain most of the dust mass. The results of the model
agree very well with the results of full simulations from dust evolution codes and
can describe the radial evolution of dust surface density and the evolution of
largest grain sizes (Birnstiel et al.; 2012). This approach provides the basis for
much of the dust modelling in the field.

Continuum emission

We can probe dust content of a protoplanetary disc through observations of con-
tinuum emission from the dust. Solid grains emit as a blackbody, and as tem-
perature in protoplanetary discs decreases with radial separation from the star,
different regions of the disc will contribute to different parts of the SED as il-
lustrated in Figure 1.6. For example the inner wall of the protoplanetary disc
and the hottest regions closest to the star contribute at near-IR wavelengths,
whereas the outer disc and the cool, sheltered mid-plane contribute to millimetre
wavelengths.

Continuum emission also depends on particle size; millimetre continuum emis-
sion comes most efficiently from a narrow range of grain sizes between 1 mm and
1 em (Takeuchi and Lin, 2005). If grains have grown beyond a4, =~ 3\, where A

is the wavelength of observation, they emit less efficiently (Draine, 2006).

Tracing mass

Continuum emission at mm-wavelengths is a diagnostic tool for tracing the coolest
dust in a protoplanetary disc, which is contained in the mid-plane and in the outer
disc, where the majority of solid mass is expected to be contained. This makes

millimetre fluxes the most useful for estimating disc mass.
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Figure 1.6: A diagram showing the cross section of a protoplanetary disc and the
regions of the disc that contribute to difference components of the SED, from
(Dullemond et al., 2007).

Measured flux can be related to the mass of emitting particles by assuming

optically thin emission and using

HI/BV(T>Md’u5t
d? ’
where F, is the continuum flux measured at frequency v, k, is the specific

F, = (1.9)

opacity, d is the distance to the source from the observer and B,(T) the Planck
function at temperature 7. This method also assumes that millimetre flux is
from thermal emission; in some more massive Herbigs free-free emission can be
non-negligible, but remains a small fraction of total flux (e.g. HD100546 Wright
et al., 2015).

Estimating disc mass directly from millimetre continuum flux does not tell
the full story however. Manara et al. (2018) compared the masses of known
exoplanets with the masses of protoplanetary discs in young regions of 1-3 Myr. It

was expected that discs would be much more massive, as current theories of planet
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formation assert that it is not a particularly efficient process in terms of converting
disc material into planets. The authors found protoplanetary dust disc masses
to be lower, or at best comparable to, the amount of mass in heavy elements
in the exoplanetary systems discovered to date. FEither disc dust masses are
systematically, significantly underestimated, or the cores of planets are forming
very quickly (0.1-1 Myr) and disc are continuously replenished throughout their
lifetime. In both scenarios, we are far from understanding the puzzle of solid
mass in discs.

The largest uncertainty in estimates made of dust mass using Equation 1.9,
and a likely source for the discrepancy highlighted by (Manara et al., 2018), is due
to the opacity term. Opacity has a power law dependence on frequency &, o< /°

where (3 is the opacity spectral index /3,

dlin k
B = dinv’

In an optically thin disc under the Rayleigh-Jeans approximation, the opacity
index can be related to the spectral index by aum = Bum + 2 (Draine, 2006) . At

millimetre wavelengths the dust being traced in the outer disc and midplane is

(1.10)

often cool enough that the Rayleigh-Jeans approximation does not apply. Draine
(2006) shows that in this case, for power law size distributions of dn/da x a7,

where a < Gpax, 3 < p <4 and apayx > 3Aops, then

Brp—3) 05, (1.11)

where [, is the opacity spectral index of solid material in the Rayleigh limit
(Draine, 2003, 2006). Figure 1.7 shows calculations of the opacity of amorphous
spheres as a function of both frequency and the maximum grain size in the dust
distribution.

Figure 1.7 calculates x and [ for a single grain type, in a real disc the dust
will be a mixture of compositions in which optical constants, and as a result s
will vary (e.g. carbonaceous grains, Jager et al., 1998).

At millimetre wavelengths it is clear that simplifications of opacity based on
the Rayleigh-Jeans approximation cannot be relied upon, and without robust in-
formation on the distribution and composition of dust grains, constraining opac-

ity is difficult observationally. However, even if the absolute opacity cannot be
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determined, multi-wavelength observations can be used to measure the opacity
spectral index. Using fluxes measured at observing frequencies vy and vy, the

opacity index can be calculated by

Fyl Bul
dlogF, (R) — dlogB, 108 (F) —log (By:2>
Bum(R) = —2 iﬂ) 8% . (1.12)
log (1)
In diffuse clouds 8 ~ 1.7 (Finkbeiner et al., 1999; Li and Draine, 2001). A

lower value is found for unresolved measurements of continuum flux in protoplan-

etary discs, Beckwith and Sargent (1991) fit models to a sample of 29 pre-main
sequence objects finding a median value of SB4;5.=0.92 . The arrival of ALMA has
resulted in the resolved images of discs and as a result S can now be calculated as
a function or radius. Guidi et al. (2016) calculate S(R) in HD163926 and find its
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value to increase with radial separation from the star from ~0.5 - 2.3. A radially
increasing [ agrees with the predictions of size sorting by radial drift as larger
grains will give a lower value of S.

The most reliable dust mass estimates through Equation 1.9 will make a good
choice of T by constraining it through modelling of the dust disc. Alternatively
a minimum dust mass can be calculated by assuming all emitting dust is at a
low temperature representative of the outer disc or midplane (=~ 20 K). A good
estimate of xk can be made from Figure 1.7 using the observing frequency and an
estimate of apay in the dust distribution of the disc. All of the above assumes
optically thin emission, which is not necessarily the case, particularly in inner

regions where 7 > 1 can be reached even at millimetre wavelengths.

Spectral index

The spectral index of emission from a protoplanetary disc shows the dependence

of flux on frequency.

- %ggi” (1.13)

The spectral index is related to the opacity index, and so is still affected by
the caveats described above. Variations in spectral index between different discs,
or indeed between different regions in a single disc, alert observers to differences
in the properties of the emitting solid material. Surveys of star forming regions
find that disc-averaged spectral indices can lie in the range 1.5 < oy, < 3.5
(Pinilla et al., 2014; Ricci et al., 2012). Using « and dust modelling to constrain
the index p of the dust grain size distribution can demonstrate the level of dust
evolution in a disc, offering insight as to the evolutionary state of the system (e.g.
in HD141569 White et al., 2018).

Radial drift and grain growth predict the largest solid particles to be concen-
trated toward the star, leaving the smaller ones behind. As emission brightness
is related to grain size we can therefore expect a variation in observed disc size
at different observing wavelengths, but also a variation in spectral index, aum,
across the disc. Spatially resolved continuum images of discs at multiple wave-

lengths allow for a calculation of a position-dependent ay,,,, where, for optically
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thin emission, S, oc v®=m . If the size of grains in the disc varies with radius then
so will the spectral index. Guidi et al. (2016) find a spectral index that increases
radially 2.5 < a(R) < 3.9.

2D mapping of the spectral index from high-resolution images of protoplane-
tary discs can shows how « varies throughout the disc, which can be useful for
identifying local concentrations of, for example, large grains trapped in a pres-
sure trap (e.g. IRS 48; HD135344B, Cazzoletti et al., 2018; van der Marel et al.,
2015). Spectral index of the trapped dust can be used as a diagnostic tool for
exploring the properties of the vortex causing the trap, and the efficiency of the

dust trapping (Hammer et al., 2019).

1.2 Disc Evolution

1.2.1 Classical view of isolated low-mass star formation

Characterisation and modelling of a system’s SED gives a good first order ap-
proximation of a protoplanetary discs evolutionary state because the shape of
the SED is related to properties such as disc mass and the radial distribution
of gas and dust in the disc. Great care must be taken with SED modelling of
protoplanetary discs however; there is no unique solution to any individual SED.
Modelling of a disc’s emission includes a number of degenerate properties, the
effects of which are impossible to distinguish on the basis of photometry alone.

Nevertheless, broad conclusions can be drawn from the shape of an SED, in
particular from the form of the observed IR excess. As discussed at the beginning
of this chapter, protoplanetary discs initially result from the process of star for-
mation. Figure 1.8 shows the observational stages of protostar formation in the
evolutionary sequence proposed to explain the changes to their spectra known
as the ‘Lada Sequence’ (Adams et al., 1987; Lada, 1987). These epochs set the
context for disc evolution and provide useful points of reference for the processes
of disc evolution and planet formation.

The Class 0 stage represents the embedded processes of star formation de-
scribed in Section 1.1.1. The star is obscured from view by the cold material

which surrounds it, the latter produces cold blackbody emission at millimetre
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wavelengths as seen in the top panel of Figure 1.8. By the Class I stage, cir-
cumstellar material has settled into a vertically thin accretion disc. Accretion
luminosity from the central star heats the inner disc and the flared outer disc
absorbs a large amount of stellar radiation, which is re-emitted at infrared wave-
lengths resulting in the large IR excess in the Class I panel of Figure 1.8, peaking
at far-IR wavelengths.

Class 0
J(mm) 001 0. ! Parenrc;‘oud

v
3 Cors
Cold black body
Hm)

Log (AF,)

Log (iF)

Log (AF,)

Protoplanetary disk

12 10 100
X (um)

Class Il

Log (AF,)

Debris + planets

Figure 1.8: An illustration of the stages of star formation and disc evolution. On
the right is a sketch of the physical geometry of the system at each stage, and the
left is a typical spectral energy distribution at each stage, where yellow represents
the contribution from the star, and red the contribution from the surrounding
material. Figure originally from Mulders (2013).

It was unclear at first whether disc structures existed in the obscured regions
around the cold core. Surveys of protostellar discs at mm and cm wavelengths

with large sample sizes have now begun to detect discs around Class 0/ objects
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and provide information on their demographics. ALMA observed 330 protostars
in Orion as part of the VANDAM survey, from which disc radii were approximated
through a Gaussian fit to emission maps, and disc masses were estimated by
assuming a dust temperature of 30 K and a canonical gas-to-dust ratio in the disc
of 100. For non-binary, Class 0 objects a median disc radii of ~34 au was found
and a median disc mass estimate of =~ 0.029M. Class I discs were systematically
more compact with a median radius of 25 au, and a disc mass of ~0.019 Mg
(Tobin et al., 2020). It is increasingly believed that planet formation processes
must begin during these early Class 0 and I stages when disc masses are expected
to be larger (see Figure 1.4) and when fewer of the larger grains that are important
for forming cores have drifted inward to be accreted by the star.

This thesis focuses mainly on discs in the Class II and III stage; after the cir-
cumstellar envelope has dispersed, settled into the disc or been accreted onto the
star, leaving a star-disc system behind. Although strict divisions between these
classes are difficult to determine, Class II is often considered the first instance
of a ‘protoplanetary’ disc. Protoplanetary discs are described as being geomet-
rically thin, following the settling of circumstellar material, and optically thick,
meaning class II objects still exhibit strong emission throughout IR wavelengths
due to re-radiation of absorbed starlight. The SED peaks at optical wavelengths
however, as less stellar flux is obscured by surrounding material. It is within these
discs that the mechanisms for planet formation operate. The physical structure
of Class II discs is described in detail in Section 1.1.3.

Class III discs are the last stage in a classical view of disc evolution. Through
a combination of photoevaporation, planet formation, accretion onto the central
star and dispersal into the ISM, disc material is depleted over timescales of a few
million years. When inner regions are cleared of material, accretion can no longer
continue. This leads to the outer gas disc viscously draining onto the central star
rapidly, bringing about a swift end to the protoplanetary stage (e.g. see models
of X-ray photoevaporation by Alexander et al., 2006). All planet formation has
already occured by now. In this heavily gas-depleted disc there is no longer any
vertical support for dust, leading to a thin, discontinous disc of solids. Collisions
between larger bodies result in fragmentation into smaller grains. These Class III

systems are hence given the name ‘debris’ discs. Most debris discs have an SED
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Figure 1.9: ALMA image of the debris ring around Fomalhaut. This images was
produced though a mosaic of images observed at a wavelength of 1.3mm. Image

from (Macgregor et al., 2017)

that can be described with emission at two different temperatures, which is likely
to suggest the presence of multiple rings/belts in a disc (Kennedy and Wyatt,
2014). This two-temperature structure may be analogous to the remaining disc
of the Solar System; comprised of the Asteroid belt and Edgeworth-Kuiper belt.
A two-temperature profile can in some instances be reproduced from a single belt
containing a variation in grain sizes due to the degeneracies in SED modelling.
As the mass of remaining disc material is low, debris discs are often faint and
have been difficult to detect in the past. Modern facilities are now capable of
detecting and even spatially resolving debris discs, confirming the proposed ring-
like structure as can be seen in the image of Fomalhaut in Figure 1.9 (MacGregor
et al., 2016).

1.2.2 Transition Discs

SED modelling of T Tauri stars helped to reveal the process by which class 11
discs evolve into class III discs. So called “transition discs” were first identified
by Strom et al. (1989) and Skrutskie et al. (1990) as PMS stars hosting discs
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with inner holes. The absence of dust towards inner regions was inferred from
a lack of IR excess in the SED even though a strong mid- and far- IR excess
was still present. This prediction was later confirmed by SMA imaging that
revealed discs with inner holes (e.g. Brown et al., 2009). Transition discs provided
significant observational evidence for evolutionary processes in protoplanetary
discs to occur from the inside-out, as opposed to a homogeneous depletion of
circumstellar material or the exterior photo evaporation of the Orion proplyds.

Some discs with inner gaps have been found to contain small dust components
interior to this gap at very short separation (e.g. HD100546 Panié et al., 2014),
and were labelled ‘pre-transition’ discs (Espaillat et al., 2007). As the nomencla-
ture suggests, initially these systems were thought to be showing a transitional
phase between a transition disc and a gas-poor, ringed debris disc.

Clearing of inner regions can be achieved through photoevaporation, planet
formation or dynamical influences of inner companions/exoplanets. A decrease in
near-IR flux can also be achieved if dust situated in the inner regions of the disc
has grown into larger bodies such as km-sized planetesimals, which emit at longer
wavelengths. In this case low optical depth at IR or mm observing wavelengths
can give the impression of a cleared gap.

Photoevaporation models for inner clearing are unable to reproduce the large
cavity sizes, accretion rates and disc masses observed in transition discs. Analysis
of 12 resolved transition disc cavities with the SMA by Andrews et al. (2011)
found dynamical clearing due to either low mass companions, giant planets on
long orbits, or young brown dwarfs to be the most likely explanation in order to fit
the observed disc density profiles. Within the dust gaps, gas is usually present but
with decreased surface density (Carmona et al., 2017). High resolution ALMA
imaging of 3CO and C'80 revealed gas cavities within the dust cavities of four
transition discs, where the cavity in gas was up to three times smaller than that of
the dust (van der Marel et al., 2016). The observed structures agree with models
of planet-disc interactions in which giant planetary companions sculpt the inner
gap (van der Marel et al., 2016).

As a result of the growing library of high resolution ALMA data, gaps and
rings have become frequently observed structural features. Some transition discs

have been shown to consist of multiple dust rings (Fedele et al., 2018; van der Plas
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et al., 2019) and some systems previously categorised as transition discs such as
MY Lup (Tazzari et al., 2017; van der Marel et al., 2018) have shown a centrally
peaked surface density profile when imaged with high resolution (Huang et al.,
2018) - contradicting the predictions from SED analysis. Indeed many of the
substructures associated with transitional discs can be reproduced by invoking a
single binary partner (Ireland and Kraus, 2008). Through 3D hydrodynamical
models of ‘transition’ disc HD142527, Price et al. (2018) reproduced all the struc-
tural features identified in the disc through observations including spiral arms,
inner cavity, shadows, fast radial flows, streamers and a ‘horseshoe’ structure in
the dust.

Due to the multiple mechanisms or scenarios for creating an inner gap, the
role of transition discs in protoplanetary disc evolution is not completely clear.
Not every gap or cavity in a disc should be assumed to be one that is planet
driven (Dong et al., 2017; Gonzalez et al., 2015; Ndugu et al., 2019). Neverthe-
less, transition discs are likely to play a vital role in the modelling of embedded
exoplanets and their interaction with the host disc. In recent years the first evi-
dence of directly imaged planets within the cavity of a transitional disc has been
achieved (Haffert et al., 2019; Keppler et al., 2018; Wagner et al., 2018, PDS 70)

and more cases are expected to follow.

1.2.3 Gaseous Debris Discs

Debris discs are widely presumed to be dusty, gas-free environments governed
by collisional dynamics of the large, rocky bodies that comprise the debris belts.
There is no well defined distinction between protoplanetary discs and debris discs,
but a good indication is given by considering dust mass in the disc and the age
of the host star.

Figure 1.10 plots sub-mm emission from protoplanetary and debris discs over
a range of ages. Although there is some overlap, and stellar ages are character-
istically uncertain, ‘protoplanetary’ discs mainly occupy the region of the plot
where age is less than 10 Myr and dust mass is greater than ~ 10Mg,.

Many of these discs are older than the typical lifetimes predicted for lower mass

stars through photoevaporation models (4 Myr, Gorti et al. (2009)) or inferred
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Figure 1.10: Dust mass estimates made from sub-mm observations as function
of stellar age stars of spectral type A and B-type. Figure from Wyatt et al.
(2015), in original form from Pani¢ et al. (2013). Highlighted with blue squares
are two Herbig discs: HD100546 and HD163296, two hybrid discs: HD141569
and HD21997, and two debris discs: HR4796 and Beta Pic.
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from measurements of accretion (3 Myr, Fedele et al. (2010)). Near infrared
observations of star clusters by Haisch et al. (2001) found that half of the disc
population had lost their discs by 3 Myr, and virtually all had lost them by 6
Myr.

Observational evidence at millimetre wavelengths suggests that these lifetimes
are underestimates. Some of the brightest, and most well studied Herbig discs
are older than 4 Myr, yet maintain a strong C'®0 flux (e.g. HD97048 Pani¢ et
al. (in prep), HD100546 Miley et al. (2019), HD163296 Boneberg et al. (2016)).
Even T Tauri disc TW Hydra is ~8 Myr (Donaldson et al., 2016). There is not
yet a complete model of photoevaporation in Herbig disc to compare with.

Wyatt et al. (2015) proposed the distinction lies in the existence of large
quantities of primordial gas in the disc. Specifically, enough gas so that small
dust grains remain well coupled, so that the gas can damp collisions and suspend
grains vertically above the midplane.

However, recent observations have begun to detect significant amounts of
gas in systems previously categorised as debris discs. Analysing mm-wavelength
observations, Moor et al. (2017) found that 11 of the 16 discs in their sample of A
type had 2CO detections, and 3 of the 7 discs studies with ALMA observations
had optically thick '2CO emission; masking the true density through optical depth
effects. Less abundant molecular tracers are therefore crucial in making accurate
mass estimates from these discs, previously thought to be very gas poor. There
is now significant amounts of gas detected in over 16 ‘debris’ systems, a number
likely to rise as more ALMA observations are executed.

There are two leading theories as to how gas can remain at such late stages of
disc evolution. The first proposes that the gas we observe is of a secondary origin.
In a secondary scenario, after the primordial disc has dispersed collisions between
large, rocky planetesimals result in fragmentation and the release of any gas
that was trapped within them. This secondary generation of gas is immediately
vulnerable to photodissociation and it is believed that neutral carbon within the
inner disc plays an important role in shielding the CO to avoid its rapid removal
(Kral et al., 2019). A prime example of a secondary scenario is in debris disc (3
Pic. Figure 1.11 shows the ALMA data in which CO gas was detected at the same

location as the planetesimal belt in the system, but only on one side of the disc.
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Figure 1.11: ALMA observations of dust continuum (top left) and CO gas rota-
tional emission from the 3 Pic disc, viewed here almost edge-on. On the right
hand side is a deprojection of the gas emission, reconfigured so as to give a pole-on
view. Figure adapted from Dent et al. (2014).

The de-projected view on the right of Figure 1.11 is interpreted as a site of origin
for the gas towards the southwest followed by a tail pointing in the direction of
rotation (Dent et al., 2014). The gas is believed to have been released due to
a collision of objects with mass similar to that of the planet Mars. Kral et al.
(2017a) applied a numerical secondary gas model to 13 known debris discs with
gas detections and were able to reproduce the observed fluxes for all but three
cases, suggesting that the majority of currently known gas bearing debris discs
agree with a secondary gas scenario. The gas in the remaining three systems (HD
21997, HD 131835 and HD 138813) is likely to be primordial.

The alternative theory is of ‘hybrid’ discs. In a hybrid scenario, the dust in
the disc is of a secondary generation resulting from growth and fragmentation as
a result of collisions of solids. The gas however is still primordial, lingering from
the protoplanetary disc stage of evolution.

In Figure 1.12, Péricaud et al. (2017) demonstrate a correlation between CO

gas emission and continuum emission for sources from a range of evolutionary
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Figure 1.12: 2CO rotational emission plotted against continuum emission in two
different ALMA wavelength bands for T Tauri, Herbig, debris and hybrid discs.
Binaries are plotted as open circles. Hybrid discs lie above the general trend at

both wavelengths. Figure from Péricaud et al. (2017).

stages. The hybrid discs in red appear as outliers from the main population of
the plot due to their increased gas flux relative to the dust flux. The straight
line fit to data in Figure 1.12 is interpreted as showing a concurrent reduction of
both gas and dust from the disc as time goes on. The hybrid discs do not follow
this behaviour, perhaps suggesting that their dust population is evolving faster
than the gas. The rarity of detected hybrid discs may be a result of the speed
of disc dispersal mechanisms, making hybrids difficult to catch observationally
(Péricaud et al., 2017).

All currently proposed hybrid discs are found around A type stars, and as
of yet there is no equivalent around T Tauri stars (Lieman-Sifry et al., 2016).
All hybrid discs are either isolated, or in loose associations, perhaps aiding with
their detection as their discs are likelier to be more massive and more luminous,

unaffected by the dynamics or radiation fields of neighbours.

1.3 Herbig Stars

Herbig Ae/Be (HAeBe) stars are pre-main sequence intermediate mass stars that
host massive accretion discs (Hillenbrand et al., 1992). First considered as a

distinct grouping of objects by Herbig (1960), the author set out three key criteria

32



1.3 Herbig Stars

for the sample: the star must be of spectral type A or earlier with emission lines,
it must lie in an obscure region and it must illuminate a fairly bright nebulosity
in the immediate vicinity. The et al. (1994) produced a comprehensive catalogue
of 287 sources meeting this criteria which forms the basis of modern lists defining
the category. In the modern day, only the first of the main criteria is regularly
upheld, and even this has been relaxed somewhat to include some F-type stars
(e.g. Chen et al., 2016; Vioque et al., 2018).

Herbig stars have mass between 2-8 M, bridging the gap between low mass T
Tauri stars and embedded MYSOs. The division between high and low mass stars
is a result of the internal structure of the star. Low mass stars have a radiative
interior and a convective envelope, leading to strong magnetic fields that control
accretion from the disc (Bouvier et al., 2007). Massive stars on the other hand
have a convective interior and a radiative envelope, the corresponding mechanism
for accretion is still unknown. As a result of the differing internal structure, the
stars take different paths on the HR diagram as they evolve towards the main
sequence. Low mass stars contract on to the main sequence taking a nearly
vertical path, whereas intermediate- and high- mass stars increase in effective
temperature more drastically and so they move to the left on the HR diagram
before joining the main sequence. Massive stars are still embedded when they
reach the main sequence and continue to accrete strongly. Figure 1.13 gives an
indication of how pre-main sequence evolution varies over the stellar mass range.

The terms intermediate mass star, A type star and Herbig star are used some-
what interchangeably in the remainder of this thesis when comparisons are made
between discs hosted by stars with similar properties. For clarity, the main dif-
ference in the usage here is that ‘Herbig stars’ is used as shorthand for Herbig
AeBe stars, and will strictly refer to pre-main sequence objects. ‘Intermediate
mass’ stars will be used to refer stars of mass ~ 2 — 8M, ignoring their age so as
to include stars with debris discs or naked planetary systems. ‘A type stars’ will
sometimes loosely incorporate stars of early K or late B type as well as spectral
type A stars, but is always broadly referring to the lower mass Herbig stars of

~2-3 My and their older main-sequence counterparts of similar mass.
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Figure 1.13: Pre-main sequence evolutionary tracks using the results of the MIST
project (Choi et al., 2016; Paxton et al., 2010) on a Hertzsprung-Russel diagram.
Tracks are plotted for a range of stellar masses from 0.1-20 M. Low mass stars
descend vertically onto the main sequence whereas high mass stars travel further
horizontally on the plot. The tracks are plotted until the point at which the star

joins the main sequence.

1.3.1 Discs around Herbig Stars

Herbig stars are particularly useful for studying planet formation because the
discs they host are bright, massive and extended, making them relatively easy to
detect and resolve. Herbig discs have masses 1-10 Mj (Pani¢ et al. in prep), with
the most massive being of order 10s M;. These are large masses in comparison
to T Tauri discs in the ALMA Lupus survey where Mg,s < M; (Ansdell et al.,
2016). Gas discs in Herbigs can extend for 100s of au, an extreme example being
HD 97048 in which CO gas extends up to ~ 750 au (Walsh et al., 2016) (c.f.
median disc radii in the Lupus survey = 102 au).

The embedded nature of massive stars and their strong radiative pressure

make disc studies very difficult; only recently was the first Keplerian disc around
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an O-type star imaged (Johnston et al., 2015). Low mass T Tauris on the other
hand host cool, small discs that require high resolution and sensitivity to study in
detail. Consequently Herbigs have played an instrumental role in studies of disc
structure. Their bright discs make them ideal targets for interferometric observa-
tions and as a result some of the most famous and well-studied discs are hosted
by Herbigs (e.g. HD163296, HD100546). Furthermore due to the more massive,
more luminous host stars compared to their T Tauri counterparts, Herbigs are
ideal targets for studying gas in protoplanetary discs. A more luminous star
results in a warmer disc that is capable of sustaining key molecules in the gas-
phase for a greater radial extent. As a result the disc’s temperature and chemical
structure is different to those of lower mass stars, with the latter possessing inner
regions that are more carbon-rich (Walsh et al., 2014a).

Intermediate-mass stars and their discs have played a large role in observa-
tional breakthroughs in planet formation, and it seems they may well hold the
keys to a number of remaining open questions. Results from radial velocity sur-
veys suggest that A type stars are the most likely to host giant planets (Johnson
et al., 2010; Reffert et al., 2014), and the majority of debris discs detected to
contain large amounts of gas are also around A type stars (Moor et al., 2017;
Péricaud et al., 2017). Characterising the dust and gas in their discs is therefore
crucial for developing our understanding of planet formation processes and disc

evolution.

1.4 Methods

1.4.1 Millimetre Interferometry

As illustrated in Figure 1.6, the midplane of the dust disc and the outer regions
contribute to the SED of a protoplanetary disc with emission mainly at millimetre
wavelengths. For mapping dust structure or tracing density (caveats permitting,
Section 1.1.6) millimetre observations are ideal. Furthermore the useful gas tracer
CO and its isotopologues have low level rotational transitions at frequencies in the
(sub-)mm regime, and so characterisation of gas in discs also requires millimetre

observations.
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Unfortunately, many promising objects are far away and difficult to spatially
resolve. Furthermore high spatial resolution is inversely proportional to observ-
ing wavelength, an inconvenience for millimetre continuum and molecular lines.
The solution to these problems is millimetre interferometry. This is where mul-
tiple antennas work in conjunction to simulate one large aperture. The angular
resolution of the array, rather than being dictated by the diameter of a single
antenna’s dish, is proportional to the maximum baseline between two antennas
in the array.

Rather than measuring brightness and position on the sky as in most other
forms of imaging, interferometry measures the interference pattern between two
apertures, measuring instead amplitude and phase. The brightness and position
that we see in the ‘image plane’ are related to the raw interferometric data, known
as visibilities V' (u,v) following van Cittert-Zernicke theorem (Thompson et al.,
2017).

The fidelity of an image reconstructed from interferometric measurements,
i.e. the degree to which it is faithful to the original brightness distribution of
the source on the sky, is limited by ‘uv-coverage’. uv-coverage refers to how well
the Fourier transforms of the set of baselines for a particular array fills the uv
plane. The more baselines employed, the more baseline vectors a configuration
of antenna pairs covers, and the greater the coverage of the uv-plane for the
observation.

Long exposure times benefit observations in two ways. The first is that an
increased number of photons can be captured relative to a ‘snapshot’ observa-
tion, thereby improving the signal-to-noise ratio. The second relates to the uv
coverage; the rotation of the Earth during the period of observation means that
the position of the target source will change relative to the observing array, which
means a greater amount of uv space is covered. Increasing the number of antennas
in an array increases the number of baselines which will also improve uv coverage,
for example the Australia Telescope Compact Array (ATCA) observes at mm and
cm wavelengths using six antennas, which means it has 15 individual baselines
and relatively low uv-coverage. Whereas the Atacama Large Millimetre/sub-
millimetre Array (ALMA) observing with 50 antennas has 1225 baselines. ALMA
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offers unprecedented uv-coverage at millimetre wavelengths, along with unprece-
dented angular resolution achieved through the maximum baseline of up to 16km.

A further consideration is the configuration in which the antennas are ar-
ranged. Antenna configuration is related to the uv coverage achieved and so
careful design of the antenna array can maximise uv coverage in observations to
improve fidelity as shown in Figure 1.14. A linear configuration of antennas in
the top panel of Figure 1.14 samples only a very specific part of the uv space
in one direction, and so the image represents a 1-dimensional projection of the
brightness distribution. The second row achieves much better uv coverage by
simulating a long integration time, thereby utilising the Earth’s rotation and
producing an image that resolves key features in the image which has become
recognisable. The final panel uses the ALMA extended configuration which was
designed to maximise angular resolution. Finer details in the image are recovered
and the image looks very similar to the brightness distribution of the science tar-
get, which in this case means that the image of Jafar the lion is very clear and

his main features can be easily identified and analysed.

1.4.2 Data reduction

The reduction of millimetre interferometric data can be broadly summed up by

the following sequence:

Fourier Transform Deconvolution
— —

Calibrate V(u,v) Dirty beam & image Clean beam & image.

The first step is calibration of the observed visibilities, V' (u,v). Calibration is
achieved by utilising observations of calibrator objects that were observed along-
side the science target. Flux is calibrated using an object of known magnitude at
millimetre wavelengths, often a bright quasar in the same region of sky as the sci-
ence target. Also required are real-time calibrations of phase in order to discern
the effects from the atmosphere with those originating from the target. Good
phase calibrators should be a point source as a true point source should have zero
phase in the visibilities. Phase calibration is the most important for final image
quality, removing atmospheric effects and variation with time throughout the ob-

servation. A final important step is the bandpass, or frequency, calibration which
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Antenna Configuration uv coverage Reconstructed image

Figure 1.14: Demonstrating the importance of the sampling function and good
uv-space coverage. The panels show three synthetic images of Jafar the Leeds
Lion generated using three different observing set ups. In each row the configu-
ration of antennas is shown on the left, the uv coverage is shown in the middle
and on the right is the final ‘image’. The top row simulates a snapshot integra-
tion with 50 antennas in a linear configuration. The second row uses the same
antenna configuration as the top row, but with a much longer integration time
that utilises the rotation of the Earth to maximise uv coverage. The bottom
row uses the ALMA extended configuration with 50 antennas and a long integra-
tion time. Synthetic observations visualised using Pynterferomter, available at:

www.jb.man.ac.uk/pynterferometer /
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removes noise introduced due to instrumental effects and non-physical variations
in frequency. The calibration process is becoming increasingly automated with
the development of high quality calibration pipelines that can be applied to a
data set.

Once visibilities have been calibrated, a Fourier transform converts the sam-
pling function into a ‘dirty beam’ and the observed visibilities into a dirty image.
Mathematically the dirty beam is described by the inverse Fourier transform !

of the sampling function S:

1 where visibilities are measured
S(u,v) =

0 where they are not
Bairiy = T H(S(u,v)),
and the dirty image is described by
Ty = F (S x V),
where V is the measured visibilities, defined as
V=7 (Bprimary ) ]Source)'

The CLEAN algorithm (Hogbom, 1974; Rau and Cornwell, 2011) is then used
to convert the dirty map as measured by the array into an image compatible
with the brightness distribution on the sky via deconvolution. Deconvolution is
a process that attempts to discern ‘real’ emission from artefacts that have been
introduced as a side effect of the image reconstruction process. It does so by
building a model of the emission by iteratively subtracting the brightest emission
and inserting it into the model until the noise levels of the dirty image are reached.

Aside from using data that has been taken with a greater number of antennas
or a more appropriate layout of antennas (i.e. decisions made before the obser-
vations are taken), the deconvolution process can be optimised by choosing the
weighting scheme for the sampling function. The basic, and most regularly used

weighting schemes are (Remijan et al., 2019):

e Natural: Visibilities are weighted using the inverse noise variance on that
visibility. This scheme typically produces images with the best signal-to-

noise at the expense of angular resolution.
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e Uniform: Regrids the data in the uv plane, and then gives equal weighting
to all uv cells, increasing the contribution of visibilities that would be given
low weighting by the ‘natural’ scheme. This sharpens the angular resolution
of the final image and helps to reduce sidelobe artefacts, but in doing so

Increases rms noise.

e Briggs: A flexible weighting scheme controlled by a robust parameter,
R, to achieve a trade-off between sensitivity and resolution. R=-2 gives a
result similar to ‘uniform’ weighting and R=2 is similar to ‘natural’. R=0.5

is regularly adopted as a useful compromise.

Line emission

Line emission occurs over much narrower frequency intervals than continuum
emission. Line profiles are best detected and characterised when using fine spec-
tral resolution (ALMA Cycle 7 channel widths could be as narrow as 3.8 kHz). An
important consideration in reducing data of molecular emission lines is removing
the contribution from continuum flux. If the line emission is not brighter than
the continuum within its frequency range, there will be no detection at all. By
fitting a polynomial to the continuum data, a model of the emission’s dependence
on frequency is created and subtracted from the spectral windows containing line

emission to leave behind only the emission from the line.

Self-calibration

As part of the deconvolution process, a model of the observed emission is built
by the CLEAN algorithm. If the source is bright enough, this model can be
used to calibrate the data and produce an image with increased signal to noise.
Self-calibration takes advantage of time averaging of the data and can be used
iteratively to continually improve signal to noise in the image (Pearson and Read-
head, 1984).
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1.4.3 Radiative Transfer Modelling

In order to understand the temperature structure within protoplanetary discs,
and to subsequently model their emission, the passage of stellar photons through
the mixture of gas and dust in protoplanetary discs must be addressed. When
passing through a medium photons can be absorbed, scattered, or continue on-
ward unimpeded. The mean free path of a photon in such a scenario depends
upon both frequency and the distance travelled through the attenuating medium.
The reciprocal of the mean free path defines the extinction coefficient, , often
referred to as the opacity. The optical depth of a ray of light travelling between

two points (Sg, s1) in this medium can be expressed as:

T, = /3:1 Ky(s)ds (1.14)

where ds is an infinitesimal path length through the medium. Optical depth
is used to construct the radiative transfer equation, which describes how the

intensity of light alters as it travels through a medium:

dl, v
— I, +

- = — 1y
dr, Pk,

(1.15)

where j, is the emissivity of the medium. The first term on the right hand
side represents absorption within the medium whereas the second term represents

emission and is sometimes written as .S,, the source function.

Monte Carlo Methods - MCMax

Solving the equations of radiative transfer for a specific geometry and containing
a variety of matter is very difficult and cannot be achieved analytically. In this
thesis the code MCMax (Min et al., 2009) is employed, which performs 3D Monte
Carlo radiative transfer in a 2D axisymmetric geometry. The code calculates
dust temperature, vertical structure and contains disc physics including dust
sublimation and viscous heating.

A Monte Carlo code solves the equation of radiative transfer through prob-
ability. Radiation from the star is represented as photon packages travelling

through a disc model, propogating as described by Equation 1.15 in order to set
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the temperature. Photons take a random walk and at each grid cell they are
either absorbed, scattered or do not interact at all. Absorption of a photon adds
its energy to that of the grid cell, increasing its temperature. A new photon
with a spectrum corresponding to the temperature in the cell and the local dust
opacity is then emitted.

If the cell has absorbed and emitted before, then the new photon is emitted
with the difference spectrum between before and after the energy absorption,
this procedure is known as immediate temperature correction (Bjorkman and
Wood, 2001). The random walk of each photon continues from cell to cell until
the photon leaves the disc. When all photon packages have propagated through
the disc, the final temperature structure is been calculated. An infinite number
of photons would explore all possible paths and produce an exact temperature
structure. In reality stochastic errors on temperature occur in each cell, but
these errors can be reduced by increasing the number of photons used in the
calculations.

The vertical structure is then calculated iteratively, assuming the gas to be
in hydrostatic equilibrium and that the gas temperature is equal to the dust
temperature (a good approximation below the surface layer of the disc as shown
in modelling by Kamp and Dullemond, 2004). The initial structure is calculated
using Equation 1.3. The vertical structure of the dust is then calculated under
the influence of dust settling and turbulent mixing, which requires an update to
dust temperature. This dust temperature is in turn used to update the vertical
structure of the gas which is likely to deviate from the guess made with Equation
1.3, meaning the temperature and density structure in the disc are not currently
self-consistent. Dust temperature and vertical structure calculations of the dust
and gas are iterated until a self-consistent solution is converged upon.

The run time for a model increases with the number of photon packages used
and is proportional to 72. Certain models can therefore lead to significant com-
putational costs. MCMax includes two approximations that reduce the overall
run time and improve the calculated temperature structure in regions of high
optical depth. The first deals with regions of high optical depth, where photons
can have many interactions within a small region of the disc, using up a dis-

proportionate amount of computation time. This time can be reduced however
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by treating all interactions with a single computational step using a modified
random walk (Fleck and Canfield, 1984). A second key optimisation improves
the accuracy of the temperature structure in regions of high optical depth where
photon statistics are low. In these environments energy transport occurs mainly
through radiative diffusion and so the issue can be solved using a partial diffusion
approximation. MCMax reduces the temperature in such regions by using the
diffusion equation from Wehrse et al. (2000) with the Monte Carlo temperature
immediately outside of the optically thick region as boundary conditions. This
reduces the number of photons requires to get an accurate midplane temperature
by orders of magnitude.

MCMax uses a multi-wavelength approach accounting for the full energy spec-
trum of photons leaving the disc, which leads to smoother predicted SEDs. The
formal solution to the radative transfer equation along the line of sight to the
disc can also be used to create a synthetic image of the disc at a given observing

wavelength.

1.4.4 Midplane Evolution and Chemical Models

In Chapter 4 midplane conditions are modelled by including the dominant physi-
cal mechanisms acting in this region of the disc. The disc evolution code presented
in (Booth et al., 2017) is employed to calculate the transport of gas and dust in
the disc in 1D. It combines viscous evolution of the gas with diffusion and radial
drift of solids. Dust evolution is calculated with a model containing two popula-
tions of dust: one of sub-micron sized ‘small” grains that are well coupled to the
gas and a ‘large’ grain population where maximum grain size is determined by
the competition between growth and fragmentation processes following Birnstiel
et al. (2012). The total dust mass is dominated by the contribution from the
large grains, whereas the surface area is dominated by the small grains.
Temperature structure in the disc controls whether grains are icy or ice-free,
which in turn sets the collision velocity at which grains fragment, and determines
the state of volatiles in the midplane. In this thesis a simple chemical model is
applied in order to trace the abundance of major molecular carriers of carbon

and oxygen in both the gas and solid phase. The model adopted is that of Oberg
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et al. (2011), also implemented as ‘case 2’ in Booth et al. (2017); Madhusudhan
et al. (2014, 2017). It contains the major C-, N- and O- carrying species observed
in protoplanetary discs and giant exoplanet atmospheres; H,O, CO, CO,, NHj,
N,, silicates, refractory O components, organics and carbon grains. Initial solar
abundances are adopted: C/H= 2.7x107* | N/H= 6.8x1075, O/H= 4.9x107%,
and Si/H= 3.2x107° and the binding energies for the key molecules are the
same as those used by Piso et al. (2016) and Booth et al. (2017). Equilibrium
ice abundances are found by balancing thermal adsorption and desorption rates
in the midplane. Drift will act to alter the chemical abundances as a function
of radius, an assumption of our model is that chemical reactions act to restore
equilibrium abundances. Abundances of the gas and ice phase molecular species
are updated close to snowlines but the amount of material in carbon grains and

silicates is assumed to be constant (Booth et al., 2017).
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Chapter 2

Asymmetric midplane gas in
ALMA images of HD 100546
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2. Asymmetric midplane gas in ALMA images of HD 100546

2.1 Context

In this chapter new ALMA observations of the Herbig transition disc HD100546
are presented. These data include the first detection of C'80 in the disc and the
first ALMA imaging at 1.3 mm, a crucial wavelength regime for tracing mass
in the outer disc and dense midplane in which a significant proportion of disc
mass resides. This system is investigated through characterisation of its gas and
dust emission. Estimates of mass in both the gas and dust are calculated in
order to assess the remaining planet-building budget within the disc. By utilising
observations at shorter wavelengths, the spectral index of disc emission is used to
constrain the maximum size to which dust grains have grown in the disc giving an
indication as to the state of the dust’s evolution. The detailed analysis of these
ALMA observations provide a valuable characterisation of a massive disc around
an intermediate mass, pre-main sequence star thought to be hosting embedded

planets within its disc.

2.1.1 HD 100546

This chapter focuses on a fascinating example of planet formation; the well-
studied disc around Herbig Ae/Be star HD 100546. The star is located at a
distance of 110pc (Lindegren et al., 2018) with a mass reported by van den Ancker
et al. (1997) of 2.4 Mg from pre-main sequence (PMS) track fitting and more
recently 1.9 M, by Fairlamb et al. (2015) derived through X-shooter spectroscopy
and PARSEC PMS tracks (Bressan et al., 2012). Although previously thought
to be as old as >10Myr (van den Ancker et al., 1997), Fairlamb et al. (2015)
calculate an age for the star of 7.024+1.49 Myr and using the updated parallax
from GATA data release 2, Vioque et al. (2018) find a younger age of 5.5752 Myr.

2.1.2 Evidence for proto-planet(s)

The system has been long associated with active planet formation and so is well
studied. Direct imaging of a protoplanet has been claimed at ~50 au via di-

rect imaging by Quanz et al. (2015) and there has been some evidence of an
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inner companion as well. This includes SED modelling and mid-IR interferome-
try (Mulders et al., 2013; Pani¢ et al., 2014), ALMA observations (Walsh et al.,
2014a), near IR spectroscopy (Brittain et al., 2014, 2013) and a point source in
GEMINI Planet Imager (GPI) data at 10 au (Currie et al., 2015) supporting the
proposed planet at the inner disc wall. However this predicted companion has
alluded detection in more recent GPI and Magellan Adaptive Optics System ob-
servations by Follette et al. (2017). The position of the potential inner companion
coincides with the position of the rim of the inner gap at ~ 11 + 1 au, interior
to which is a small inner dust disc of <0.7 au (Panic¢ et al., 2014) and a recently
detected bar-like structure reaching across the inner gap in both continuum and
Ha emission (Mendigutia et al., 2017).

2.1.3 Structure in the disc

Observing with ATCA, 7Tmm continuum emission from HD100546 can be fit by
a Gaussian with FWHM between 50 and 60 au (Wright et al., 2015), and the
authors assert that grains in the disc are well-processed and have grown as large
as bem and possibly further. Walsh et al. (2014a) are able to detect a significant
amount of weak, extended continuum emission beyond this and find a best-fit
model for the dust in the uv plane comprised of two rings with a Gaussian pro-
file; one centred at 26 au with a FWHM of 21 au and one at 190 au with FWHM
75 au. Pineda et al. (2014) find that mm-sized grains are trapped within a similar
inner ring and note brightness asymmetries in the dust between the South-East
and North-West of the disc. All three of these studies at (sub-)millimetre wave-
lengths favour arguments of at least one giant planet orbiting within the disc. The
disc does not appear to be axi-symmetric; scattered light studies routinely ob-
serve multiple asymmetric features and spiral arms within the dust disc (Follette
et al., 2017; Garufi et al., 2016), including a ‘dark lane’ observed by Avenhaus
et al. (2014) in the same direction as the horse-shoe shaped asymmetry identified
in 7 mm images of (Wright et al., 2015). A selective summary of imaging of
HD100546 across the wavelength range is presented in Figure 2.1. The exact na-
ture of corresponding features at millimetre wavelengths has until now remained

largely undefined.
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Figure 2.1: Previous multi-wavelength imaging of HD100546 on shorter spatial
scales within the ~0.9 arcsec synthesized beam of the ALMA images presented
here. Top left: Near-IR polarised scattered light image created by Avenhaus
et al. (2014), image shown is a Kj filter PDI image of HD100546 annotated with
detected features. Green dots show the proposed locations of planets. Top right:
SPHERE/ZIMPOL Q polarized light image of HD 100546 at visible wavelengths
from (Garufi et al., 2016). Bottom left: Sum of GPI and MagAO imaging
presented in (Follette et al., 2017) annotated with identified features. Bottom
right: Radio interferometry image from data taken with ATCA at ~7 mm and
presented in Wright et al. (2015). Contour levels are at 5, 7, 9, 11, 13, 15, 18,
21, 23, 25.7 times the RMS of 0.03 mJy/beam. The synthesized beam is 0.200.18

arcsec.
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2.2 Observations & Data Reduction

The gas in the disc is much more spatially extended than the dust, CO has
been measured out to ~400au (Walsh et al., 2014a). Very little is known about
the gas mass of this uniquely interesting disc due to a lack of data observing
optically thin gas lines. Gas mass calculations based on optically thick ?CO
emission can lead to underestimations of as large as two orders of magnitude in
comparison to those using optically thin CO isotopologues (e.g. Kospal et al.,
2013).

In Section 2.2 the observations are described and the initial results and mea-
surements are presented in Section 2.3. In Section 2.4 the gas and dust mass
in the disc are calculated and apparent asymmetry in the images is analysed.
The deprojected, azimuthally averaged flux profiles are utilised to determine the
radial extent of the emission for each of the observed tracers and calculate G,

to infer levels of grain growth. The main results are summarised in Section 2.5.

2.2 Observations & Data Reduction

New ALMA observations of HD 100546 were made using band 6 receivers across
4 unique spectral windows (SPWs); project ID 2015.1.01600.S, PI: O. Panié.
The two continuum windows, SPW0 and SPW1, both contain 128 channels of
width 15625 kHz to give a total bandwidth of 2 GHz, SPWO0 has a central fre-
quency of 232 GHz, with SPW1 at 234 GHz. SPW2 contains 1920 channels of
width 61.035 kHz, which at central frequency 220398 MHz gives resolution of
0.083kms™! for the window containing the *CO (2-1) emission line. The C*®O
(2-1) line is in SPW3, this window has 3840 channels of 0.166 kms™! at central
frequency 219560 MHz. Observations were made on the 28th March 2016 for
a total time of 625s on source, employing 43 antennas with a baseline range of
15-460 metres giving a maximum angular scale of 1076. The flux calibrator was
J1107-4449 and the phase calibrator was J1136-6827, the latter is found at the
position 11:36:02.09787 -68:27:05821, which is (0722, 1773) degrees offset from the
target.

Calibration and reduction was carried out using CASA version 4.7.0. and imag-
ing was performed using CASA tasks and the CLEAN algorithm (Rau and Cornwell,

2011). Line-free continuum channels were used to construct image models to be
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2. Asymmetric midplane gas in ALMA images of HD 100546

used for self-calibration with reference antenna DA59 and the minimum solution
interval length for phase calibration. The resulting solutions were then applied
to all channels. After applying self-calibration, images were created with Briggs
weighting and robust=0.5, giving a synthesized beam of 1705 x (77, P.A. = -160°
for the continuum image. Source emission is contained within the inner third of
the primary beam and so primary beam correction was not applied to images.
Data cubes were created for the line emission by subtracting the continuum from
SPWs containing the line emission using CASA task wvcontsub. Images of the
lines have beam sizes of 1708 x (0”82, P.A. = -161° for '3CO and 1710 x 0”83,
P.A. = -160° for C'80. Integrated intensity, from which fluxes are measured, and
intensity weighted velocity maps were created with CASA task immoments by
summing all emission in channels containing significant (> 30) signal; in the case
of 13CO this corresponds to a range between -0.62 and 11.4 kms~! and for C*O
between -2.0 and 10.8 kms~!.

In addition to the data presented here, archival cycle 0 ALMA observations
of HD 100546 in band 7 as described by Walsh et al. (2014a) are utilised (Project
ID: 2011.0.00863.S, PI: C. Walsh). This data is re-reduced and imaged, applying
self calibration as described above to obtain continuum emission observed at a
wavelength of 867um. The cycle 0 data used J1147-6753 as a phase calibrator,
offset from the primary target by (172, 2”3). The continuum image has a syn-
thesized beam of dimensions 0795 x 0742, 38°. The minimum baseline of 21 m

results in a maximum angular scale of 5”3.

2.3 Results

The integrated continuum flux in the 1.3 mm image of 492 mJy is measured with
an image rms of 0.5 mJy/beam. The 3CO (2-1) integrated flux is measured at
12.872 Jy kms~! and the first detection of C'®0 in the disc gives an integrated flux
of 2.948 Jy kms™! for the (2-1) transition, with rms noise 0.033 Jy/beam kms™*
and 0.027 Jy/beam kms™! respectively. The 20 contour reaches a maximum
separation of 25 in the 1.3 mm image, 376 in *CO and 3”0 in C'¥0. Asymmetry
and the radial extent of the emission maps are thoroughly discussed in Section
2.4.2.
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Figure 2.2: On the left is the contour map of the continuum emission, contours
increase in base 3 logarithms from 30 to 729¢0. Intensity weighted velocity maps
of the two isotopologue transitions are shown overlaid with contours of the in-
tegrated line emission. For *CO(2-1), contours start at 3¢ and rise in steps of
50 to 78c, for C®O(2-1) contours start at 30, and rise in steps of 30 up to 450.
Dashed contours are negative. Beam ellipses and a scale bar of 100 au are shown
in each image. North is up and West is right, dashed lines follow the major and
minor axis of the disc, assuming a position angle of 144° and join at the stellar

position given by GAIA.

To find a position angle for the disc, the data cubes from the CO isotopologue
emission are used to identify the minor axis of the disc by locating the channel
at the systemic velocity, vsys, of the source by eye, which can be identified by the
symmetry of the map as at vy there will be no Doppler shifting. Channel maps
show the minor axis of ¥*CO in the channel at 5.5140.08 kms~—! and for C*O
at 5.3340.17 kms~!. An average of these two velocities is adopted as Vgys from
this data set, giving 5.4240.19 kms™!, shown in Figure 2.3 along with the minor
axis channel of each isotopologue. This average is consistent with the two vgys
determined from the channel maps within the uncertainties (which is assumed to
be represented by the channel widths). Figure 2.4 plots the observed spectrum
of each of the two lines. Both lines display a double peaked spectrum, where
each of the C!80 peaks is broader than the peaks of 3CO. The mid-point of the
1BCO spectrum is consistent with the average vgs. The mid-point of the C*O
spectrum is harder to determine due to its shape. The local minimum at the

centre of the double peak profile is offset from the adopted vy by 0.33 kms™*.
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2. Asymmetric midplane gas in ALMA images of HD 100546
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Figure 2.3: Overlaid contour maps of the isotopologue channels at system ve-
locity for determining disc position angle. Contours increase in multiples of 3
from 30, where for individual channels, o= 23 mJy kms™! /beam for *CO and
11 mJy kms™ /beam for C'®0. The dashed black line represents the adopted

minor axis corresponding to a position angle of 144°.

Walsh et al. (2014a) constrain a system velocity of 5.7 kms™! from their ALMA
observations of '2CO(3-2).

The orientation of the disc minor axis is used to determine the position angle
of the disc. The constrained position angle is used as an a priori estimate for a
Gaussian fit of the data, in order to determine the inclination of the source. Any
asymmetry in the emission map will influence the fitting of a Gaussian, by using
this observationally determined a priori estimate for position angle, the accuracy
of the fitted inclination is ensured.

For 3CO the position angle of the major axis, measured East of North, is
determined to be 142 4 0.8° and for C'80, 146 4= 2.3°. The average value of the
two is 144 4 2.4° which is adopted henceforth. Uncertainties give the variation

in position angle when measured from the adjacent spectral channels. Keeping
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Figure 2.4: Spectrum from the spectral windows centred on the CO isotopologue
lines. The C*O line flux densities have been multiplied by a factor of 5 in order
to make the profile easily visible in the plot. The x axis is measured relative to

the system velocity of 5.42 kms™!.

this position angle fixed, an elliptical Gaussian is fitted to each of the CO iso-
topologue integrated emission maps to determine inclinations of 42.6° and 43.7°
for 13CO and C'™O respectively via a Chi squared test with UVMODELFIT. An
average inclination of 43° is adopted for all further analysis. For comparison with
the continuum data, a simple Gaussian fit on the continuum emission returns a
position angle of 157+1.

These values are consistent with most reported position angles from previous
sub-mm observations of the disc with ALMA; Walsh et al. (2014a) find a position
angle of 146° + 4° and inclination 44° + 3°, whilst Pineda et al. (2014) find
145.14° £ 0.04° and 41.94° £0.03°. Panic¢ et al. (2014) observed the disc with the
MID-infrared Interferometric instrument (MIDI) on the VLT and find a position
angle of 145+5°, their inclination is considerably higher however because their

observations probe the inner wall of the disc at 11 au. There is growing evidence
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2. Asymmetric midplane gas in ALMA images of HD 100546

for a warp in the disc (Pani¢ et al., 2010; Quillen, 2006; Walsh et al., 2017) which
would cause inclination to deviate radially.

Asymmetry in the 2CO line profile is detected in both APEX and ALMA
observations (Pani¢ and Hogerheijde, 2009; Walsh et al., 2017). Images of the
ALMA observations of '2CO achieve a synthesizing beam of (792x(//38 (Pineda
et al., 2014). This asymmetry is not detected in the less abundant *CO or C*O
lines, finding instead double-peaked line profiles symmetric to within uncertainties
(Figure 2.4). 'CO emission traces higher scale heights in the disc, meaning
that the asymmetry could be restricted to the upper vertical layers of the disc.
There already exists evidence for asymmetry of the disc surface in the scattered
light images that identify spiral arms and other structures (Ardila et al., 2007;
Avenhaus et al., 2014; Follette et al., 2017; Garufi et al., 2016). The APEX
observations have a larger beam and therefore the results may be affected by the
extended envelope of the disc as detected by scattered light as far as ~ 1000 au
(Ardila et al., 2007; Grady et al., 2001).

The GAIA data release 2 (2018) position of HD 100546 was adjusted taking
into account proper motion between the dates of the ALMA and GAIA observa-
tions, giving a position of 11h33m25.3209s -70d11m41.2432s, within an accuracy
of (0.04, 0.05) mas (Lindegren et al., 2018). The centre of emission for each of
the tracers observed is found to be offset from this position.

Table 2.1 gives the coordinates of the centre of emission for the continuum
and CO isotopologues, accompanied by its offset from the GAIA coordinates.
A 2D Gaussian is fitted to the emission maps in Figure 2.2, the positions of
these fits are taken to be the centre of emission. A similar analysis is undertaken
here by fitting a uniform, elliptical disc geometry in the uv plane using CASA
task uvcontsub. This is repeated for each tracer, giving the position of the best-
fit disc model in Table 2.1. The benefit of uv-analysis is that it avoids being
misled by spurious artefacts that can be introduced into images during the image
reconstruction process. In each case the uv-fitted position is very similar to that
determined in the image plane. The uniform-disc fits give a position angle of 146°
and inclination of 42°, values which are within a few degrees of those constrained
above, and those from previous ALMA observations (Pineda et al., 2014; Walsh
et al., 2014a).
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2.3 Results

Coordinates of best Offset from Stellar
fitting model Position (), P.A.

Cont. (Im.) 11:33:25.305 -70.11.41.258 0.082, 79°

BCO (Im.)  11:33:25.310 -70.11.41.291  0.073, 49°

C180 (Im.) 11:33:25.305 -70.11.41.300  0.098, 55°

Cont. (uv)  11:33:25.305 -70.11.41.257 0.082, 80°

BCO (uv)  11:33:25.308 -70.11.41.276  0.072, 63°

C™®0 (uv)  11:33:25.300 -70.11.41.280 0.110, 71°

Table 2.1: Sexadecimal positions of central emission in the 1.3 mm continuum
and CO isotopologues as determined by fitting a Gaussian to integrated emission
maps in the image plane (‘Im.” above), and a uniform disc in the uv plane (‘uv’).
Positions are rounded to the nearest milliarcsecond. The angular separation
between these positions and the GATA position of HD 100546, corrected for proper

motion between GAIA and ALMA observations, is given in the final column.

The uncertainty in an astrometric position in an ALMA image depends on a
number of factors. The signal-to-noise based target position-fitting error is 1.3
mas. This is consistent with the ALMA technical handbook Section 10.6.6 . The
dominating factor in positional uncertainty is introduced when the phase correc-
tions are transferred from the phase calibrator to the target. The phase calibrator
is 1.7 degrees in separation from HD 100546, and from the phase drift between
scans a total uncertainty on the astrometric position is estimated to be ~10 mas.
This is relatively low as a result of a stable phase in the observations. Other
factors such as antenna position errors can degrade astrometry; the ALMA tech-
nical handbook cautions that with reasonable phase stability, positional accuracy
is ~1/20 of resolution, which in this case would correspond to a maximum of 50
mas. This greater value of 50 mas is adopted as a conservative uncertainty on co-
ordinate positions in the image. Each of the best-fit centres of emission in Table
2.1 have a separation from the central star that exceeds the 50 mas uncertainty
in ALMA image positions. An offset of emission from the stellar position may
indicate an over-density of disc material towards one side of the disc. Asymmetry

in disc emission is discussed in more detail in Section 2.4.2.
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2. Asymmetric midplane gas in ALMA images of HD 100546

2.4 Analysis and Discussion

2.4.1 Disc Mass
Dust Mass

In order to estimate the mass of dust in the disc the flux within a 30 contour of
the 1.3 mm continuum image is measured. The opacity depends on the maximum
grain size, for which there are only loose constraints in any individual protoplan-
etary discs. A minimum dust mass estimation can be made by assuming a dust
grain size distribution dn/da oc a=35 (Mathis et al., 1977). Assuming a maximum
grain size Gmax = 1 mm yields 1 3mm = 1.15 cm?g™! (Draine, 2006). Midplane
temperature of the dust is difficult to constrain from observations, however a firm
handle on the midplane disc mass can be found by assuming a sensible tempera-
ture range for this dense, cool environment, and so a temperature range of 20K —
40K is adopted here. In this transition disc, gas and dust are likely to be well cou-
pled, and our strong gas line detections suggest that the disc temperature must
be over the CO freeze-out temperature of ~20 K. Herbigs host more luminous,
warmer discs than their T Tauri counterparts, and so the temperature is likely
to be above this 20 K lower bound. The upper bound is taken to be 40K. In the
radiative transfer models of A type stars by Pani¢ and Min (2017), gas mass in
the disc must be increased by over two orders of magnitude to increase midplane
disc temperatures from 20 to 40 K at ~40 au from the star, so this can safely be
considered as a generous upper limit.

The assumptions above give a minimum total dust mass of 4.1x10~% Mg
for T= 40 K, and 9.6x10~* M, for T= 20 K. Figure 2.5 shows how this dust
mass can vary with midplane temperature or if the assumed level of grain growth
varies, thereby changing an., and the emissivity of the dust in turn. Between
amax= 1 mm and 10 mm, the most likely values in a protoplanetary disc at this
stage of evolution, the masses remain almost constant and are less sensitive to
temperature. This indicates that for reasonable assumptions of a,,.x and midplane
temperature, the dust mass is =107 M.

The mass range calculated is comparable with the estimate of Wright et al.
(2015) who employ the accretion disc models of d "Alessio et al. (2005) to find
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Figure 2.5: Dust mass calculated over a range of temperatures and maximum

grain sizes assuming optically thin emission measured at 1.3 mm.

Maust of order 1.0x1073 My,. Repeating the calculation above using instead the
ALMA measured flux at 867um from Walsh et al. (2014a) with a temperature
of 30K and ap.c = 1 mm, a disc mass of 0.7x1073 Mg, is found, similar to the
results between Imm and 10mm in Figure 2.5.

This is more massive than most discs around low-mass stars, which fall in the
range 1075 — 10™*M, (Manara et al., 2018). This dust mass is also at the higher
end of the range found for Herbig Ae stars 107% < Myu (M) < 1072 (Panié
at al., in prep). Given the age of the star this is quite exceptional, suggesting a

prime object to study longevity of dust in discs.

Gas Mass

From the integrated line flux of C**O above 30, assuming optically thin emission
and local thermodynamic equilibrium, the total gas mass is calculated similarly
to Hughes et al. (2008); Matra et al. (2015); White et al. (2016),

47 Fglmdz

Mgas = h A s
Vo1 A21T2

(2.1)

57



2. Asymmetric midplane gas in ALMA images of HD 100546

where Fy; is the integrated line flux, v5; is the rest frequency of the transition, d
the distance to the source, m is the mass of the CO molecule, Ay; is the appro-
priate Einstein coefficient, and z is the fractional population of the upper level.
ISM fractional abundances for CO and its isotopologues are adopted, specifi-
cally CO/Hy ~ 107*, and the abundance of C'O relative to the main isotope
CO/C™0O ~ 550 (Wilson and Rood, 1994). A gas mass is calculated in this way
over a range of temperatures. The minimum gas mass was calculated with a tem-
perature of 20 K, giving a minimum disc gas mass of 0.018 M. This estimated
gas mass is around 1% of the stellar mass, corresponding to around 18 Jupiter
masses. For comparison, in an ALMA survey of Lupus, most low-mass discs have
a gas disc mass of < 1073M. In this case Ansdell et al. (2016) determine gas
mass using the ¥CO and C'®0O measured flux for each disc and comparing to a
grid of models including isotope selective photo-dissociation. Such disc masses
are large even for Herbig stars, where the majority have discs within the range
(1-10) x 103 M, when calculated from midplane tracing CO isotopologues (Pani¢
at al., in prep). HD100546 therefore appears to still possess enough disc mass to
form Jupiter mass planets, a very significant amount for a disc that has reached
the transition disc stage of its evolution and shows detections of active planet
formation (Quanz et al., 2015).

The calculated gas mass assumes ISM abundances of C*O relative to CO.
Isotope-selective photodissociation can alter these ratios significantly in some
discs, which can lead to underestimates of disc mass by up to an order of mag-
nitude (Miotello et al., 2014). The CO line luminosities measured in this data
are unable to conclusively determine the extent of any isotope-selective photodis-
sociation when compared to the models of Miotello et al. (2016), and so our
calculation represents a lower limit. Carbon freeze-out beyond the snowline can
also result in low measured gas masses; T Tauri discs appear to have significant
levels of carbon freeze-out, for example in TW Hya (Schwarz et al., 2016). Herbig
discs such as HD 100546 on the other hand remain warmer for a greater radial
extent due to the more massive host star (Pani¢ and Min, 2017). This pushes the
CO snowline to a greater radial separation allowing carbon to remain in the gas
phase for a greater radial extent of the disc. In the disc of HD 100546 freeze-out
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2.4 Analysis and Discussion

is not expected to play a significant role; fitting physical-chemical models to ob-
servations, Kama et al. (2016) find that within the disc of TW Hydra, C and O
are strongly under-abundant, whereas in HD 100546, the depletion of gas-phase
carbon appears quite low, in part due to the relatively warm disc.

In light of the discussion above, our calculated gas estimate represents a firm
lower limit, but a very large one in comparison to other Herbig discs. The gas
mass estimated here is similar to that achieved through line modelling of another
bright Herbig disc, HD 163296 (Boneberg et al., 2016), and shows there is still
a large budget remaining in the disc for giant planet building in comparison to

discs that are in a more advanced stage of their evolution towards a debris disc,

e.g. HD 141569 (White et al., 2016).

Gas To Dust Ratio

Taking the dust mass calculated with T=20K and the minimum gas mass cal-
culated at the same temperature results in a calculated g/d for HD 100546 of ~
19. Low g/d (< 100) is observed in the majority of sources in recent surveys of
discs in star forming regions (Ansdell et al., 2016; Long et al., 2017). Studies of
individual Herbig discs suggest g/d is generally low in these larger, brighter discs
too (Boneberg et al., 2016; Meeus et al., 2010). The g/d affects disc evolution
because gas dynamics dominate the behaviour of the dust in gas-rich protoplan-
etary discs. The uncoupling of these two populations when gas densities drop
sufficiently low is a signpost for the transition to a debris disc.

Low observed g/d can mean a great amount of gas has been lost, or it can
be the result of carbon depletion in the disc through sequestration into large
icy bodies or the conversion of CO into more complex molecules. This ratio is
indicative only of regions within the CO snowline where freeze out is avoided. In
the similar Herbig disc HD 163296, the snowline is calculated to be at around 90
au (Qi et al., 2015), in cooler discs the snowline will be at a lesser separation, e.g.

TW Hydra, 30 au (Qi et al., 2013).
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2. Asymmetric midplane gas in ALMA images of HD 100546

2.4.2 Disc Asymmetry

Evidence in ALMA Images

Asymmetry in the disc has previously been reported with evidence in asymmet-
ric ?CO line profiles (Pani¢ and Hogerheijde, 2009), horse-shoe structures in
cm-wavelength observations (Wright et al., 2015) and the identification of multi-
ple scattered light features (e.g. Ardila et al., 2007; Follette et al., 2017; Garufi
et al., 2016). Unfortunately higher resolution imaging by (Pérez et al.; 2019)
resolves only the most inner regions within the first synthesized beam, and so
direct comparison is inconclusive. These high resolution images show a brighter
side of the inner wall on the opposite side to the asymmetry in the outer disc
emission we identify here. Asymmetric features can form in the disc as a result
of mechanisms such as planet-disc interactions (Baruteau et al., 2014), interac-
tions between binary companions (Price et al., 2018) or particle traps within the
disc (Van Der Marel et al., 2016; van der Marel et al., 2013). Such features are
therefore particularly interesting in a disc such as that of HD 100546 which is
proposed to host two embedded protoplanets and exhibits a range of observed
structures across different spatial scales.

In the data presented here a striking match is seen between the extended
emission in the C'¥0 map and the structures in HST scattered light observations
of the disc. The low-level bulges in C'®0 emission (Figure 2.6) persist in images
created using different weighting parameters in the image reconstruction process,
and are present both before and after applying self-calibration. Using the Ad-
vanced Camera for Surveys (ACS) on board the Hubble Space Telescope (HST)
Ardila et al. (2007) identify 3 structures in the outer disc which are attributed
to the known spiral arms in the disc. The authors name these structures 1, 2
and 3 and this convention is adopted here as well. Figure 2.6 displays the HST
image in the F435W band presented by Ardila et al. (2007). Each of the low-level
bulges in the extended C®O (2-1) emission is found in the same region of the
disc as one of the 3 scattered light structures. This provides tentative evidence
of a midplane gas equivalent to the scattered light features. The C'®O emission
is optically thin, and can therefore be interpreted as an increase in local mid-

plane density. An increased local gas density will increase the scale height of the
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Figure 2.6: The colour image shows the PSF deconvolved HST ACS image of
HD 100546 in the F435W band. Overlaid in white contours is the integrated C*O
(2-1) emission observed by ALMA, with contours at (-2,2,3,4,5) X015, dashed lines
are negative contours. Structures in the scattered light image initially identified
by Ardila et al. (2007) are indicated with black ellipses. The black circle of radius
1”0 represents the HST coronograph.

disc, the subsequent elevation of small particles towards the scattering surface
will result in a stronger scattered light flux, as seen in the HST data. The C'80
emission bulges towards the outer disc may therefore be signalling the midplane
density features that correspond with the disc’s spiral arms. In this section a

general analysis is made of any observational evidence for asymmetry in the disc,
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2. Asymmetric midplane gas in ALMA images of HD 100546

within the limits of the angular resolution of our ALMA observations.

In Section 2.3 the inclination and position angle of the disc is accurately
measured, both of which are very close to values derived from previous sub-
millimetre ALMA observations of the disc (Pineda et al., 2014; Walsh et al.,
2014a). This geometry is used to construct an ellipse with a semi-major axis
equivalent to 100 au in the disc. An initial visual assessment of asymmetry in
the disc is made by plotting this ellipse over the emission maps in Figure 2.2
centred at the stellar position. The midplane tracing 1.3 mm continuum and
C'80 (2-1) emission in particular show evidence of an offset disc in Figure 2.7,
on scales larger than that the offsets listed in Table 2.1. In both panels high
level contours internal to the inner ellipse are omitted for clarity. Towards the
northwest in the panels of Figure 2.7, the 750 contour (in the 1.3 mm image) and
the 150 contour (C'®0) overlap with the 100 au ellipse, whereas to the southeast
there is a significant offset. C!®O in particular shows azimuthal asymmetry in
the outer disc, with low level emission extending much further out as previously
highlighted in Figure 2.6.

The largest asymmetry in the disc is along the minor axis (Figure 2.7) with the
brighter region found towards the position of Structure 2 in Figure 2.6. Evidence
for this also appears in Figure 2.8, which shows slices from the emission maps
taken along the minor axis in both directions, centered at the stellar position.

C'0 (bottom panel) is brighter in the southwest for the majority of the disc,
and emission extends further by ~(0”3 in comparison to that in the northeast.
In the continuum (top panel) the southwest side is brighter than the northeast
throughout the disc. The greatest difference between the two sides is at an angular
separation of /7, where the southwest is brighter by 500. A low-level bump in
the continuum emission just beyond 270 occurs at the same radial location as the
extended C'80 emission and scattered light emission in Figure 2.6. 3CO emission
(middle panel) is also brighter in the southwest for as far as ~ 2”8, beyond which
the northeast of the disc is brighter.

Comparison to previously detected asymmetries in HD 100546

Figure 2.6 displays how the low-level, extended emission towards the edge of

the gas disc is spatially coincident with structures identified by Ardila et al.
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(2007), potentially linking observed scattered light features with the midplane
gas above which the small, scattering grains are suspended. In other scattered
light observations, Avenhaus et al. (2014) see a dark lane that extends from
~ (/2 — 06 along the minor axis. The authors attribute this to effects due to
the polarised scattering function, rather than any physical feature in the disc.
However Wright et al. (2015) also observe an arc of millimetre emission in the
same direction, at the same separation as the scattered light dark lane, but not
quite as extended.

Mid-IR interferometry is able to resolve the inner disc, where asymmetry is
found close to the inner gap of the disc at 9 au (Pani¢ et al., 2014). Features in
the inner disc can have a strong effect on the outer disc. For example there has
been recent evidence of warps from ALMA observations, e.g. this disc (Walsh
et al., 2017) and T Tauri star AA Tau (Loomis et al., 2017). A warp of the inner
disc can lead not only to shadowing of the outer disc but potentially even a break
of the disc into two distinct planes. Substructure can then develop as a result
of this geometry; a misaligned disc can result in shadows that create asymmetric
illumination of the disc, whilst a ‘broken’ disc can contain dust streamers that
cross gaps in the disc (Dutrey et al., 2014; Loomis et al., 2017). Recent very high
angular resolution (0705) ALMA observations of the disc resolve the very inner
regions of the disc, revealing an asymmetric circumstellar ring in the continuum,
brightest towards the North East (Pineda et al., 2019). The authors attribute
this asymmetry to another scattered light spiral feature, this time identified by
SPHERE (Garufi et al., 2016), on angular scales much less than that of the
synthesized beam achieved in the observations presented here.

Many of these disc structures can arise through interactions with a central
companion as shown by 3D hydrodynamic simulations of the transition disc
HD 142527 (Price et al., 2018), this is particularly interesting in regard to any
asymmetries found in the HD 100546 disc when bearing in mind the evidence

found in recent years for a further companion at smaller separation.
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Figure 2.7: Emission maps of 1.3mm continuum and C'®0 (2-1) with overlaid
dashed ellipses with a position angle of 144° and inclination of 43°. These corre-
spond to rings with a deprojected radius of 100 au and 300 au. The star marks
the GATA position of HD 100546 on which the ellipses are centered. Contours
in the top panel range from (5-75)xo in steps of 100 and in the bottom panel
from (3-15)xo in steps of 20. Dashed contours are negative. High level contours

internal to the ellipse are omitted for clarity.
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Figure 2.8: Slice are extracted from the emission maps of each tracer along the

minor axis. Solid lines show the slice towards the southwest, dashed lines show

the slice to the northwest. The horizontal purple line indicates the rms measured

in each image.
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2.4.3 Asymmetry Analysis

Asymmetry in the surface brightness of the gas emission can occur from increased
temperature, increased density or a combination of the two.

In 3D hydrodynamic simulations, spiral arms launched by planets observed
at 1.3 mm have been shown to induce azimuthal variation in gas surface density
of approximately 50-60% (Juhdsz and Rosotti, 2018), and should also be observ-
able in optically thin gas observations. In this scenario, a large spiral arm could
increase gas density locally, thereby elevating the scale height of micron-sized
grains to produce the scattered light features. Alternatively a local density in-
crease of 30% over a length scale approximately equal to the disc scale height is
enough to provide the conditions for dust trapping of larger particles in the outer
disc (Pinilla et al., 2012b). Another explanation for local increase in density is a
gravitationally unstable disc, where clumping occurs due to gravitational forces if
the free fall time scale is short compared to sound speed crossing time scales and
shearing time scales (Toomre, 1964). This is generally found in discs at an earlier
stage in their evolution whilst discs are still very massive (Mgisc./M, > 10%),
which is not the case here.

Brightness asymmetry can also result from varying temperature in the disc.
Azimuthal variation in disc temperature may result from an inner warp that

obscures sections of the disc or azimuthal variation of density.

Density Scenario

In this scenario it is assumed that the difference in observed brightness is due
solely to changes in gas density. The disc is bisected along the major axis and
then each half is divided into three 60° degree segments, the flux for each segment
is then summed. By calculating the brightness ratio between two segments on
opposite sides of the disc, the increase in surface density required to produce
the difference in flux can be readily calculated. The intensity of integrated line

emission is given by
. hVAJ7L]_1N(J)

I
A7 ’

(2.2)
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where A ;_; is the Einstein coefficient for spontaneous emission from level J to
level J-1, and N(J) is the column density in a specific level. The intensity is
therefore proportional to the density of molecules in the N(J) level.

The largest brightness difference is between the two segments along the minor
axis; the southwest is brighter than the northeast by a factor of 1.10£0.15 .
The asymmetry identified in Section 2.4.2 is most obvious in the outer disc. The
brightness ratio of outer regions, summing only the emission beyond a deprojected
radius of 100 au is found to be 1.27+0.18 . The angular resolution of the current
observations limits comparisons of brightness across regions of the disc. Local
density increases on smaller scales can alert us to certain physical mechanisms in
the disc, some of which are discussed below.

Given the 1”70 resolution of the data, it is feasible that there are much larger
azimuthal density variations for a given radial separation that are diluted by the
beam. This might arise due to a local increase in density due to, for example, a
spiral arm. Ardila et al. (2007) associate the three structures in Figure 2.6 with
spiral arms, and it is towards each of these structures that the outer disc of C*O
emission seems least symmetric.

From this data the possibility of an unresolved vortex capable of trapping
particles at large separation in the HD 100546 disc cannot be ruled out, as the
observed density variation is similar to that predicted by Pinilla et al. (2012b).
High resolution data across multiple wavelengths would help to identify any such
feature (e.g. Cazzoletti et al., 2018). Such dust trapping vortices have not yet been
found at such a large radial separation from the host star however, as densities in
outer disc regions are typically not large enough to create the required pressure
jump.

Calculation of the Toomre parameter, Q, based on the radial profile of C'¥0O
rules out gravitational instability in the disc. Assuming C'80 traces total disc
mass, Q(R) for this disc reaches a minimum of 24 at 80 au confirming that the
disc is stable against gravitational collapse. However a clump in the outer disc
will experience relatively long orbital timescales, meaning it will take longer to
break up. Fragments of the disc that were previously unstable might linger at

the outer edges of the disc as they dissipate.
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2. Asymmetric midplane gas in ALMA images of HD 100546

Temperature Scenario

To test the possibility of temperature variation as the cause of asymmetry in the
outer C'80 disc, the average flux in different segments of the disc is measured
as in the previous section, and the temperature variation that would be required
to reproduce such a flux difference is calculated. Through a comparison of the
average fluxes in opposite segments, the increase in temperature required if this
was to be due to temperature alone (i.e. no density increase) can be determined.

Column density of C'80 gas in the J=2 level is calculated using

2J+1 1

7 cap(MEET)

N; = N(total)

(2.3)

where T is the midplane temperature and B, is the rotation constant. The

partition function, Z, is calculated using

. hB.J(J + 1
Z—;2J+1 (= k(T i )), (2.4)
Substituting for Z and N(J), Equation 2.2 becomes
hvAys-1 Near (27 +1) 1
47 exp(hBeJ (J+1) ) ZJ (2] +1) exp(thek{ngJrl))'

AT required to produce the observed brightness ratio of 1.27 from Section

I =

(2.5)

2.4.3 is plotted against a range of potential midplane temperatures in Figure 2.9.

Figure 2.9 shows that even for a midplane temperature as cool as 20K (below
which CO is no longer in the gas phase), a 75% increase in average temperature
is required. From 24K and above, the average temperature of the outer disc
midplane must increase by greater than 200%. There are no known physical
processes expected within the disc midplane which could produce such a large
change in temperature, especially when averaged over such a large proportion
of the disc. Assuming that inner parts of the disc dominate the flux in each
segment, temperatures may be larger than in the cool outer disc. However, the
radiative transfer models of Pani¢ and Min (2017) show that in reality an increase
in disc temperature from 20 to 32K (comparable to the 20-35K increase in Figure

2.9), requires an increase in gas density of order 10, far greater than what is
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Figure 2.9: Calculated temperature, T+TAT, required to produce the observed

variation in flux in segments of the disc from the C*¥*O moment 0 map, over a

range of assumed midplane temperatures. The dashed line indicates AT=0.

detected here. These calculations rule out temperature as a sole cause of any
flux asymmetry. In order to explain the difference in brightness between the two

regions of the disc, some form of density increase must be invoked as well.

2.4.4 Radial Flux Profiles

Ignoring azimuthal variations in disc emission, flux changes in the radial direction
are considered by de-projecting and then azimuthally averaging, around the mm
continuum centre, the emission from images in Figure 2.2. The resultant average
profiles are shown in Figure 2.10.

Taking advantage of the high signal to noise in the data, the following method
is adopted to obtain an accurate uncertainty estimate for the radial flux profiles.
Each image is averaged off-source in ‘empty’ sky locations at 45° position angle
intervals at a separation that does not include any significant emission from the
central source, but is also well within the primary beam. The resultant radial
profile gauges the level of fluctuations due to background noise in that part of

the image (shown as grey lines in Figure 2.10, more visible in the insets). The
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Figure 2.10: Azimuthally averaged flux plotted against radius in green for both
the continuum and line emission. Grey lines show the averages obtained for
regions off-source (no emission). The shaded area represents the 20 level com-
puted from these off-source averages. Dotted black lines are least-squares fitted
Gaussians to the flux profiles. Horizontal black lines give the spatial scale corre-
sponding to the deprojected FWHM of the synthesized beam.
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amplitudes of these fluctuations as a function of radius are fitted with polynomi-
als, the polynomials are then averaged over the different off-source locations. The
resulting final polynomial gives the average level of off-source fluctuations in the
image as a result of the azimuthal averaging process, which is used for error bars
on the average flux curve. This method also allows for a determination of average
outermost detection radius that does not rely on a pre-defined function or model,;
taken to be the point at which the average flux becomes less than 2 times the
average noise fluctuations at that radius. In Figure 2.10 this corresponds to the
error bars reaching the grey shaded area.

Figure 2.10 plots the azimuthally averaged continuum flux and integrated
line emission against deprojected radius (using inclination=43° and PA=144° as
determined in Section 2.3). The 1.3 mm continuum is detected as far as an
average deprojected radial separation of 286411 au. The 3CO profile shows us
that the gas in the disc is significantly more extended; detected as far out as
385+11 au, a comparable distance to the 39020 au extent of *2CO in the disc
reported by Walsh et al. (2014a). The less abundant molecule C'#0 is detected
out to a shorter separation of 297+11 au.

A large amount of mass spread over large radial separations is important for
planet formation in the outer disc. Giant planets grow more massive in discs of
higher initial disc (gas) mass (Mordasini et al., 2012). Furthermore, population
synthesis models suggest that significant amounts of giant planets migrate into the
central star after formation (See review Mordasini, 2018). In order to survive,
some cores accrete late in the disc lifetime and grow as they migrate inward
(Baruteau et al., 2014). These results suggest the disc of HD 100546 is well
placed to support such late survivors, because a large amount of planet building
material (~18 M) still exists over a large region of the disc (297 au outermost
detection of C'®Q). This is particularly relevant in the case of this disc, where a
proto-planet detection is claimed towards the outer disc at a radial separation of
~50 au (Quanz et al., 2015).

The difference in the outer radius at which the discs are detected may be a true
physical difference, or could be a result of the different sensitivity between the
continuum and the line emission. In Figure 2.11 the surface density profile of each

tracer is plotted in order to assess how it changes with radial separation. Here
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Figure 2.11: Surface density profiles calculated form the radial profiles in Figure
2.10. The dotted line represents the surface density of the 1.3 mm continuum
image scaled up by a factor g/d=100.

surface density has been calculated by converting azimuthally averaged intensity
from the images at each radial location into mass using the same parameterised
temperature profile for each tracer, Tox R2 and adopting the opacity assumptions
used in the mass calculations. If the emission were to be deconvolved from the
synthesized beam, or observed with higher resolution a steeper gradient would
be expected. The ¥CO curve represents a lower bound because the emission
is optically thick for most of the disc. The continuum surface density profile is
scaled by an assumption that g/d in the disc is the canonical value of 100, giving
an upper bound to compare to the gas profile. The profiles in Figure 2.11 tend
to show a steady decline towards the outer disc, rather than a sharp fall that
might signify a definitive outer edge of the disc. Variations in slope may also be
influenced by differences in temperature profile between the tracers if the emission

originates from different scale height in the disc.

The surface density of mm particles, as calculated from the 1.3 mm emission,
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is fairly large to begin with but begins to drop sharply after ~100 au. The C'80
surface density declines over the extent of the disc on the log scale in Figure
2.11, converging with the g/d scaled continuum curve. The mass calculations
in Section 2.3 result in a disc g/d lower than 100. If values of <100 are used
to scale the 1.3 mm surface density curve, in the outer disc C*®*O would soon
have a greater surface density than the scaled dust, suggesting there is sufficient
sensitivity in the gas line observations to confirm that the gas is more extended
than the dust. Determining the outer radius of a disc in either gas or dust is
complex, but Facchini et al. (2017) use thermo-chemical models to find that the
observed difference between dust and gas disc radii is largely down to optical
depth effects. The effect of radial drift is shown by a sharp outer edge to the dust
disc. Such a feature is absent from the dust surface density profile in Figure 2.11
due to the ~100 au resolution in these observations.

Evidence of optical depth effects in this data set are seen in the CO isotopo-
logues; throughout the disc 1*CO has a lower surface density than the much less
abundant C'80. Optical depth is estimated by adopting the method as used by
Schwarz et al. (2016) through Equation 2.6,

5(1300) _ V3co Te:p,l?’CO 1 —e™3co
S(ClSO) N Vcisp Tew70180 1-— 670180.

(2.6)

The integrated flux ratio from the observations of ¥CO/C!¥0=4, half the
isotopic value of 8 in the ISM (Wilson, 1999), giving a strong indication that
13CO is optically thick. The ISM isotopic ratio is adopted for this calculation
and the ratio of excitation temperatures of the two isotopologues is assumed to
be ~ 1. Figure 2.12 shows the resulting 7(R) as well as the flux ratio from the
two isotopologues.

At the outer edge of C'¥O detection, the ratio of isotopologue emission rises
up to ~7, with a steep increase towards the ISM ratio of 8 from ~250 au as the
edge of the C'®0 disc is approached. C'¥0 is found to be optically thin for the
full radial distance over which it is detected, with 7 < 0.68 as shown in Figure
2.12. This optical depth result can help to explain the isotopic ratio curve, which
rises as the optical depth decreases. Assuming the intrinsic isotopic abundance

ratio within the disc remains constant, the *CO optical depth will decrease as the
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Figure 2.12: The ratio 3CO/C!80 is plotted against de-projected radius and
coloured in green, the calculated optical depth of C*®O as a function of radius is

plotted in purple.

C™O0 does with separation from the star. As *CO becomes increasingly optically

thin, the observed abundance ratio will tend towards its true value.

Spectral Index

The 867 pm continuum data from the ALMA band 7 data on this source (Walsh
et al., 2014a) is here utilised to calculate the spectral index of the dust. The
data is imaged using the same beam as the 1.3mm continuum. Using azimuthal
averaged profiles of each continuum image a radially dependent spectral index
for the disc is calculated and plotted as the central green line in Figure 2.13. In
the upper panel of Figure 2.13, ay,m(R) begins in the inner disc with a value of
2.1 and steadily rises with radius by Aoy, =~ 0.3 .

mm (R) remains within the range typically seen in protoplanetary discs (Pinilla
et al., 2014; Ricci et al., 2012), covering a range of values that are low in compari-
son to that of the ISM. Low spectral index at millimetre wavelengths can be down
to one of two reasons; grain growth has lead to larger dust particles (amax > 3\)

which emit less efficiently and reduce the calculated «, or optically thick emis-
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Figure 2.13: Upper panel : Radially dependent spectral index, «, calculated
using ALMA continuum observations at 867 pym and 1.3 mm for the disc of HD
100546. The upper and lower green lines give the maximum and minimum curve
considering flux calibration uncertainties. The bar indicates a length of 50 au,
approximately half the beam width. Lower panel: Radially dependent opacity
index, (3, over-plotted with horizontal lines that show the opacity calculated by
Draine (2006) for a dust population with a@y., of cm- (dotted), mm- (dash-dot)
and ISM grains (dashed), assuming a grain size distribution of dn/da o a=3°.
Where the lower-bound curve crosses these lines, the area under the curve is
coloured according to the key. Error bars are propagated from noise in the image
(insets of Figure 2.10), and are barely visible. The x-axis is shown up to 230 au,

the detected size of the 867 pum disc (Walsh et al., 2014a).
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2. Asymmetric midplane gas in ALMA images of HD 100546

sion. As there is no robust information on the sizes of grains present in the disc,
optical depth of 1.3 mm continuum emission is calculated as a function of radius
using the surface density profiles calculated above and a range of emissivities at
1.3 mm corresponding to different particle sizes from Draine (2006). The surface
density profiles presented in Figure 2.11 necessarily assume optically thin emis-
sion, and so 7 given in Figure 2.14 represent the 7 values if this assumption is
correct. Future high resolution observations of HD100546’s dust disc will con-
firm the radial surface density profile with greater accuracy. Through comparing
spectral indices calculated from previous mm observations, Walsh et al. (2014a)
find that at sub-mm wavelengths the continuum emission may be approaching
the optically thick regime however.

In order to constrain what the size of the emitting grains are the opacity index
Brmm is calculated. In an optically thin disc under the Rayleigh-Jeans approxi-
mation, this can be related to the spectral index by apmm = Bum + 2. At A = 1
mm cool dust in the disc is traced, where the Rayleigh-Jeans approximation does
not hold, and so an approach similar to that of Guidi et al. (2016) is adopted,
calculating S, with

_ dlogF), (R)— dlogB,

e 27)

adopting a temperature profile that obeys a power law, T'(R) = Tigo (R/100 au)®?,
and taking T700=25K. Figure 2.15 demonstrates how temperature affects the cal-
culated Bpum(R). Although temperatures in the midplane and the outer disc are
cool and relatively stable, Figure 2.15 shows that an inaccurate temperature pre-
scription can alter the [ significantly; a difference of 20K in Tjgy changes g at
~200 au by 0.32. For comparison, this difference is larger than the difference
between the characteristic 8 for ap.=1mm and ay.,=1cm. Under-estimating
disc temperature increases the inferred size of grains in the cooler outer disc,
meaning the radial size sorting of grain sizes is of a lesser degree and that grain
sizes thoughout the disc are of large (~mm) sizes.

In the lower panel of Figure 2.13 S, is plotted as a function of radius
compared with opacity indexes calculated by Draine (2006). Coloured areas on

the plot show radii at which (,,, indicates a particular a,.« has been achieved
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2.4 Analysis and Discussion

through grain growth, determined by when the lower bound of the calculation
crosses the indicative horizontal lines. The curve takes a similar form to that in
the top panel, except for a larger variation of AfBy,(R) =~ 0.8 over the extent of
the disc.

The main result from Figure 2.13 is that Sy, (R) calculated between 867um
and 1.3 mm indicates grain growth to cm-sizes throughout the disc. In fact,
the characteristic B for amax = 1,10,10%? cm, at millimetre wavelengths are all
~ 0.8 (see Draine, 2006, Figure 2), so dust could be growing even larger than
cm sizes without us being able to detect it. Within the uncertainties due to
flux calibration, this result is consistent with grain growth to cm-size for the full
extent of the disc detected at both continuum wavelengths, where « is calculated
over the shorter ~ 230 au band 7 continuum radius (Walsh et al., 2014a). Byum(R)
for the disc inward of ~200 au is consistent with pebble (>cm) sized dust. The
upper curve remains below the top dashed line for the full extent of the disc,
confirming that grains have evolved from an ISM-like  throughout the disc.

Overall, midplane dust has grown substantially from ISM levels within the disc.
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Figure 2.14: Optical depth of the 1.3 mm emission as a function of de-projected
radius calculated for a range of maximum grain sizes (@myay) in the MRN grain

size distribution.
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2. Asymmetric midplane gas in ALMA images of HD 100546

1.8 — Tmn=l20K

P T=30K T T T T
L5r — 1,0=40K
oof N

o 0.6+ N

03} )
0.0} ]
_0.3’
_0.6’

0 50 100 150 200

Deprojected Radius (au)

Figure 2.15: [, calculated using temperature profiles calculated with a power
law with varying Tioo. Horizontal lines are the same as in the lower panel of
Figure 2.13.

Radially increasing [, in the outward direction has been predicted by dust
evolution models that include realistic coagulation and fragmentation (Birnstiel
et al., 2010; Brauer et al., 2008). Radially increasing [ also agrees with past
studies that fit multi-wavelength observations with parametric models of discs
in the uv-plane, where only those with a radially increasing g could reproduce
observed emission (Banzatti et al., 2011; Pérez et al., 2012; Tazzari et al., 2016;
Trotta et al., 2013).

Guidi et al. (2016) use high resolution data from ALMA and the VLA to ob-
servationally confirm a radially increasing dust opacity in the disc of intermediate
mass star HD 163296, a bright disc around a Herbig star that has been found to
have a series of dust-depleted rings (Isella et al., 2016). This is confirmed here
for HD 100546, adding further evidence for the prediction of Wright et al. (2015)
who suggest grains may have grown to at least 5 cm. Walsh et al. (2014a) com-
pare their measured flux with previous mm observations by Henning et al. (1994);
Wilner et al. (2003) in order to calculate disc-averaged B3mm-—1mm=0.7-0.8, and

Bimm—s70um=-0.4, values that lie within the range found here over the extent of
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the disc in Figure 2.13.

This analysis assumes that dust grains in the disc have a size distribution of
dn/da  a~P, where p=3.5, an index typical of the ISM (Mathis et al., 1977)
that is canonically adopted when modelling discs. As grains grow, the overall
distribution of mass between grain sizes is likely to evolve. Birnstiel et al. (2011)
showed that when both coagulation and fragmentation are included within a disc
grain growth model, the size distribution will deviate from p=3.5; growth of grains
tends to lower p, whereas fragmentation will re-introduce small particles and raise
p. Draine (2006) demonstrates how [ decreases with index p for a constant amax
in Figure 6 of that paper. ISM-like grains are expected at the outer edge of the
disc, yet this is not shown in Figure 2.13. FEither these observations lack the
sensitivity to detect the full extent of the dust, or the dust in the disc would be
better suited to an alternative value of p. The latter would corroborate with the
results of Wright et al. (2015) when studying HD 100546, where the authors find
that only d "Alessio et al. (2005) disc models with p=2.5 fit their data. Tighter
constraints could be achieved by comparing against an extensive grid of opacity

calculations at millimetre wavelengths over a range of p values.

2.5 Conclusions

New ALMA observations of the HD 100546 protoplanetary disc are presented
here including the first detection of C!¥0 in the disc.

An integrated flux of 492 mJy is measured from the 1.3 mm continuum image.
An outer-most detection of the dust disc is determined at a radial separation
from the star of 290+10 au at 1.3 mm and the lower limit on dust disc mass was
calculated to be 4.1-9.6 x10~* M.

Line emission is detected from CO isotopologue transitions 3CO (2-1) and
C180 (2-1). '3CO has an integrated flux of 12.872 Jy kms™' and extends out
to 390+10 au, a size comparable with previous observations of '2CO in the disc.
The optically thinner, midplane tracing isotopologue C'80 is detected for the

1

first time in the disc, giving an integrated flux of 2.948 Jy kms™ with emission

detected as far as 300+10 au.
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2. Asymmetric midplane gas in ALMA images of HD 100546

These detections correspond to a considerable gas mass of 0.018 M, around
1% of the stellar mass. Freeze-out is not expected in this warm Herbig disc. If
carbon sequestration is efficient the total gas mass may be larger, but not lower, by
these calculations. The ALMA observations of continuum and CO isotopologue
emission presented here suggest the lower limit of the gas to dust ratio for the
HD 100546 disc is 19. This calculation assumes ISM abundances of C**O relative
to Hs in the disc and so the gas to dust ratio in the disc will be larger in the
event that C'0 is significantly depleted relative to other species.

Low-level extended C'¥O emission is observed that is spatially coincident with
spiral arm structures identified in scattered light observations by the HST. The
extended C'80 emission may be tracing the midplane density variation that cre-
ates the scattered light features. In each of the observed tracers, the disc is seen
to have a puzzling offset from the known stellar position of between x70-110
milliarcseconds.

Spectral index, o, is derived as a function of radius in the disc and rises
with separation from the star suggesting a decrease of maximum dust grain size
in the outward direction. The opacity index, SBym gives results consistent with
the growth of grains beyond mm-sizes throughout the disc, and to larger cm-sized
‘pebbles’ within ~200 au. A shallower dust grain size distribution is the alter-
native explanation, suggesting a larger proportion of the solid mass is contained
within the largest grains in comparison to the ISM, or indeed optically thick dust
at 867um.
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Unlocking the secrets of the
midplane gas and dust
distribution in the young hybrid
disc HD 141569
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3. Unlocking the secrets of the midplane gas and dust distribution in
the young hybrid disc HD 141569

3.1 Context

Understanding the evolution from protoplanetary to debris discs (Dominik and
Dullemond, 2002; Wyatt et al.; 2015) requires an understanding of their struc-
tures. How do the many gaps, dust traps and asymmetries seen in protoplanetary
discs evolve into dusty debris discs that typically host one or two rings, and what
is the role of gas in this process? The ‘hybrid’ discs (Péricaud et al., 2017), are
believed to probe this step in evolution because of detectable amounts of gas in
the disc despite otherwise appearing to have evolved beyond the protoplanetary
disc limit in dust mass. Whilst some molecular gas remains in the disc from the
protoplanetary stage, the dust in hybrids is of a second generation meaning it is
the product of dust evolution via grain growth and fragmentation processes.

In Chapter 2 there was evidence of large sized dust grains in transitional disc
HD 100546, suggesting a certain degree of evolution in the disc’s composition. But
what is the next stage? Herbig star HD 141569 hosts the only known hybrid disc
amongst pre-main sequence stars to date, a B9-A0 type, 5 Myr old star at a GATA
distance of 11141 pc (Lindegren et al., 2016; Weinberger et al., 2000)!. Tts SED
and IR excess luminosity of 0.0084 (Sylvester et al., 1996) were the first indicators
of this unique status. Figure 3.1 shows that HD 141569 has an SED which appears
as a scaled-down version of a protoplanetary disc’s SED in the sense that it is
comprised by multiple radial (temperature) components. This is not the case
in known debris and hybrid discs as both these types show, at most, two radial
(temperature) components (e.g., 49 Ceti, HD 131835, Kennedy and Wyatt, 2014;
Modr et al., 2015; Roberge et al., 2013). Although its SED seems protoplanetary,
the disc dust mass of 0.7 Mg (Panié¢ et al., 2013; Sandell et al., 2011) places
HD 141569 in between the protoplanetary and debris-disc regimes (Wyatt et al.,
2015). First detected by Dent et al. (2005), CO gas in the disc extends up to
200 au (Flaherty et al., 2016; White et al., 2016) and is nested inside the two
outermost rings detected by Hubble Space Telescope NICMOS at 234 and 388 au
(Augereau et al., 1999; Biller et al., 2015; Weinberger et al., 1999). Wide dusty

belts are more typically associated with debris discs. Reported gas masses for

In this work all previously reported length scales are updated using the latest GAIA
distance for the source
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Figure 3.1: SEDs of typical protoplanetary disc HD163296, the youngest hybrid
disc HD141569 and 40Myr hybrid disc 49 Ceti. Fluxes have been scaled to a dis-
tance from Earth of 100pc. Grey lines show SEDs from radiative transfer models
of HD141569 built using the outer ring properties from Biller et al. (2015),and
dust masses calculated here.

HD 141569 range between 4.5x1075% M, derived from ?CO (White et al., 2016)
and 5x10™* M, derived from SED model fits to Herschel line observations (Thi
et al., 2014). None of these estimates employed optically thin CO isotopologue
emission, which until now remained undetected in this disc. The estimated gas
mass range for HD 141569 is below the typical protoplanetary disc gas masses
of 1072 Mg, to 10~ M, but above the hybrid discs gas masses which are mainly
< 1078 Mg (Péricaud et al., 2017).

Insight into the innermost regions comes from SED fitting, with an inner
radius set at 30 au (Marsh et al., 2002), and CO ro-vibrational emission placing
gas as close as 11 au from the star (Goto et al., 2006). These regions have recently

been imaged with SPHERE on the Very Large Telescope (VLT), detecting a series
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of concentric, but discontinuous, scattered light ‘ringlets’ at separations of 45, 61
and 89 au (Perrot et al., 2016). Inside these ringlets is a dust disc component
within (72, detected in 8.2um imaging with the VLT’s VISIR instrument (Perrot
et al., 2016). A central, unresolved component of millimetre continuum emission
peaks at the stellar location (Marsh et al., 2002; White et al., 2018). Beyond
the gas-rich region are the two scattered light rings at 234 and 388 au, with
inclination and PA similar to that of the inner rings seen with SPHERE (Perrot
et al., 2016), but showing more complex structures and spirals, possibly due to
planets within the disc (Wyatt, 2005) or a fly-by (Reche et al., 2009).

Using new ALMA observations this chapter investigates to what extent the
midplane gas and dust of HD 141569 exhibit protoplanetary and debris disc

characteristics, in the context of increasing evidence for a hybrid class of discs.

3.2 Observations and results

ALMA observations in Band 6 were taken on 16th May 2016 (PI Panié, ID
2015.1.01600.S). 39 antennas of 12 m diameter were employed in a configuration
providing baseline lengths ranging from 16 m to 640 m. The velocity resolution
is 0.166 km/s for 3CO and 0.333 km/s for C'*®O, providing optimal sensitivity to
the tenuous and previously undetected midplane gas emission. The total effective
continuum bandwidth was 4 GHz. The data were flagged and calibrated follow-
ing the ALMA-pipeline data reduction. Titan was used as the flux calibrator,
J1550+0527 and J1733-1304 were used as the bandpass and phase calibrators
respectively. In addition to these new observations archival data from ALMA
Band 7 published by White et al. (2016) is also employed here, taking advan-
tage of the 2CO(3-2) observations. Using CASA 4.7.1, continuum emission is
subtracted from the uv plane. Images were created using the clean algorithm
(Rau and Cornwell, 2011); as no a priori knowledge of the distribution of **CO,
or indeed of the dust emission at 1.3mm exists, a natural weighting is adopted
in image reconstruction in order to prioritise the collection of signal, rather than
the increased resolution that could be achieved with other baseline weightings.

This produced a synthesized beam size of (/65 (72 au) for the continuum and
0’71 (79 au) for 13CO and C*™O.
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3.3 Discussion

Rms noise level in the continuum image is 0.11 mJy/beam, and in the ¥CO
and C'O channel maps rms was 0.04 and 0.03 Jy km/s/beam respectively. In
the continuum imaging an unresolved point source of 1.7 mJy is detected. *CO
does not show a firm detection in the individual channel maps, but the integrated
intensity map over the known range of velocities in which '2CO is seen (Flaherty
et al., 2016; White et al., 2016) shows a 60 detection in *CO. C*®0 is not detected
>30 in either the channels or the integrated intensity map.

Azimuthal averaging was performed in radial bins of (0712 for the *CO and
1.3mm maps, and 0715 for 2CO. Neither the strongly asymmetric *CO nor
the unresolved central 1.3mm emission can provide reliable constraints on the
position angle and inclination of the disc, so for deprojection of coordinates the
values of the '2CO disc are adopted, PA=-9° and inclination=55° (White et al.,
2016). Figure 3.2 shows the averaged profiles. At 220 au a thin concentration of
millimetre grains is detected in a ring. 3CO(2-1) emission is detected as far as
220£10 au.

To derive uncertainties for the radial flux profile, azimuthal averaging is ap-
plied centered on emission-free regions of the image that are sufficiently far from
the central emission, yet within the primary beam of the observation. The mean
value across emission-free regions from different parts of the image gives a flux
profile that describes the background noise in the image as a result of the aver-
aging process. This method is more robust than simply taking the variation in
an elliptical bin and does not rely on any predefined disc models. The resultant
noise curves are shown in Figure 3.2 for each tracer. The outer belt is detected
at ~6o,, in contiguous radial bins (comparing the 1.3 mm curve to the blue
dashed noise line), with a peak at 220+10 au.

3.3 Discussion

3.3.1 Dust emission

The comparison of the radial profile of 1.3 mm flux with the known disc structures
shows that some of the flux in the central unresolved component may be arising
from the rings detected by SPHERE (Perrot et al., 2016). A minimum dust

85



3. Unlocking the secrets of the midplane gas and dust distribution in
the young hybrid disc HD 141569

125} —— 2co(3{2) |
Fo —F co (2{1)
. —+— 1.3 mm
1.00 | fedsg [~
Beam width|

0.75}

0.50

Normalised Azimuthally Averaged Flux

0_00‘——-:.27::::::';-:7_',-‘:,‘:';f: =
0 50 100 150 200 250 300 350 400

Deprojected Radius (au)

Figure 3.2: Azimuthally averaged flux profile following the deprojection of coordi-
nates from the 1.3 mm image of HD 141569 (blue), ?CO (green) and 3CO (red).
Vertical black lines show the radial locations of rings identified in scattered light.
Peak intensities for 1.3 mm continuum, '2CO and ¥CO are 1.74 mJy/beam, 1.06
and 0.25 Jy km/s/beam respectively. Coloured dotted lines show NW (upper)
and SE (lower) cuts of the ?CO and "*CO maps along the position angle of the
13CO peak. The shaded regions show the variation of the profile when changing
inclination of the source by 4/-10°. Error bars are calculated as described in the
text, the coloured dashed lines represent the noise level after averaging for each

curve.

mass is calculated for the inner disc by assuming optically thin emission, using
Maust = %, taking a midplane disc temperature of 20 K, an opacity, k,,
corresponding to mm size grains of 1.15 cm?g~! (Draine, 2006) and a distance to
the star, d, of 111 pc. The minimum dust mass for the inner disc is calculated in
this way to be (3.64+0.5) x 1075 My, = 1.240.2 Mg,. This calculation assumes that
all emission is thermal. A maximum opacity has been chosen to derive a minimum
dust mass, the uncertainties correspond to a £15% flux calibration uncertainty
applied to all ALMA observations. This mass depends on disc temperature, 20 K

is a good assumption for cool material in the midplane and outer disc, increasing
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the assumed midplane temperature to 50 K would give a mass of 0.04 M.

An alternative explanation for the origin of this flux may be free-free emission,
rather than thermal emission originating from rings of dust within the inner disc.
In fact, a typical mm contribution from free-free emission in Herbig discs at a
similar distance to HD 141569 is a few mJy (e.g., Wright et al., 2015), similar to
the 1.7 mJy integrated flux measured for the unresolved peak. Non-thermal, free-
free emission can be detected through a characteristically low spectral index, as
is seen towards inhomogeneous ultracompact Hii regions for example (de Muizon
et al., 1988; Rodriguez et al., 1989). Optically thin free-free emission has spectral
slope ~-0.1 above the break frequency with the value increasing as high as 2 at
shorter wavelength or higher optical depth (Condon and Ransom, 2016). This
value is considerably lower than that of thermal continuum emission in this regime
and so its effect may be seen in the spectral index. Protoplanetary discs typically
show aym ~ 2 — 3, transition discs tend to show slightly higher values than
this (Pinilla et al., 2014), whilst debris discs have oy, ~ 2.5 — 3 (MacGregor
et al., 2016). ALMA (0.87mm and 2.9mm) and VLA (9mm) observations derive
a spectral index for the disc of ap, = 1.63 (MacGregor et al., 2016; White et al.,
2018), with which the 1.3 mm integrated flux of 1.8 mJy is consistent. aum
calculated between ALMA observations at 870um and 2.9 mm also give a steeper,
but still relatively low value of 1.81 (White et al., 2018). VLA observations show a
significant variability in the continuum flux of the disc, varying by a factor of two
to three on timescales of tens of minutes (White et al., 2018). Fluxes measured on
integration times shorter than the variability timescale may therefore only offer
a snapshot of flux emission. To make a conservative estimate of possible free-free
contribution, VLA flux of 54 uJy (MacGregor et al., 2016) can be extrapolated
using a characteristic spectral slope for optically thin free-free emission. From
this estimate the free-free flux at 1.3mm would be just 3% of the total integrated
flux measured, meaning the flux is predominantly thermal, potentially with small
free-free contribution of order 10s of pJy at most.

In Figure 3.2 there is an increase in flux which peaks at a deprojected radial
separation of 220+£10 au. The ring is detected interior to the scattered light
ring at 234 au (Biller et al., 2015) as is demonstrated by the ellipses in Figure
3.3. Taking the flux from the peak of the ring in Figure 3.2 and assuming the

87



3. Unlocking the secrets of the midplane gas and dust distribution in
the young hybrid disc HD 141569

0.20

0.15

40.10
o
(7]
0 £
8 {005 ®
Q o
g 2
fa) a
F £
=] >
s =
T - ~0.00
-4
4-0.05
-0.10
-4 -3 -2 -1 0 1 2 3 4
Relative RA (arcsec) -0.15

Figure 3.3: ¥CO emission is shown in the colour map and contoured at levels of
(3,4,5,6) x 013, with 013=0.040 Jy km/s /beam. The red ellipses show the position
of the HST rings with parameters from Biller et al. (2015). The black ellipse shows

the location of the mm ring detected in the 1.3 mm continuum image.

same temperature and opacity as before, a minimum dust mass of 0.134+0.02 Mg
is calculated, firmly in the debris disc regime < 1 Mg. An upper limit can be
placed on the outermost scattered light ring at 388 au from the non-detection in
the continuum. Making the same assumptions as before, the maximum mass of
the outer ring at which it could still avoid detection in azimuthal averaging is
~0.11£0.02 Mg.

The position of the millimetre ring relative to the gas disc hints at potential
formation mechanisms. A continuum ring at the edge of the gas disc is a morphol-

ogy that can be compared with models of a primordial, but depleted gas disc.
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In this case radiation pressure overcomes radial drift to push dust particles of
<100 pm outwards to the edge of the gas disc (Takeuchi and Artymowicz, 2001).
The ring emission detected is likely to come from larger grain sizes; millimetre
continuum is emitted most efficiently by a narrow range between 1mm and lcm
(Takeuchi and Lin, 2005). If blow-out from radiation pressure formed the ring,
the small grains collecting up at the edge of the gas disc would have to collide
and grow into mm-sized grains. This seems unlikely; some small grains will ac-
quire an eccentricity from this process, resulting in collisions that would occur
at higher velocity leading to fragmentation rather than grain growth (Takeuchi
and Artymowicz, 2001, see Figure 7). Given these results, a more detailed appli-
cation of this model to HD 141569 is required, but the level of necessary grain
growth seems extremely difficult to achieve. An alternative scenario might be the
sculpting of grains into a ring as a result of an unseen planet or perhaps a flyby.
Two M dwarfs in a binary system are located less than 970 away from HD 141569
and previous studies of the disc considering a flyby have been able to reproduce
global disc features such as the wide gap in the dust and spiral structures (Ardila
et al., 2005; Augereau and Papaloizou, 2004; Reche et al., 2009). The caveat on
this explanation is that the statistical likelihood of such a flyby is still low and
the relationship, both present and past, between HD 141569 and the binary is
not completely understood (Reche et al.; 2009).

3.3.2 Gas emission

The 3CO emission is strongly asymmetrical (Figure 3.3). The emission peak is
measured at 6013 off centre from the stellar position, located at a deprojected
separation of 171 (120+10 au) at a position angle of -33°. Whilst at the same
separation towards the south-east direction, emission is measured < 20,3. The
emission detected from *CO is roughly co-spatial with the scattered light emis-
sion of the eccentric dust ring found at a separation of 89 au (Perrot et al., 2016,
their Figure B3). Intriguingly, the ring is brighter in scattered light at the op-
posite side of the disc. 13CO is detected over a considerably larger radial range
than the inner edge of the gas disc at 11 au seen in CO rovibrational emission
(Goto et al., 2006), than the inner edge of the dust disc of 30 au derived from the
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Figure 3.4: Map of the optical depth of 12CO, the colour map is plotted for regions
of the disc where 3CO > 305 is detected. Overlaid in solid black contours of
(10,20,30,40) x 015 (012 = 0.064 Jy km/s /beam) is the ?CO integrated intensity
map convolved with the larger beam and dashed black contours show 3CO as in
Figure 3.3.

SED (Marsh et al., 2002), and than the asymmetry seen in ?CO channel maps
(White et al., 2016).

The radially brightest 1*CO emission is within the same range of stellocentric
distances in which the scattered light rings were found, at 45, 61 and 89 au (Perrot
et al., 2016), and co-spatial with the HST detection of scattered light between
0”4 and 170 (Konishi et al., 2016). Through azimuthal averaging (Figure 3.2) the
largest radial distance that 3CO is detected to is 220£10 au. This is the same
radial separation from the star at which a ring of continuum emission is detected
in this data. The first scattered light ring was reported to be at 234 au from
the star when using the most recent GAIA distance for HD141569 (Biller et al.,
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2015).

Such an asymmetry in molecular gas has been seen in the debris disc Beta
Pic (Dent et al., 2014), which may have resulted from giant collisions (for exam-
ple Jackson et al., 2014), but which is more likely to be due to the collisional
destruction of planetesimals trapped in resonance with a planet (Matra et al.,
2018; Wyatt, 2003). This scenario would make the gas secondary and so may
be different to HD 141569 if the gas in the latter is primordial; the large radial
extent of the gas is more typical of a primordial origin, but the nature of the gas
in the disc is yet to be confirmed. Kral et al. (2017b) show that a secondary gas
model is successful in reproducing the observed gas in the majority of gas bearing
debris disc. In fact of their sample, only HD 21997, HD 131835 and HD 138813
appear to be true hybrid discs.

Younger, protoplanetary, discs can also exhibit strong azimuthal asymmetry
that is typically strongest in the dust emission, for example, Oph IRS 48, MWC
758 (Boehler et al., 2017; van der Marel et al., 2013). ‘Lop-sided’ discs form as a
result of dust traps that depend upon the surface density and turbulence of the
disc (Birnstiel et al., 2013; Pinilla et al., 2012b), making it an unlikely mechanism
in the less massive hybrid and debris discs.

To determine the optical depth of '2CO, the spatial distribution of Ti2¢q is
calculated by using the 2CO and ¥CO images. The more energetic transition
12CO (3-2) emission is converted into the minimum expected 'CO (2-1) emission
using a 2CO(2-1)/12CO(3-2) ratio (1.08) obtained from the RADEX online tool
for the disc temperature of 50K (van der Tak et al., 2007)*. Using lower tem-
peratures does not change this ratio by more than a factor of two and ensures a
minimum amount of CO(2-1), therefore calculating the minimum optical depth.
The 2CO and *CO images are convolved with the same synthesised beam of
the 1¥CO image in order to ensure the images have the same effective smoothing.
Under the assumption that both lines have the same excitation temperature, the
ratio of 2CO(2-1) and ¥*CO(2-1) emission is then used to compute the optical
depths of both lines, following the method used in, e.g. Schwarz et al. (2016).

! Available at home.strw.leidenuniv.nl/moldata/radex.html
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The ratio of optical depths is taken to follow the ISM abundance of 77. The ob-
tained map (Figure 3.4) shows that T2¢o ranges from 3 to 45. Tisqo is therefore
in the range from 0.04 to 0.58.

Figure 3.4 confirms 2CO (2-1), and therefore also (3-2), to be optically thick
throughout the disc, while the *CO is not. In central regions Ti2co ~ 2 where
1200 is strongest, reaching as high as 25 in outer regions where *CO is detected
strongly. Once 2CO becomes optically thick, it ceases to trace mass in the
midplane because emission is coming from upper layers of the disc at greater
scale heights.

This may also explain why the asymmetry of the disc is so prominent in the
13CO map, but not in the 2CO; the optically thick 12CO emission is dominated
by the temperature of the emitting layer, which increases closer to the star, so
a combination of temperature and emitting surface area are responsible for the
brightness of emission, rather than the fractional changes in gas density. However
the optically thin *CO traces density more faithfully and provides a better indi-
cator of the spatial distribution of gas in the disc, highlighting any asymmetries
which may be hidden by temperature and surface area effects in *?CO. The radial
profiles shown in Figure 3.2 illustrate this effect. The azimuthally averaged flux
drops sharply after the peak at around ~30 au for *2CO, but the *CO emission
is still >75% of the peak value until after 100 au. This is clearer in the NW/SE
slices in Figure 3.2 taken in the direction of the *CO peak. In green, the ?CO
peaks much closer to the star where temperature effects are more prominent (~
30 au in the NW slice), whilst the 3CO peaks much further out in the disc at
a deprojected distance of ~ 120 au. The slices also illustrate the magnitude of
the asymmetry in the midplane gas, with a very strong *CO peak towards the
north-west that is considerably stronger than the average flux at that separation.
This demonstrates the importance of using CO isotopologues, as done here, to
investigate the disc midplane, and the gas density distribution within it.

Having shown that the *CO emission is optically thin, a lower limit on the

mass of the gas disc is derived using

12CO
1SCO
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where Fy; is the integrated line flux from the J=2-1 transition of *CO, m is
the mass of the CO molecule, Ay; the Einstein coefficient for the transition, v is
the frequency at which the transition occurs and x5 is the fractional population
of the upper level. The midplane temperature is taken to be 20K and ISM abun-
dances are assumed, ?CO/3CO = 77 and *CO/Hy=10"* (Wilson and Rood,
1994), to give a total gas disc minimum mass of (6.040.9) x 10~*M. Uncertain-
ties are due to the ALMA 15% flux calibration uncertainty. Like the dust mass,
this value depends on disc temperature, for example adopting T=50K would give
(9.041.0) x 107*Mg,. Sequestration of CO into icy bodies or conversion into more
complex molecules can reduce gas-phase CO in the disc, decreasing the gas mass
calculated by this method. The minimum mass is two orders of magnitude larger
than that calculated using the same method but with ?CO as the mass tracer,
~ 4.5 x 1075 Mg (White et al., 2016). SMA observations of CO(1-0) emission
give a gas disc mass 1.05x107*Mg, comparable to the mass derived here, how-
ever MCMC modelling of the data gave a slightly lower value of 3.8x107°M,,
(Flaherty et al., 2016). Thi et al. (2014) also find a similar order of magnitude
by fitting Herschel gas line observations in the far-IR to simultaneous radiative
transfer and chemical modelling, giving a range of 2.5-5 x10~*M,. Each of these
methods assume 2CO/H, = 10~

12C0 therefore appears to be underestimating disc mass, agreeing with the
confirmation of the tracer’s optical thickness. A similar scenario was found in 30
Myr old hybrid disc HD 21997; Kospal et al. (2013) calculate a CO gas mass in the
disc from the optically thin C*O line that was two orders of magnitude larger
than that previously calculated assuming optically thin 2CO emission (Modr
et al., 2011).

The band 6 ALMA observations did not detect C'#0, but from the rms noise
in the integrated emission map an upper limit on the C*¥O gas mass can be
derived and a corresponding estimate of the disc gas mass calculated. Rms in the
C'0 image with natural weighting is 25 mJy/beam, yielding a total gas mass
estimate of 1.4x10~% M, assuming T=20 K, ISM abundances and isotopic ratios.
This value is higher than that traced by the optically thick **CO, but much lower
than the estimate based on the 3CO. In fact, the flux ratio between *CO and
the upper limit on C'80 flux is 31, significantly higher than the typical ISM
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abundance of eight (Wilson and Rood, 1994). This implies that C!®0 is under
abundant by at least a factor of 3.8. An explanation for this may be the isotope-
selective photo-dissociation, known to deplete the less abundant isotopologues
such as C'¥0 in discs (Miotello et al., 2016; Visser et al., 2009). The higher
column density of the more abundant isotopologue, in this case *CO, means
that it can self-shield from photodissociation more effectively. It is important to
note that isotope-selective photodissociation cannot be the cause of the differences
between the gas mass estimates based on 2CO and '3CO, as it would have the
opposite effect: the mass based on 12CO should be higher in such case. Only the
comparisons between the optically thin isotopologue lines allows us to assess the
selective photodissociation effects, again stressing the importance of observing

these species.

3.3.3 Nature of the disc

Known hybrid discs generally have disc gas masses derived from CO observations
of order Earth mass (e.g. 49 Ceti 6.6x107°% My , HD 131835 1.3x107° M,
Hughes et al., 2008; Modr et al., 2015).

HD 141569 has a particularly massive gas disc in comparison (see e.g. Figure
6 of Péricaud et al., 2017). All previous estimates were based on optically thick
tracers, which explains why in this work the gas mass derived is two orders of
magnitude greater than the previous estimate. A more direct comparison can
be made with hybrid disc HD 21997, where the disc mass derived from ALMA
observations of optically thin C*O giving 0.8-1.8x10~* Mg, (Kospal et al., 2013)
a factor of a few less than HD 141569. Hybrid discs in general may be hosting
more gas than is traced by CO and its isotopologues, not only due to optical
depth but also if CO has been depleted with respect to Hy. ISM abundance of
CO, 2CO/Hy=107", is assumed here to convert CO masses to total disc masses
in order for ease of comparison disc masses. For individual discs this ratio may
be less appropriate than others, particularly in a secondary gas scenario where
composition is inherited from the species that were locked into solid bodies during

the protoplanetary disc stage, rather than from ISM gas and dust.
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The minimum dust mass 1.24+0.2 Mg, corresponding to the unresolved compo-
nent is greater than the dust masses of HD 131835, (0.47 Mg Modr et al., 2015),
HD 21997 (0.09 Mg Moor et al., 2013) and 49 Ceti (0.2 Mg Holland et al., 2017).

The millimetre ring at 220 au has a minimum dust mass of 0.13+£0.02 M.
This mass and the scattered light ring seen at a slightly larger distance are both
comparable to typical debris discs. Debris systems show evidence of rings con-
taining millimetre sized grains at large radii outside an inner debris component
like HD 181327 (Marino et al., 2016) and HD 107146 (Marino et al., 2018; Ricci
et al., 2015), perhaps the nesting of structure within a larger ring is a more com-
mon component than is currently understood; high resolution observations hold

the key to confirming this.

3.3.4 Disc evolution

Before ALMA, the distinction between protoplanetary and debris discs was clear-
cut: protoplanetary discs are continuous and gas-rich while debris discs are nar-
row belts with negligible gas content. It is now becoming evident that gaps and
rings are ubiquitous features throughout the protoplanetary disc stage at <10Myr
(Dullemond et al., 2018; Lodato et al., 2019) and that a number of young debris
discs (<50Myr) contain detectable levels of gas (Kral et al., 2017b; Modr et al.,
2017).

Figure 3.1 provides initial evidence for HD141569 exhibiting an intermediary
stage in disc evolution, plotting the SEDs for three A type stars. The SED
of the gas-rich protoplanetary disc around HD 163296 shows strong emission
throughout all wavelengths due to its large, bright disc. In stark contrast to the
typical protoplanetary disc, the debris disc around 49 Ceti has a more blackbody
shaped SED corresponding to one or two belts (characteristic of debris discs
Kennedy and Wyatt, 2014). HD141569 contains significantly less material than
HD163296, and so has either experienced significant disc depletion in both gas
and dust, or started with a significantly less massive protostellar nebula than
HD163296. Although the distribution of dust in the HD141569 disc is broadly
similar to that of debris disc 49 Ceti (in that it is dominated by two discrete
belts/regions), the flux from the HD141569 disc is clearly stronger and requires
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the inner component to fit the relatively strong signal at ~10um. This likely
means that 49 Ceti’s inner regions have been more successfully cleared of dust,
or that grains have grown to larger sizes. At around 10 pgm the HD 141569 model
diverges from the observed photometry. Grains in the model are assumed to
be astrosilicates with a range of grain sizes, a more sophisticated description of
the composition of dust grains in different regions of the disc is likely to explain
this discrepancy. In order to constrain such parameters, further optically thin
observations at new wavelengths are required.

From observations in the last few years a much clearer picture of the HD141569
system has been gained, confirming it to be the only pre-main sequence hybrid
disc offering a glimpse into the earliest stages of disc dissipation, and acting as a
useful milestone in this transitionary period for the circumstellar material. Figure
3.5 illustrates an up to date description of gas and dust distribution in the disc,
including the position of detected scattered light rings.

The gas-poor outer regions shown in Figure 3.5 resemble the belts of a debris
disc. However interior to the 220 au belt, the inner regions of the disc host tightly
spaced rings and ALMA observations have unveiled significant amounts of 12CO
and ¥CO emission. Currie et al. (2016) describe the system as a ‘matryoshka’
disc and the picture presented in Figure 3.5 seems to agree because contained
within the wide (‘debris’?) belts there is a small gas disc with tight dust rings in
the inner regions (Perrot et al., 2016) (‘protoplanetary’?).

In Figure 3.6 ALMA images and azimuthally averaged profiles of the gas and
dust in HD 141569 are compared with two other A-type systems that display mor-
phologies suggestive of potential pre-cursors, (e.g. HD 163296, Isella et al., 2018),
and descendants (e.g. 49 Ceti, Hughes et al., 2017) to HD 141569. Concentric
tight rings are observed within 100 au for both HD 141569 and HD 163296, but
are absent in both images and SED modelling of 49 Ceti. The radial locations
and mutual spacing of rings inward of 100 au is very similar, perhaps signalling
that the brighter rings of HD 163295 are likely to dim over time as solid material
from the disc is depleted or as grains grow to larger sizes. Future high resolution
observations of HD141569 are required to study this hypothesis further through
a detailed characterisation of the inner rings. Detection of mm counterparts to

the scattered light rings inside of 100 au would also put a useful constraint on the

96



3.3 Discussion

Scattered light rings — HST

234,388 au
Biller et al. (2015)

mm ring
220 au
Miley et al. (2018)

Scattered light
ringlets — SPHERE

47,64, 94 au
Perrot et al. (2016)

12¢0 (3-2)
White et al. (2016)

Figure 3.5: Diagram showing observed structure in HD 141569. Greyscale shows
the 1.3mm continuum map. Overlaid is the previous detection of *CO(2-1),
with contours at (3,4,5,6)013, 3CO(3-2) with contours at (10,20,30,40)01, and
the positions of rings identified by ALMA and in scattered light (Biller et al.,
2015; Perrot et al., 2016).

amount of large grains that remain in the disc, confirming whether or not these
rings are indeed rings, or simply surface waves on a tenuous inner disc.

49 Ceti shows a radial gas peak inside of its debris-like dust continuum ring
and is detected as far as 220£10 au. This draws a striking resemblance to con-
figuration in Figure 3.5, where all gas is contained within the dust ring, and
an off-centre CO peak detected at a separation of 120 au. The normalised
radial flux profiles of HD141569 may come to resemble those of 49 Ceti if the
inner regions of HD141569 were to be depleted through the radial drift of solids,
photoevaporation of remaining gas or late planet formation

This speculative evolutionary sequence is made on the basis of just three sys-
tems with images of varying spatial resolution; nevertheless similarities between

the systems are readily apparent and suggestive of physical mechanisms that link
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Figure 3.6: Azimuthally averaged profiles of the dust and the most optically thin
CO isotopologue observed by ALMA around three A type stars. Dashed grey
lines denote the positions of rings detected in the system. For HD 141569 the
profile of ALMA detected 2CO is also plotted. Inset are images of the dust
continuum at 1.3mm for HD 141569 and 870um for the other discs . The dashed
line in the HD 141569 image denotes position of the mm ring. Horizontal lines
represent the FWHM of the synthesising beam for each profile. Total gas mass

estimates are taken form the literature and assume ISM abundances.

the stages. Future high sensitivity and high resolution observations of evolved,
gas-bearing debris discs are the key to determining how and when multiple rings
as seen in a protoplanetary disc are concentrated into debris-like belts, and how
the massive gas discs are dissipated.

Full characterisation of the inner regions of HD141569 is an important step
in achieving this goal. The inner regions within 100 au are yet to be probed
with precision at mm wavelength. The presence (or lack of) mid-plane counter-
parts to the concentric rings observed in scattered light (Perrot et al.,; 2016) and
confirmation of the spatial distribution of gas will give direct clues as to what
mechanisms are driving the disc dispersal. The likely candidates are perturbation

by embedded exoplanets, photoevaporation or accretion onto the central star.
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3.4 Conclusions

An asymmetric distribution of midplane gas is detected in the young hybrid
disc HD 141569, traced by optically thin *CO emission. In addition, a faint
mm ring of emission at 220£10 au is detected through azimuthal averaging of
the continuum image, providing a midplane counterpart to the ring detected in
scattered light, where these small dust grains originate. The minimum dust mass
in the ring is derived to be 0.13+0.02 Mg, around 10% of the total flux from
the system. The bulk of the millimetre emission, which is known to be variable,
coincides with the location of the star and is unresolved placing an upper limit
on its radial extension of 72 au. This emission traces a minimum of 1.240.2 Mg
of dust, but may have a free-free contribution of <3%. From these observations
an upper limit on mass of the outermost ring can be placed at 0.114+0.02 M.

The gas disc is interior to this ring at 220 au. From the integrated 3CO flux
gas mass is derived to be (6.04:0.9) x 10~*M; a mass approximately two orders of
magnitude greater than that derived using >CO. The reason for this is the high
optical depth of ?CO, rendering any gas mass value derived from its emission
a large underestimate. Non-detection of C!®O shows that this isotopologue is
about four times less abundant than expected, based on the standard isotopic
ratio between 160 and 0. Isotope-selective photodissociation is proposed as the
culprit.

New high sensitivity and high resolution images of HD141569 and of other
hybrid discs are the key to linking gas-rich, ringed protoplanetary discs with the

gas-poor, wide belts in debris discs through an evolutionary path.
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3. Unlocking the secrets of the midplane gas and dust distribution in
the young hybrid disc HD 141569
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Chapter 4

The impact of pre-main sequence
stellar evolution on midplane
snowline locations and C/O in

planet forming discs
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4. The impact of pre-main sequence stellar evolution on midplane
snowline locations and C/O in planet forming discs

4.1 Context

The host star has a major influence on both the evolution of protoplanetary
discs and on the properties of the planetary systems that they go on to form.
Giant planets occur more frequently around more massive stars, specifically radial
velocity surveys find a peak in giant planet occurrence rate for a host stellar mass
of 1.9 My (Johnson et al., 2010; Reffert et al., 2014). ALMA surveys of star
forming regions show that the mass of solids in protoplanetary discs also scales
with stellar mass (Mulders, 2018; Pascucci et al., 2016). This trend complies with
theoretical predictions; the core accretion scenario for planet formation predicts
more giant planets to be formed around higher mass stars (Ida and Lin, 2005;
Kennedy and Kenyon, 2008a). Furthermore planet population synthesis models
by Alibert et al. (2011) show that scaling disc mass with the mass of the stellar
host can explain the lack of high mass planets around 0.5 Mg, hosts and a lack of
short separation planets around stars with mass greater than 1.5 Mg,.

The central star determines the temperature structure within the disc it hosts.
More massive, more luminous stars result in a warmer disc, which is expected
to result in changes in the disc composition. Solids in the disc generally hold
a greater relative abundance of oxygen compared to the gas which is instead
relatively carbon-rich. Based on observations of gas and dust in discs, Oberg
et al. (2011) take the ratio of carbon to oxygen, C/O, in both the gas and solid
phase to be dictated by the location of snowlines for key molecular carriers of
oxygen and carbon. For example in their model the gas is most carbon-rich
between the COy and CO snowlines, because here the gas phase is dominated by
CO, leading to C/O~1.

An exoplanet’s overall composition is inherited from the local disc at the time
of formation when material is accreted rapidly. Measurements of C/O and of
metallicity (e.g. C/H, O/H) in exoplanets can be used to connect the composi-
tion of the planet with the location of its formation, and the relative amounts
of oxygen-rich solids and carbon-rich gas this would have required. For example
Brewer et al. (2017) investigate C/O in hot Jupiters and find that super-stellar
C/0 and sub-stellar O/H ratios suggest that some hot Jupiters form beyond the
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H50O snowline and migrate inward. The enrichment of the atmospheres of gi-
ant exoplanets is aided by radial drift in the disc, which acts to carry solids to
shorter radial separations from the star, doing so at a rate faster than depletion
due to chemical processes (Booth et al., 2017; Booth and Ilee, 2019; Krijt et al.,
2018). The inward drift of pebbles is also an effective mechanism for transport-
ing volatiles that are frozen onto grains towards the inner regions of the disc.
This causes a plume of volatile gas to build up at snowline locations, which vis-
cously spreads to enhance gas phase abundances of dominant molecular species
within their own snowlines (Booth and Ilee, 2019; Stammler et al., 2017). Exo-
planet atmospheric C/O may differ from the exoplanets overall composition due
to chemical effects within the atmosphere that are not taken into account by this
model (for a detailed description of factors affecting atmospheric chemistry see
review by Madhusudhan et al., 2016).

The formation of planets via gravitational instability on the other hand in-
volves the large scale collapse of a mixture of gas and dust. The compositions
of objects forming in this manner will likely reflect the stellar value (Madhusud-
han et al., 2014). However, thermal history and internal sedimentation in these
fragments can form objects with sub-stellar C/O (Ilee et al., 2017).

The temperature in the disc does not necessarily remain constant however,
meaning the snowline locations are not fixed to a particular radial distance from
the star. Low mass stars decrease in luminosity as they evolve towards the main
sequence meaning there is a decreased irradiating flux upon the disc. Intermediate
mass stars on the other hand, increase in effective temperature as they evolve
towards the main sequence, but do not experience as large a decrease in luminosity
as low mass stars, in fact after a few Myr their luminosity begins to increase again.
Due to this contrasting evolution of low-mass stars compared to intermediate
mass stars, Pani¢ and Min (2017) infer different physical, and therefore chemical,
histories in the discs around low- and intermediate-mass stars. So without the
need to invoke any internal disc evolution, the temperature structure of the disc
can be expected to evolve alongside the luminosity of the host star, introducing a
temporal dependence for composition, in addition to the radial dependence from
Oberg et al. (2011). Every star must undergo this evolution, therefore every disc

must experience the repercussions to some extent.
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Furthermore the temperature structure of a disc also influences the mecha-
nisms by which planet formation takes place. Disc temperature is important for
the transport of solids in the disc because the speed of radial drift depends on
disc temperature, vgaig X (%)2 o T . It is also important for the composition of
solids, as the snowlines dictate the presence of ices on the dust. In inner regions
grain size is limited by fragmentation (Birnstiel et al., 2012). The fragmentation
velocity is higher for grains possessing an icy mantle in comparison to ice-free
grains such as those interior to snowlines from which volatiles have been released
into the gas phase. A transition from mainly ice-free to icy grains results in a
higher fragmentation velocity and therefore a sharp increase in the grain sizes
outside of the HyO snowline. Pebble accretion is a mechanism by which plan-
etesimals can grow beyond ~100s of km in size into cores of ~10s Mg (Johansen
and Lacerda, 2010; Lambrechts and Johansen, 2012; Ormel and Klahr, 2010). In
combination with the streaming instability (Johansen et al., 2007; Youdin and
Goodman, 2005), this offers a solution to the metre-sized barrier. It relies on the
presence of dust particles of size >cm that are accreted as a result of passing
through the Hill sphere of large planetesimals. If stellar evolution determines
the midplane temperature profile, then there is potential to determine temporal
constraints on when and where pebble accretion can operate in a disc, by virtue
of whether or not a reservoir of pebble sized dust particles can exist or is limited
by fragmentation.

In this chapter the impact that stellar evolution has on midplane conditions
is explored in terms of the physical and chemical structure in the midplane of
protoplanetary discs. Self consistent temperature profiles calculated using stellar
parameters from throughout the pre-main sequence evolution of stars across a
range of stellar mass (spectral type) are used. The relative abundance of key C
and O carriers are calculated by applying the Oberg et al. (2011) chemistry model
and considering the effects of radial drift, viscous evolution, diffusion, and the
growth and fragmentation of dust. Gas mass loss from the disc has a significant
effect on temperature, resulting in a less flared, cooler disc with a greater degree
of dust settling (Pani¢ and Min, 2017). In order to isolate only the effects of
stellar evolution, the mass of the disc does not evolve, instead snapshots of a

range of disc conditions are provided in which disc mass is high enough to allow
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giant planet formation. This approach is applied in a case study of the system
of HR8799, a FO type star (Gray et al., 2003) with four directly imaged giant
planets between which there are substantial variations in the atmospheric C/O

retrieved from their observed spectra (Lavie et al., 2017).

4.2 Methods

4.2.1 Physical Modelling

Three modelling codes are combined to study the impact of stellar evolution on
protoplanetary disc midplanes. First, a grid of stellar parameters are calculated
using the MESA code (Paxton et al., 2011, 2013) by evolving stars of mass 0.5,
1.0, 2.0, 3.0 Mg, for 10 Myrs. These masses were chosen to span the range over
which there is a peak in planet occurrence rate measured from radial velocities
(Reffert et al., 2014). Figure 4.1 plots this evolution on a Hertzsprung-Russel
diagram, alongside MIST" isochrones (Dotter, 2016).

The computed stellar parameters are used as input to radiative transfer mod-
els. The Monte Carlo radiative transfer code MCMax (Min et al., 2009) is used to
iteratively solve for self-consistent temperature and vertical structure throughout
the disc. The disc surface density is described by power law with an exponential
tail (Andrews et al., 2011) consistent with the self-similar solution for a viscously

evolving disc with a viscosity scaling as v o« R? (Hartmann et al., 1998; Lynden-

Bell and Pringle, 1974):
2=y
R
— | = 4.1

-
EgaLs = ZC (%) exp

where R, is the critical radius (outer disc radius) and ¥, the surface density at

the critical radius. A disc mass of 0.1 Mg is adopted to ensure the discs that
are modelled would be sufficiently massive to form multiple giant planets. This
relatively large disc mass is adopted partly to reflect the higher mass expected in
the early embedded stages of a disc when the planet formation process begins, and

because observational disc masses are expected to be significantly underestimated

Thttp://waps.cfa.harvard.edu/MIST/
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Figure 4.1: Results of the stellar evolution models, following four stellar masses
for 10 Myr. Dotted lines mark the isochrones for selected timesteps in the stellar
evolution as labelled.

(Booth et al., 2019; Miotello et al., 2018). The dust in the disc model is comprised
of astrosilicate grains with an MRN size distribution, dn/da oc a3 (Mathis et al.,
1977). Parameters adopted for the MCMax models are summarised in Table 4.1.

Disc evolution is modelled as in Booth et al. (2017) in order to calculate
transport within the disc by taking into account a parametric prescription for
viscous evolution and diffusion, in conjunction with modelling of the radial drift
in solids as a result of the growth and fragmentation of the dust grains following
the model of Birnstiel et al. (2012). The midplane dust and gas are allowed to
evolve for 10 Myr, the temperature profile is updated throughout this process
with the results of the radiative transfer modelling. Radiative transfer models
were generated at steps of 0.01, 0.1, 1.0, 2.0, 3.0, 5.0 and 10.0 Myr in stellar
evolution, in between these points the temperature profiles for adjacent timesteps
are interpolated between, assuming a linear evolution with time. As a result of

inward transport of dust and gas, some material is accreted onto the central star.
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Table 4.1: Disc parameters adopted in radiative transfer modelling

Parameter Value(s)

Rin Inner radius 0.1 au

Y Initial 3(R) slope 1.0

R, Critical radius 200 au

a Grain sizes 0.01 pgm - 10 cm
Q@ Turbulent viscosity 1073

g/d Gas-to-dust mass ratio 100

Mgy Dust mass 1073 Mg

Whilst the viscous evolution of the gas, and the dust evolution in the disc
is calculated self-consistently for a given temperature profile, the evolution of
disc mass was not included in the radiative transfer calculations. This means
that at some points there is a mismatch between the disc mass used to calculate
temperature and the remaining mass in the disc following accretion onto the
star. The extent to which X(R) is altered by drift and viscous evolution depends
primarily upon the size of the disc (determined by R, in the radiative transfer
modelling) and on the turbulent viscosity «, and affects inner regions of the disc
the most. For R,=200 au and a = 1073, ¥(R) is not depleted in any model by
more than 30% up to 5 Myr, by 10 Myr ¥(<50 au) been depleted by ~ 50%.
The removal of gas mass will decrease temperature in the disc as demonstrated in
Pani¢ and Min (2017), so these temperature profiles can be taken as warm upper
limits.

The dust evolution calculated over a 10 Myr timescale will have implications
for the photo-surface of the disc that collects starlight and heats the disc. The
most important factors in this regard however are the minimum grain size (as
it is the small grains that reside in the upper layers of the disc that absorb
the starlight) and the gas mass (Pani¢ and Min, 2017). The choice of a small
amin and large gas mass will maximise the heating in the disc models, and so
the temperatures calculated offer an upper limit in which heating is the most
effective.

The justification for calculating the physical evolution of the midplane sep-

arately from the radiative transfer modelling is that a grid of models can be
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created that represent massive discs such as TW Hydra (Bergin et al., 2013)
and HD163296 (Booth et al., 2019), i.e. massive protoplanetary discs with ages
beyond that of typical near-IR disc lifetimes.

4.2.2 Chemical model

The simple chemical model of Oberg et al. (2011) is adopted here, as previously
implemented as case 2 in Booth et al. (2017); Madhusudhan et al. (2014, 2017)
and described in Chapter 1. In summary this model considers the main O- and
C- carrying species H,O, CO, COa, silicates, refractory O components, organics
and carbon grains. Solar initial abundances are adopted (Asplund et al.; 2009),
following Konopacky et al. (2013). The abundance of the major C- and O- carriers
are then calculated using the model described in Chapter 1 and reproduced in
Table 4.2, using the same binding energies as Piso et al. (2016),Booth et al.
(2017). The radii of the different snowlines are set by the midplane temperature
profiles as calculated by MCMax. Abundances in the gas and ice phase are then
calculated for each of the tracers considered.

Different factors can shift snowlines slightly in the disc (Fayolle et al., 2016;
Kennedy and Kenyon, 2008b; Lecar et al., 2006). The main purpose of this work
however is to investigate global trends with varying stellar mass and age, so for
simplicity the binding energies are fixed to the values given in Table 4.2 and the
CO, CO4 and H,0O snowline positions to the characteristic disc temperatures of
20, 47 and 135 K respectively, following Oberg et al. (2011).

As only the most prominent chemistry from these main carriers is of interest
here, it is unnecessary to consider the full range of reaction processes present in
more sophisticated chemical models of protoplanetary discs (see e.g. Walsh et al.,
2014b).

4.3 Results

4.3.1 Midplane temperature

Figure 4.2 shows a selection of midplane temperature profiles resulting from the

radiative transfer calculations. Each panel shows the midplane temperature pro-
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Species Thina (K) X/H
co 834 0.65 x C/H
CO: 2000 0.15 x C/H
H,O 5800 O/H—(3x%+%+2x%)
Carbon grains n/a 0.2 x C/H
Silicates n/a Si/H

Table 4.2: Binding energies, presented as temperatures, and volume mixing ratios
of the key chemical species included in the chemical model. Binding energies are

from Piso et al. (2016) and volume mixing ratios follow Oberg et al. (2011).

file in the disc that results from the stellar parameters at different timesteps, as
labelled in the bottom left corner of each plot. In each panel the results of discs
around stars with mass 0.5 - 3 My are plotted.

In Figure 4.2 the temperature profiles for different M, are relatively similar to
each other in the top left panel for a stellar age of 0.1 Myr, but begin to diverge
at later time steps. At 0.1 Myr, at 25 au the disc around the 3.0 M, star is &70%
hotter than that around the 0.5 Mg star. At 5 Myr, the 3.0 Mg, case is ~440%
hotter than the 0.5 M one. This divergence of midplane temperatures follows
from the differing evolutionary paths taken by the host stars. In Figure 4.1 the
difference in luminosity between the 0.5 and 3 M, stars is also significantly larger
at 5 Myr than it was at 0.1 Myr.

The effect of this dichotomy in evolution is shown clearly in Figure 4.3, where
each panel contains models with the same stellar mass plotting temperature
curves for different time steps. Whilst the discs around low-mass/solar-like stars
in the top panels cool with age (see the black arrows in Figure 4.3), the discs
around intermediate mass stars experience an increase in midplane temperature
due to the increasing luminosity of the host star, meaning they are relatively
warm at late times. For example, in the 3 My case (bottom right panel Figure
4.3), at a separation of 25 au the disc is in fact 38 K warmer at 5 Myr than it
was at 1 Myr.

These models quantitatively demonstrate that not only are the discs around

intermediate mass stars warmer than around their low-mass counterparts, but

109
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Figure 4.2: Snapshots of the midplane temperature as a function of radius around
stars of 0.5, 1, 2 and 3 Mg at different stellar ages. Each panel represents a
different snapshot in time, each line represents a disc around a different star as
labelled in the key.

that they also remain warmer for longer corresponding to the evolution of the

host star’s luminosity.

4.3.2 Snowline locations

A direct consequence of the variation in midplane temperature profile is variation
in the location of snowlines within the disc models. Figure 4.4 shows the CO
and COs midplane snowline locations, assumed to be at T=20 K and T=47 K
respectively, around different masses of star. Disc temperature at the snowline

of a species can vary somewhat depending on the ices that exist on the grain.

110



4.3 Results

w £ L =]
=] (= =] =

Temperature (K)

[
L=

=
[=]

60 4

50 4 g

40 4

Temperature (K)

1071 2.0m, 13.0M,

0 25 50 75 100125150175200 0 25 50 75 100125150175 200
Radius (au) Radius (au)

Figure 4.3: Midplane temperature as a function of radius at different times for
different M,. Each panel shows a model with a different central star (labelled in
the bottom left corner) and each curve represents a different time step, with the
lightest colour representing the earliest time. The arrow on each plot links the 4

curves in chronological order.

Laboratory experiments have shown CO desorption energies to vary by >50%
depending on the water coverage and structure of the ice in which it is adsorbed
(Fayolle et al., 2016). The range in binding energies corresponds to a range
in snowline temperatures, for example for an assumed midplane density (ny =
10*%m™3) and CO abundance relative to ng (5 x 1075), Qi et al. (2019) point out
that a desorption energy for CO adsorbed to compact HyO ices (E4s=1300 K)
corresponds to a CO snowline temperature of ~ 32 K, whereas considering only

pure ices (Ezs=870 K) corresponds to a snowline temperature of ~21 K. For this
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reason fixed values for T are adopted in order to compare global trends across
stellar mass and age.

The discs around 0.5 and 1 Mg, stars are at their coolest at later times, and so
the snowlines are at shorter separation from the host star. Figure 4.4 shows that
at 2 Myr both discs have CO snowlines that are within 50 au. Conversely the
discs around intermediate mass stars begin to warm up at later times, pushing
the CO snowline further out into the disc. For example in Figure 4.4 the 3 Mg
star snowline is found at a distance of over 250 au from the host star after 2 Myr,
meaning that CO at large orbital radii will remain in the gas phase for a large

proportion of the disc lifetime.
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Figure 4.4: Position of the CO (T=20K, left panel) and COy (T=47K, right
panel) snowlines in the disc midplane around stars of different mass over a range
of time steps. Each model has a total disc mass of 0.1 M. Crosses show the
positions of N?H* rings, tracing the CO snowline location of protoplanetary discs
GM Aur, LkCalb, DM Tau, HD163296 and TW Hydra. The disc temperatures
for each snowline are: GM Aur 24-28 K, LkCalb 21-25 K, DM Tau 13-18 K,
HD163296 25 K and TW Hydra 17 K.

In Figure 4.4 snowline locations in real systems have been plotted alongside

results from the models, the snowline location in each case has been determined

from observations of rings of NoH™ by Qi et al. (2015, 2019, 2013). NoH' is a
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reactive ion abundant where CO is frozen out and therefore a useful CO snowline
tracer. These locations give an indication as to current observational results, there
is a broad agreement with the expected trends especially in the older systems
HD163296 and TW Hydra. HD163296 is a 1.9 Mg star that has a midplane
CO snowline in its disc at around 90£8 au (Fairlamb et al., 2015; Qi et al.,
2015), whereas TW Hydra has a stellar mass of 0.8 Mg and a CO snowline
much closer in at 2141 au. Despite both discs being around the same age,
the disc of HD163296 is warmer than TW Hydra, supporting the results of the
radiative transfer modelling. The CO snowline prediction for a 2 Mg star in
Figure 4.4 is further out than the location fitted from observations of NoH™ in
HD163296, in part due to the fact that the observed NoH™ ring was found at
25 K rather than 20 K (Qi et al., 2015), and also due to the assumption of
a continuous disc, whilst the system famously hosts multiple large gaps. The
observed location of the TW Hydra snowline is slightly further out in the disc
than the estimate made using models of disc around a host star of a similar mass.
Analysis by Schwarz et al. (2019) suggests that NoH' emission from TW Hydra
is not originating in the midplane but from higher in the disc, and so is likely to
be tracing photodissociation or chemical reprocessing rather than freeze out.

At early times in contrast it is difficult to distinguish midplane temperatures
by stellar mass because stellar luminosity is at a minimum and the midplane disc
temperatures are at their most similar. The three youngest discs are around stars
of lower mass GM Aur (1.3 Mg), LkCal5 (1.0 Mg) and DM Tau (0.5 Mg). In
Figure 4.4 the location of the CO snowline in GM Aur agrees with the prediction
of the disc models using stars of similar mass. The snowlines in LkCa and DM
Tau are slightly further out in the disc by ~20 au than the models predict. This
is likely due to the depleted nature of their inner discs; LkCa 15 has an inner
cavity of ~45 au (Jin et al., 2019; Piétu et al., 2006) and DM Tau has two thin
dust rings at 4 au and 25 au with a more extended outer disc from ~75 au (Kudo
et al., 2018). In both these systems, the disc at 10s of au is therefore likely to be
much warmer than a similar location in the disc model as described in Table 4.1.
Whilst GM Aur has also shown rings in high resolution ALMA observations, its
inner disc does not appear to be as efficiently cleared of mm-sized dust (Huang

et al., 2020), exhibiting depletion in between the rings rather than gaps.
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4.3.3 Disc Composition

Here the effects of the snowline locations on the composition of gas and ice in the
disc midplanes are explored. Just as the models place the upper limits on mid-
plane temperatures, so the CO snowline locations represent the furthest possible

distance where the CO snowline may be found at the given age/mass.

1.6
]-Myr — 0.5 MG}
1.4 - — 3 Mo
: — Gas
17 C/O=1region Solids
C/0O=1 region
1.0 4
o I
J 0.8
0.6 -
r [ ] ‘0
04‘: : .I'
[ . -
oo et e
024""
0 20 40 60 80 100 120

Radial Separation (au)

Figure 4.5: C/O in the gas (solid line) and solid phase (dotted line) for models at
1 Myr with blue lines showing the model with a 0.5 Mg, host star, and red lines
showing a 3 My host star. No drift or transport are included in this instance.
The gas phase line is plotted up to the location of the CO snowline in the mid-
plane, taken to be at T=20K. Horizontal lines above the C/O curves denote the
region for which gas phase C/O=1 for each of the models and are colour coded

accordingly.

Figure 4.5 plots C/O as a function of radius for the two extremes of the
stellar mass range, the 0.5 and 3 M, cases, calculated without including any drift
or transport within the disc, meaning the only difference should be due to the
temperature profile. Each reproduces the same step function as seen in Oberg

et al. (2011), presented here on a linear radial scale. The warmer disc around the
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3 Mg, star pushes both the CO and COs snowlines further out in the disc, leading
to a more extended region of maximum carbon enrichment in the gas phase (in
the model this is where C/O=1) in comparison to the disc around the 0.5 Mg
star. Outwards of ~30 au in Figure 4.5, the solids in the 0.5 Mg, case are much
more carbon enriched because all main carbon carriers are frozen out onto the
grains. In the warmer 3 Mg case, the snowline is at ~115 au in the disc and so

more carbon is in the gas phase, leaving solids with a lower value of C/O ~ 0.3 .
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Figure 4.6: C/O in the gas (solid line) and solid phase (dotted line) for models
with a 3 Mg host star and no drift or transport included. The red lines show
the model with stellar parameters at 1 Myr, the black lines show the model at
5 Myr. The gas phase line is plotted until the location of the CO snowline in the
midplane, taken to be at T=20 K. Horizontal lines above the curves denote the
region for which gas phase C/O=1 for each of the models and are colour coded

accordingly.

Heating of the disc depends not only on the mass of the star, but the stage
of its evolution as well. In Figure 4.6 the same 1 Myr, 3 My, profile is plotted as

in Figure 4.5, but now compared to a model using stellar parameters at 5 Myr

115



4. The impact of pre-main sequence stellar evolution on midplane
snowline locations and C/O in planet forming discs

when the intermediate mass star’s luminosity is greater. In the 5 Myr case the
COg snowline is further out than in the 1 Myr case. As shown in Figure 4.6, this
results in a lower C/O ratio for the oxygen enriched solids up to 30 au in the
5 Myr case (dotted black line) compared to the 1 Myr case (red dotted line).
CO remains in the gas phase for the vast majority of the disc extent, with the
CO snowline found at over 400 au at 5 Myr. Figure 4.6 therefore makes it clear
that there is not only a radial dependence to be considered, but also a temporal
one. The CO and CO, snowline locations will evolve with the disc temperature
profile resulting in changes to disc composition. The HyO snowline is always
at shorter separation from the central star, in some discs approaching the inner
regions where the disc is viscously heated rather than radiatively, and so it is not
necessarily expected that the H,O snowline will be affected in a similar manner

where this is true.

4.4 Discussion

4.4.1 Application to HR8799

The C/O in the gas and solid phases depends on both location within the disc
and time. Here the extent to which these results can explain variation in the
atmospheric C/O of giant planets within the same system is explored.

HR8799 is an FO type star (Gray et al., 2003) that hosts four directly im-
aged giant planets in its system (Marois et al., 2008, 2010). The wide orbits and
large masses of the planets have proved difficult to model with current theories
of planet formation. Through spectroscopic analysis Sadakane (2006) find the
abundances of C and O in HR8799 to be consistent with solar values; log;oC/H=
-3.57 and log;0O/H= -3.31 (Asplund et al., 2009). In this section a disc model is
created specific to the stellar mass of HR8799 that includes stellar evolution, disc
transport and the chemical model following Oberg et al. (2011). The composition
of the model disc is then compared with the C/O determined for each of the four
exoplanets from their observed spectra by Lavie et al. (2017) using the atmo-
spheric retrieval code HELIOS. Properties of the four exoplanets are summarised
in Table 4.3.
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Planet Mass © Ry ¢* C/H® O/H® C/O°
HR8799b | 7 M; 68 au 146 1.24 0.92
HR8799c | 7 My 38au 084 0.84 0.55
HR8799d | 7 M; 24au -13.0 0.73 >10"1
HR8799¢ | 5 Mj 15au -84 028 >107"

Table 4.3: Key properties of the giant exoplanets in the HR8799 system. The
retrieved carbon abundance is very low in planets ‘d’ and ‘e’; and so the C/O
represents a lower limit. C/H and O/H values are given relative to stellar values
in the form: log;oX,; - log19X,, where X is the abundance relative to hydrogen.
References a) Marois et al. (2010), b) Marois et al. (2008), ¢) Lavie et al. (2017).

The disc properties as described in Table 4.1 are adopted with a star of mass
1.5 My and the conditions in the disc models are modelled at ages up to 10 Myr.
Figure 4.7 shows snapshots taken from this series of models that illustrate selected
key milestones to be discussed in the text. Assuming that the atmospheric C/O
listed in Table 4.3 is comprised of a mixture of rapidly accreted local gas and
dust, one can analyse whether evolving disc composition as a result of stellar
luminosity evolution can put temporal constraints on planet formation in the
HR8799 system. Although there will be no speculation on the formation of planets
‘d” and ‘e’, as the C/O values from Lavie et al. (2017) are very low. This is mainly
due to the fact that the retrieved probability density functions for C/H in these
planets do not constrain the values well. GRAVITY has detected CO in the
atmosphere of HR8799e (Lacour et al., 2019), and so carbon bearing molecules
are certainly present and it is likely that the C/O values in the atmospheres of
planets ‘d” and ‘e’ greater than those in Table 4.3. Future observations will help
to determine the composition of these exoplanetary atmospheres.

To aid with this discussion the relative mixing proportions of gas and dust
that would be required to achieve the C/O for each exoplanet atmosphere as given
in Table 4.3 are calculated. By assuming that the atmospheric C/O is inherited
from local disc material, the C/O of a giant planet can be written as a mixture

of local gas and dust,

C/Oplanet =f C/Ogas + (1 - f) C/Osolida (42)
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Figure 4.7: The three elements of the HR8799 disc model. Left hand side:
Ratio of carbon to oxygen abundance in the gas phase (solid line) and solid
phase (dotted line) as a function of radius. Shaded areas mark the location of the
giant planets in the HR8799 system, black circles are plotted at the corresponding
C/O retrieved for their atmosphere. Each panel shows a different time step in
the evolution of the model as is labelled in the top right corner of each panel.
Timesteps are chosen to reflect key points as referred to in the text. The gas
phase C/O line is plotted up until the CO snowline in the midplane, taken to be
at 20K. Right hand side: On the top is the evolution of T(R) in the model for
a 1.5 Mg star. On the bottom is an HR diagram comparing the pre-MS evolution

of a 1.5 My star to the evolutionary tracks in Figure 4.1.

118



4.4 Discussion

where f is the fraction of material that is accreted to the planet that was originally
in the gas phase in the disc.

In Figure 4.7 selected snapshots are presented that show key time steps. On
the left-hand side are four panels showing C/O radial profiles for the HR8799
system. The black lines give the C/O in the solids and gas as labelled in the
legend, the coloured bars give the orbital radii of the 4 known giant planets, with
a circle plotted on the y-axis for each planet at the value corresponding to the
atmospheric C/O found by (Lavie et al., 2017) for each planet. On the right hand
side the midplane temperature profiles are given for different stages of the star’s
luminosity evolution (which can be compared to those in Figure 4.3). The path
of the 1.5 My star across the HR diagram as calculated by the MESA stellar
modelling is shown in the bottom panel on the right hand side, with the tracks
of the 0.5, 1, 2 and 3 M, stars also plotted in grey.

In Figure 4.7, after 1.5 Myr, the evolution slows and the radial profile of C/O
in gas and dust is well defined. From these key epochs C/Ogas and C/Ogona can

be measured and used in Equation 4.2.

HR8799b

The main constraint that this modelling puts on the formation of carbon-rich
exoplanet HR8799b - the outermost planet in Figure 4.7 - is a result of the
displacement of the furthest radial location where the CO snowline may be located
at different ages. At a radial separation of 68 au HR8799 is interior to the CO
snowline position in all models up to the 1.05 Myr one, which is shown in Figure
4.7. Beyond the CO snowline, no major C or O carriers are in the gas phase. This
means that rapid gas accretion in this particular region during planet formation
will have no affect on the C/O ratio of any forming planet as the gas is mainly
H,, but it will affect the C/H ratio. HR8799b therefore must have accreted the
vast majority of its carbon and oxygen while still inside the C/O=1 region (inside
the CO snowline).

Using Equation 4.2, the amount of exoplanetary atmosphere that originated
in each of the gas and solid phases can be estimated using the relative amounts

of carbon and oxygen in the observed atmosphere and in the disc as calculated
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by the modelling. Figure 4.8 plots f as a function of time through 5 Myr of the
disc’s evolution. CO dominates the gas phase material at the orbital radius of
both planets, and so similar features can be seen in the C/H and O/H profiles.
Figure 4.8 shows that most of the carbon and oxygen must originate from the
gas phase at all times. f calculated through C/H approached a peak at around
0.5 Myr due to the inward drift of carbon-rich solids shown in Figure 4.7, varying
between 0.5 and 0.85. O/H on the other hand remains fairly constant around
0.85, dropping at late times as the CO snowline approaches the planet. The
combination of these two curves results in the green C/O line in Figure 4.8. At
0.5 Myr O/H is briefly greater than C/H in the disc model, due to an increase in
the density of solids drifting in from the outer disc, resulting in an outlier results
where f is very low. Before and after this event f calculated via C/O remains
between /0.75-0.87. This calculation therefore does not support accretion from
the inward drifting material that built up at a snowline in the outer disc, as
the relative abundances cannot be reconciled with the observed C/O value. The
build up of solids in the outer disc depends upon assumptions of disc mass and
turbulent a.

The point in time when the CO snowline is located inside the planet’s orbital
radius depends on gas mass in the disc, as it is the amount of gas which determines
the degree of flaring in the disc and the subsequent heating of the disc (Pani¢ and
Min, 2017). Disc gas mass will decrease with time as a result of photoevaporation
and accretion onto the star, resulting in a lower midplane temperature and a
shorter time to form the planet. Furthermore if the planet experienced migration
through the disc it would have accreted gas starting at a greater radial separation
from the star where there is even less time before the CO snowline is found inside
of the planet’s orbital radius. The time constraint of ~1 Myr from the modelling
therefore represents an upper limit on the accretion of C and O from the disc,
pointing towards an early formation time for HR8799b. In certain circumstances
runaway migration can also lead to outward motion (Masset and Papaloizou,
2003), for example if a planet is located close to a sharp disc edge on the outside
of a disc cavity (Artymowicz, 2004). If this were the case for HR8799b, it would be
very difficult to simultaneously explain the planets interior to it. Scattering events

between giant planets can theoretically re-order the configuration of a planetary
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system, similarly to the Nice model for the Solar System (Gomes et al., 2005).
This would usually involve a giant planet scattering smaller planets however, and
it would be very difficult to produce the tight and seemingly stable orbits of the
four giant planets as observed by Marois et al. (2008, 2010) after an event such
as this. Fabrycky and Murray-Clay (2010) suggest the stability in the orbits of
the system require mean-motion resonance between them, which is more likely
to occur through migration into a stable state, rather than a chaotic scattering

event.

HR8799c

HRS8799c¢ is found at an orbital radius of 38 au and so it remains inside the
snowline in all models, meaning it can always accrete gas that will alter its C/O
ratio. The 1.5 Myr panel in Figure 4.7 is a good representation of the snowline
location up until 10 Myr, as the radial temperature profile is similar at these
later stages. Table 4.3 however shows that HR8799¢ has C/O comparable to that
of the central star which has C/0=0.56 (Sadakane, 2006), much lower than the
C/O in the gas phase of the disc models.

Using Equation 4.2 to calculate the relative mixing of gas and ice required from
the values of C/H and O/H at R=38 au throughout disc evolution, over 90% of
C and O must have originated from gas content in the models rather than solids
(See Figure 4.9). The solids that are accreted are highly rich in O, and reduce the
overall C/O of the atmosphere. Unlike HR8799b, the orbital radius of HR8799¢
means its enrichment cannot be constrained by snowline location, as it is found
inside the CO snowline in all the models and also outside of the CO, snowline in
all models. This means that local C/O in the gas and solids remains relatively
stable as a function of time. This makes it more difficult to pinpoint a specific
epoch for formation for a given exoplanetary atmospheric C/O. Formation in the
models can be excluded between 1.5 Myr and 3 Myr disc however, where solids
are particularly high in C/O due to the inward drift of carbon-rich gas and dust.
This carbon-rich material built up at the CO snowline when it was further out in
the disc at earlier times. In this case, the build up of material from the snowline

is too carbon-rich, and it is impossible to recreate the approximately stellar C/O
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of HR8799¢ with this material (See Figure 4.9). The discrepancy may be alerting
us to significant chemical effects in the atmosphere, or to planet formation via
gravitational instability.

In order to achieve the approximately solar C/O of HR8799¢ in a region
of the disc with carbon-enriched gas, there must have been substantial oxygen
enrichment of the atmosphere through the accretion of solids. In our model,
radial drift and the subsequent inward transport of volatiles from the outer disc
are insufficient to achieve this.

A stellar C/O is seen in a number of hot Jupiters (e.g. 8 out of 9 planets
in the sample of Line et al., 2014). But unlike the hot Jupiters, HR8799c is
on a relatively wide orbit. Its approximately stellar C/O may be due to the
uncertainties in determining C/O of exoplanetary atmospheres from observed
spectra. Changes in C/O of an exoplanet’s atmosphere can also occur as part
of the formation process. If planet formation occurs via gravitational instability,
the C/O of a fragment can vary due to the sequestration of volatiles contained
within dust that settles towards the fragment core (Ilee et al., 2017) or due to
the accretion of planetesimals (Madhusudhan et al., 2014). Kratter et al. (2010)
identify a set of criteria to be met in order for any of the planets in HR8799 to
have formed via GI. For their proposed scenario, the authors require a formation
around the end of the Class I stage and beyond 40-70 au, with temperatures
colder than typical discs. These criteria are consistent with the constraints of an
early formation in the outer disc for HR8799b and the cooling of disc midplane

as a result of stellar evolution.

122



4.4 Discussion

0.90 -
— OfH
0.85 - — o
0.80 -
0 0751
[=)]
(=]
pe
© 0.70
I
“ 0.65 -
0.60 -
0.55 ﬁ
0-50 T T T T
0 1 2 3 4 5

Time (Myr)

Figure 4.8: The proportion of material in the exoplanetary atmosphere that orig-
inated as gas phase disc material, calculated using Equation 2 in order to repro-
duce the retrieved atmospheric C/H, O/H and C/H for the exoplanet HR8799b.
The data is plotted for all times at which the CO snowline is radially exterior to
the HR8799b’s orbital radius.
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Figure 4.9: Same as Figure 4.8 for the exoplanet HR8799c.
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4.4.2 Alternative chemistry model

So far a chemical model has been implemented that uses the temperature profile
of the disc to establish the location of key snowlines. Volume mixing ratios
and abundances of C and O are based on observations of protoplanetary discs
(Draine, 2003; Oberg et al., 2011; Pontoppidan, 2006) and carbon grains are
included resulting in a greater amount of solid carbon. In previous studies of
disc composition (e.g. Booth et al., 2017; Madhusudhan et al., 2014, 2017) this
prescription has been compared to a similar model where volume mixing ratios
are based on theoretical computations (Woitke et al., 2009) and CHy is included in
the species considered. As a result, the predicted disc C/O is altered, particularly
in the dust and towards inner regions for the gas.

Table 4.4 gives the mixing ratios used for this model for comparison with
Table 4.2. Figure 4.10 shows results when this alternative chemistry model is
applied to the disc model for HR8799.

Species X/H
CO 0.45 (1 + fco,) x C/H
CH, 0.45 (1 - foo,) x C/H
CO, 0.1 x C/H
H,0 O/H- (3 x¥+ R +2x52)
Carbon grains 0
Silicates Si/H

Table 4.4: Binding energies, presented as temperatures, and volume mixing ratios

of the key chemical species included in the alternative chemical model.

The key difference in the results from the alternative model comes within
the COy snowline, where due to the gas phase CHy, C/O in the gas phase =
1.5, whereas solid phase material is initially down to 0, due to the lack of carbon
grains. As the radial profile of C/O in the disc is changed at short separation from
the star, the alternative chemistry model has a negligible effect on the relative
mixing ratios of gas and dust in order to reproduce the retrieved exoplanetary

atmosphere values.
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Figure 4.10: Alternative chemical model used as presented in Madhusudhan et al.
(2014) and used as ‘Case 1" in Booth et al. (2017))

4.4.3 Implications for planet formation

The radiative transfer models quantify the impact of stellar evolution on alter-
ing the temperature structure in the midplane of the disc. The discs around
intermediate mass stars are warmer and remain at their warmest for later stellar
ages as well, meaning key carbon and oxygen carriers remain in the gas phase
for a longer time period and for a greater extent of the disc. This dichotomy in
disc composition has direct implications for the composition of planets that form
in these areas. For example by 2 Myr in the models the CO snowline of discs
around stars of 0.5 or 1 M, are within 40 au. Giant planets rich in carbon are
not expected to be found at wide separations in the discs around the lower mass

stars. On the other hand, the discs around intermediate mass stars are much

125



4. The impact of pre-main sequence stellar evolution on midplane
snowline locations and C/O in planet forming discs

more likely to host carbon-rich giant planets on wider orbits because CO remains
in the gas for a much greater separation in the disc; over 250 au in the case of
the 3 Mg star at >2 Myr.

By applying this modelling to the HR8799 system, constraints can be placed
on the period of time in which the bulk of C- and O- carrying molecules must
have been accreted by the two outer planets from the model disc. The position
of the CO snowline rules out the formation of HR8799b beyond 1 Myr. This
result assumes that atmospheric C/O reflects that of the initial disc material, but
chemical processes in the exoplanetary atmosphere will alter the observed ratio.
More precise predictions could be made by implementing a more sophisticated
chemical network and using species beyond the main C and O carriers as tracers
of atmospheric composition.

In this analysis in-situ formation of the giant planets in the system is con-
sidered. An evolving temperature structure will also impact upon migration
timescales of planets in the disc however, as migrational velocity of a planet in-
creases proportional to temperature. In discs that cool with time as a result of
stellar evolution, planets will migrate at a greater velocity at earlier times com-
pared to the velocity of a planet of equal mass at the same radial separation at
late times. In discs around intermediate mass stars that are warm at later times,
CO is present in the gas phase for a greater proportion of the disc, but any mi-
grating planets within the disc will do so with a greater velocity than at early
times in a cooler disc. If planet-driven gaps in the disc begin to overlap, and the
planets themselves are in mean-motion resonance then convergent migration can
occur (Kley, 2000), potentially helping to achieve mean motion resonances that
stabilise the orbits of the planets (Fabrycky and Murray-Clay, 2010).

4.4.4 Implications for dust growth to pebble sizes

In Section 4.4.1 the analysis of HR8799c suggested that significant enrichment by
solids could be required to explain the approximately solar C/O of the wide orbit
planet. The amount of solids accreted depends on the method of the planet’s
formation. Here we explore the impact of stellar evolution on the composition

of midplane dust, in particular we look to assess to what extent grain size in
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the disc is limited by the evolution of the star and whether this could prevent
pebble accretion in regions of the disc. In order for pebble accretion to be rapid,
pebbles have to make up a significant fraction for the gas giant core’s solid density
(Lambrechts and Johansen, 2012), and so they likely contribute significantly to
oxygen enrichment of the forming planet. Here we will define ‘pebbles’ as dust
grains with @ > 1 cm.

In Figure 4.11 results of dust evolution in our models are plotted as coloured
lines, the grey lines in the background show the results of modelling where the
stellar parameters remain constant but the dust is still allowed to evolve. As
expected an increase in grain size in the inner disc occurs due to changes in
fragmentation velocity, e.g. the sharp jumps at <2 au for all the models at
0.1 Myr (Figure 4.11).

Maximum grain size as a function of radius is similar among all models at
1 Myr, it is not until the divergence of midplane temperatures that a significant
effect is seen in outer regions. The threshold between icy and ice-free fragmen-
tation is pushed further into the disc as a result of the stellar evolution; this is
most clearly seen by comparing the red lines showing the 3 M, models at differ-
ent times in Figure 4.11. The extent to which stellar evolution is dictating this
location can be seen by comparing to the similar radial features of the grey lines
in the background.

In Figure 4.11 there are no pebbles present in the innermost regions of the
discs at 0.1 Myr, as the disc midplanes are relatively warm due to the luminous
young star. This is a short lived stage however, as stellar luminosity evolves
rapidly and the effects of radial drift start to take effect. The models of discs
around low mass stars at 1 and 2 Myr (blue and gold lines in Figure 4.11) host
pebbles out to 20-30 au. By 5 Myr the 0.5 and 1 Mg models still host pebbles as
far as 10 au. These models show that pebbles reside in the inner disc (<10 au)
for at least 5 Myr and will be able to contribute towards core growth in these
regions. This is not the case in the discs around intermediate mass stars. The
1 Myr panel in Figure 4.11 shows that fragmentation limit in the 3 My model
is found at 1 au, and is at 5 au in the 5 Myr panel. Due to rapid radial drift
and fragmentation in collisions any pebbles in these inner regions will be removed

from the disc quickly. Pebble sized grains are only efficiently removed from the
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Figure 4.11: In each panel the maximum grain size is plotted as a function of
radius for disc models at different time steps. At each time step the results
are shown for disc models with different masses of host star plotted as different
colours. An indication of the results for a model using stellar parameters that do

not evolve, with values adopted from 1 Myr, are plotted in grey.
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inner regions of the 2 My model by around 5 Myr when the effects of radial drift
become dominant. This is signalled by the decrease of maximum grain size at
all radial locations <10 au between 2 and 5 Myr, rather than the sharp jump
associated with the fragmentation threshold.

The dust modelling presented in Figure 4.11 thereby places some constraints
on the ability of discs to host pebble sized grains as a result of the stellar luminos-
ity evolution. Due to the cool discs of low mass stars, their discs remain virtually
unaffected. After 1-2 Myr, fragmentation limits grains from growing to pebble
sizes in intermediate mass discs as a result of stellar evolution and its subsequent
impact on heating of the disc. This only applies within the first 1-5 au however
and by ~5 Myr radial drift becomes the dominant factor in removing large grains
from the inner disc. Lack of large grains at short radial separation does not affect
the formation of the HR8799 planets considered here, as they are on wider orbits.
This would, however, affect the formation of giant planets forming at shorter
separation, i.e. hot Jupiters, in planet forming discs.

An additional increase in grain size is seen in the models of discs around
intermediate mass stars, where the COy snowline creates a similar transition.
For example at around 6 au in the 3 My model at 5 Myr and at 30 au in the
3 My model in the same panel of Figure 4.11. Unlike at the H,O snowline there is
not a strong effect on the fragmentation threshold. Instead, the dust mass drops
as the CO, leaves the grains, leading to a decrease in local dust surface density.
In Figure 4.12 dust surface density is plotted for models at the extremes of our
adopted stellar mass range, for regular time steps. Comparing the 3 My model at
5 Myr (right hand panel, black line in Figure 4.12) with the corresponding model
in Figure 4.11, there is a decrease in dust surface occurring at the same radial
separation as the increase in grain size. As discussed in Boneberg et al. (2018),
the smaller grains are more closely coupled to the gas, decreasing the speed of
inward radial drift. As a result dust surface density rises interior to the HyO
snowline. The discs around lower mass stars do not show the second grain size
change. Similarly the 0.5 Mg dust surface density profile in Figure 4.12 is not
affected in the same way as the higher mass case.

Similar perturbations in grain size can be seen in the outer disc towards the

CO snowline, but due to the lower density as greater R, the features do not
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persist and are smoothed out by transport processes. Additionally much of the
CO crossing the snowline is converted in to COy under the assumptions of our
chemical model, and so the inward flux of carbon is instead later released at the
COs snowline. Three small spikes can be seen on the red line in the 1 Myr panel
of Figure 4.11 corresponding to early snowline-induced disturbances. Transport
processes and the evolving snowline location in discs mean that there may be

some displacement between these radial features and the snowline itself for any

given time.
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Figure 4.12: Surface density profile as a result of dust evolution in disc models

with central stars of mass 0.5 and 3 Mg for timesteps of 1 Myr.

We do not include a prescription for dust trapping in our dust model, a
mechanism which acts to prevent the rapid removal of pebbles from the disc on

short timescales (Pinilla et al., 2012b). Accurate predictions of the timescales for
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pebble removal in protoplanetary discs will require such considerations. Circular,
thin rings of dust that are consistent with dust trapping are common among high
resolution observations of bright protoplanetary discs (Dullemond et al., 2018).
It therefore seems that dust trapping mechanisms may also be common; further
imaging of large samples of discs that are capable of resolving dust rings are
necessary to confirm this.

The temporal constraints of our modelling suggest that the pre-main sequence
evolution of the host star could be used to identify when key snowline-dependant
planet formation mechanisms occur. For example numerical modelling by Schoo-
nenberg and Ormel (2017) shows that planetesimal formation by the streaming
instability is aided by the diffusion and condensation at the water snowline. Fur-
thermore snowlines may play an important role in the dust growth leading to
self-induced dust traps at the water or even CO snowlines (Vericel and Gonzalez,
2020). For a given proto-planet there will be a window of opportunity for pro-
cesses such as these to have taken place, the length of which depends upon the

spectral type of the star.

4.5 Conclusions

In this paper models of pre-main sequence stellar evolution across a range of
masses are combined with radiative transfer modelling of protoplanetary discs
to study the impact of stellar evolution on midplane temperature. The grid
of radiative transfer models quantify the change in temperature for continuous
discs of constant mass when irradiated by stars at different stages of their pre-
MS evolution. The consequences of these changes in midplane temperature are
discussed with specific attention to the composition of the disc and what this
means for the planets that form there. A summary of the main conclusions is
listed below.

e At ages >2Myr, stellar evolution of stars with mass >1.5M, diverges sig-
nificantly from that of the lower mass stars. The increase in luminosity
results in an increase in midplane temperature within the discs they host.

Disc models around intermediate mass stars are not only warmer than discs
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around low- or solar- mass stars, but they also remain at their warmest for

a greater duration of the stars’ pre-main sequence evolution.

e Applying this modelling procedure to the HR8799 system, it is found that

accretion of carbon and oxygen by exoplanet HR8799b must have occurred

at early times in the disc’s evolution whilst the planet was still inside the

CO snowline. A reliable, specific time constraint for any individual disc will

however require an accurate disc mass determination and a good estimate

of mass loss rate from the disc.

e Stellar evolution can limit growth of dust grains to pebble sizes in the first

few au for discs around intermediate mass stars, but only after a 1-2 Myr.

Radial drift is the most efficient mechanism at limiting growth to pebble

sized in the inner disc.
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5.1 Summary

Protoplanetary discs are the natal environment from which planets are formed,
and so the accurate characterisation of disc composition defines the basic building
blocks for planet formation. Meanwhile the mechanisms for planet formation
disturb this environment and leave imprints behind in the density distribution
of the disc. Study of disc structures can therefore give direct clues as to the
process by which planet formation occurs and on what drives protoplanetary disc
evolution.

This thesis characterises the gas and dust in discs around intermediate mass
stars. This was achieved through analysis of new ALMA observations of the discs
hosted by stars HD100546 and HD141569. Despite the similarity between the two
stars, the discs they host are markedly different because HD141569 demonstrates
a more advanced stage of disc evolution. Both discs were found to contain rela-
tively large amounts of gas for their respective evolutionary stages, despite ages
approaching what is currently considered to be the ‘typical’ disc lifetime. In
addition to analysis of observations, the conditions within long-lived discs were
explored further through modelling of protoplanetary disc midplanes and the
impact the evolution of the host star has on the properties of this part of the
disc. The results found direct implications for planet formation and led to con-
straints on the radial location and time of the formation of carbon-rich exoplanet
HR8799b; a directly imaged wide-orbit planet hosted by another intermediate
mass star. The three systems given specific attention in this thesis represent
three important epochs of protoplanetary disc evolution. Together, they tell the
story of protoplanetary disc evolution around intermediate mass stars. The anal-
ysis of imaging and modelling of these systems sets the scene for giant planet

formation in their discs.

Observations of the bright, gas-rich, planet forming disc around Herbig star
HD100546 proved the power of optically thin tracers in delving into the disc mid-
plane and in tracing the outer regions of the disc where the majority of mass is con-
tained. This method ultimately led to an estimated mass that places HD100546

in the top bracket of the most massive known discs around Herbig stars along with
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systems such as HD97048 and HD163296. Discs like these must therefore have
a way of remaining massive significantly beyond disc lifetimes predicted by IR
statistics or photoevaporation models of discs around low mass stars. Examples
of massive, long-lived discs exist around some low mass stars as well, for example
the disc of TW Hydra. In order to explain giant planets on wide orbits (e.g. the
exoplanets of HR8799, Marois et al., 2008), observations of HD100546 and discs
similar to it will be the key as they are some of the few systems with sufficient
mass in the outer disc to support the formation of giant planets. Quantifying the
planet building budget in the outer disc for systems such as HD100546 and others
similar to it, is essential for confirming the capability of individual protoplanetary
discs to form giant planets on wide orbits, as well as their ability to do so at an
age beyond ‘typical’ disc lifetimes.

Studying the outer regions of protoplanetary discs via direct imaging is cur-
rently the only way in which to investigate giant planets on wide orbits. Modern
exoplanet detection methods are effective for exoplanets at short radial separation
(see Figure 5.1) or in systems where discs have dispersed. Identifying signatures
of embedded planets can be very difficult, and in the case of HD100546 has in-
volved much debate (Currie et al., 2017; Quanz et al., 2015, 2013; Rameau et al.,
2017). Millimetre wavelength observations with facilities such as ALMA are the
best way to characterise the coolest parts of the disc pertaining to the wide orbit
giants forming in the midplane and in the outer disc. It is here that the massive,
wide orbit planets detected by direct imaging originate, shown as blue stars in
Figure 5.1.

As well as investigating planet formation the observations analysed in this
thesis allow for detailed exploration of disc structures and the disc-embedded
mechanisms they could be alerting us to.

HD141569 provides a unique opportunity to study the end of the planet-
building phase and the subsequent dispersal of protoplanetary discs as they tran-
sition into the debris disc regime. In Chapter 3 observations probing midplane
gas and dust reveal a highly asymmetric distribution of *CO. The ¥CO emis-
sion in the ALMA observations presented here peaks at 120410 au away from
the stellar position, and the main body of its emission lies in the same position

as rings located in scattered light. Analysis of the continuum emission also found
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Figure 5.1: Mass of currently detected exoplanets is plotted as a function of
the orbital period of the exoplanet. Data points are coloured by the method
used to detect the exoplanet as described by the key on the right hand side.
Direct imaging detects the exoplanets with the lowest frequency, but is the only
method by which planets on wide orbits can be investigated. Data and plot from

exoplanetarchive.ipac.caltech.edu, correct as of 19th February 2020.

evidence of a mm counterpart to the wide scattered light ring at 220 au. The
structural features identified in the ALMA images add further weight to the view
that HD141569 has been caught in the act of its transition towards an evolved
exoplanetary system.

A major conclusion from this thesis on methodology is that multi-wavelength
analysis is an invaluable tool when describing protoplanetary disc. The millimetre
ALMA observations were specifically designed to delve to the cool regions of
the discs, yet key results were found for both HD100546 and HD141569 that
would not have been possible using data from a single wavelength. In HD100546
grain growth and the composition of the dust population were assessed through

calculation of the spectral index between different continuum wavelengths and in
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HD141569 the optical depth of gas lines could be calculated to explain the wildly
different gas mass estimates made from ALMA observations. Furthermore both
studies utilise results from multiple observing techniques by comparing millimetre
interferometry to scattered light imaging that traces the surface layers of the
disc. Combining tracers of the midplane with those at greater vertical height
led to hints of spiral features in the outer disc of HD100546 and evidence for a
midplane counterpart to the wide ring at 220 au in HD141569. Throughout all
stages of disc evolution, the act of combining alternative observing modes from
a range of observational facilities is extremely powerful and adds greater depth
and understanding to structural analysis. Proof of this is clear when considering
HD141569; multiple data sets have provided the fascinating configuration of disc
structure as summarised in Figure 3.5. This has enabled greater scrutiny of the
disc’s evolutionary state and the nature of the gas it hosts. Circumstantially, the
asymmetric 1*CO gas emission could be interpreted as the site of secondary gas
production originating from a planetesimal belt as seen in Beta Pic (Dent et al.,
2014). In this case the morphology of the clump is likely down to a combination
of elongation by the synthesising beam and spreading as a result of orbital motion
in the disc. On the other hand, gas mass in the disc is an order of magnitude
larger compared to that in systems that are consistent with models of secondary
gas (Kral et al.; 2018). Furthermore HD141569 demonstrates the properties of
a hybrid disc as described by (Péricaud et al., 2017). It may be that the gas
is primordial, like that in HD100546, but unlike HD100546 the gas and dust in
the disc are being actively depleted or dispersed. The peak in ¥*CO intensity
that is separated from the star may in this case be a particularly dense region of
gas from a planet-driven spiral wake such as is observed in HD135344B (van der
Marel et al., 2016) or V1247 Orionis (Kraus et al., 2017). In the latter scenario
new observations that resolve the disc at scales of ~ 10s au would be key in
verifying whether the gas asymmetry is linked to spiral arm features detected by
scattered light observations such as the arcs on the outer belts (Mawet et al.,
2017; Perrot et al., 2016).

Although it no longer holds sufficient mass to form new giant planets, the
density distribution in the remaining disc material of HD141569 will be shaped

and sculpted by any currently existing planets or by the mechanisms driving disc
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depletion. As a result we can learn about the architecture of young planetary
systems through observations of systems such as this. As the only pre-main
sequence hybrid disc, HD141569 is the only known system that can exhibit to
observers ‘the beginning of the end’, and so it is also a crucial testing ground for
theories on the onset of disc dispersal.

Finally, Herbig stars bridge the gap between the low-mass and high-mass
regimes that show differing interior structure and stellar evolutionary paths from
each other. The discs hosted by A type stars are unusual in that they are the most
likely to host detected giant planets (Johnson et al., 2010; Reffert et al., 2014) and
most of the debris discs hosting surprisingly large amounts of gas are also around
A type stars (Modr et al., 2017; Péricaud et al., 2017). Furthermore discs around
Herbig stars are the brightest, most massive and some of the most well studied
protoplanetary discs in planet formation research. In Chapter 4 disc modelling
assesses how the variation in pre-main sequence evolution, across the stellar mass
range where giant exoplanet detection rates peak, affects the initial conditions
for planet formation in a massive protoplanetary disc. A dichotomy emerges
between the temperature evolution of discs around low- and intermediate-mass
stars in the density profile. As a result not only are discs around intermediate
mass star warmer, but they remain at their warmest for longer, and can even
heat up at late stages. A direct repercussion of this temperature evolution is the
fact that key snowlines can exist at different locations which in turn determine
the amount of carbon and oxygen that exists within the gas phase. This pro-
vides the perfect opportunity to draw a link between the wide orbit exoplanets
around intermediate mass stars and the properties of their natal disc. This the-
sis demonstrates that modelling of snowlines in discs around intermediate mass
stars can be used to determine much tighter radial constraints, and for the first
time temporal constraints, on a planet’s formation. With future instruments due
to provide a boost to the compositional characterisation of exoplanetary atmo-
spheres (see Section 5.2.4), the wide orbit planets forming in Herbig discs may
well provide the best opportunity to zoom in on the initial conditions of giant
planet formation, as it is these planets that are most effectively targeted by the
modelling procedure presented here. Potential extensions and improvements to

this modelling framework are discussed in the following section.
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5.2 Future work

5.2.1 Disc masses

Total disc masses still remain uncertain in protoplanetary discs. The largest
uncertainty in calculating gas mass with the method adopted in the observational
studies in this thesis is the multiplicative factor used to scale the mass of the
chosen tracer to the mass of the entire disc. Doing so by abundance ratio in
the ISM assumes that no physical or chemical processes have altered this ratio
throughout the evolution of the disc, for example it does not take into account
the effects of isotope-selective photo dissociation. Physical-chemical modelling
by Kama et al. (2016) draws on detections of atomic carbon, a large range of CO
transitions and SED fitting to constrain parametric models to precisely estimate
mass in HD100546 and TW Hya. However such an approach requires a large
amount of observational data for individual discs and so can only be applied in
full to the best-studied systems. This application of this approach to large surveys
of discs in order to gain statistically significant results for a bulk population is
unfeasible for the time being.

Combining the estimates from multiple optically thin tracers is a sensible ap-
proach though. The best current candidates for observational mass tracers must
continue to be targeted, such as HD (Kama et al., 2016), C*O (Ansdell et al.,
2016) and less abundant CO isotopologues (Booth et al., 2019). Corresponding
mass estimates should then be made for different tracers within the same disc and
compared to establish where trends lie. For example, if in a large sample C*O
estimates were to habitually underestimate disc mass compared to estimates with
other tracers, it would indicate that isotope selective photo-dissociation, or per-
haps high optical depth, is a significant factor in a large proportion of the disc
population. Alternatively, HD transitions require relatively warm temperatures
and are difficult to observe, it may transpire that it is impossible to accurately
correct for the inability to trace the mass reservoirs in the midplane and outer
disc. Gas lines require greater sensitivity than continuum observations and so
gas in discs can sometimes be neglected in large surveys that require short inte-

gration times on each source. The result is that with a few exceptions (e.g. the
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Lupus survey, Ansdell et al., 2016), we still do not have statistically significant

information on gas mass from across the star forming regions.

5.2.2 Tracing spirals with gas line observations

An interesting link with previously identified spiral structure features is found in
Chapter 2. One thing that ALMA observations do not seem to be proficiently
uncovering in protoplanetary discs is well defined structure in observations of
gas. Elias 2-27 shows two clear spiral arms (Pérez et al., 2016), but it remains a
sole example of such a morphology despite the vast amount of disc observations
since then. Spirals on smaller scales thought to be driven by planets have been
identified through observations of dust in systems such as MWC 758 (Boehler
et al., 2017; Grady et al., 2012), HD142527 (Christiaens et al., 2014) and V1247
Orionis (Kraus et al., 2017). When categorising the morphologies identified in
scattered light images, Garufi et al. (2018) separate these cases from the wide,
asymmetric and relatively faint arms seen in ‘giant discs’ such as HD100546 and
HD34282 however. Imaging of gas density distribution in the outer disc with
greater angular resolution would provide important insight into systems such as
these. Firstly, structure can be better characterised on smaller length scales. But
also because an analogue of spiral structure in gas density would confirm the
spiral features as a change in local disc density, whereas a symmetric, structure-
free outer disc would suggest that the scattered light features are a surface wave

or simply clumps of dust density that might be interpreted as the remnants of a
broken ring (e.g. DoAr44, HD141569: Avenhaus et al., 2018; Perrot et al., 2016).

5.2.3 HD141569

As detailed in Chapter 3, the only known pre-main sequence hybrid disc HD141569
is uniquely placed as a case study in disc evolution as it appears to be exhibiting
the early stages of transforming from a ‘protoplanetary’ disc to a ‘debris’ disc.
There are a number of exciting new investigations that can be carried out to clar-
ify the key mechanisms driving this evolution. From an observational perspective,
the inner regions of the disc remain unresolved at millimetre wavelengths despite

being very well characterised in scattered light observations (e.g. with SPHERE
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Perrot et al., 2016). Dispersal processes driven by planet formation or photoe-
vaporation are expected to occur from the inside out, and the inner 10s of au
in the disc is crucial to understanding how the disc is evolving. High resolution
observations of molecular emission lines and dust continuum at millimetre wave-
lengths will provide a view of the midplane in the inner regions of the disc, where
giant planets leave their detectable signatures. There are already observational
campaigns working towards this goal, including an ongoing ALMA large program
aiming to map the chemical structure in protoplanetary discs both vertically and
radially at 10 au scale, and a survey of hybrid and evolved Herbig discs aiming
to determine an inventory of the most important molecules in these evolved sys-
tems. In combination with existing observations from SPHERE that trace the
surface layers of the disc, new high resolution ALMA observations would finally
allow for a comprehensive description of inner regions to be obtained. Continuum
emission will confirm whether or not midplane analogues to the broken SPHERE
ringlets exist. Concentric rings may be formed through carving by an embedded
exoplanet (or exoplanets) however the HD141569 ringlets are also consistent with
the structures formed through the photoelectric instability (PEI) (Richert et al.,
2018). The inner disc morphology as a result of a gap-opening planet (e.g. Muley
et al., 2019) differs from the structures that form through scenarios involving PEI
(Castrejon et al., 2019). High resolution ALMA observations will be capable of
constraining key structural properties in the disc such as width, eccentricity and
mass within dust rings in order to distinguish between these scenarios. Further-
more molecular line observations with angular resolution of ~10s of au will be
capable of unveiling the kinematic signatures of orbiting planets in the disc (e.g.
Pinte et al., 2018, 2019) or of a misaligned disc (e.g. Mayama et al., 2018).

In addition to new observational evidence, it must be established whether
the system is evolving due to universal mechanisms that would be expected in
any disc, or whether it’s apparent evolution has been accelerated by an interac-
tion/flyby in the past. Prior to the detection of molecular gas in the system, the
flyby scenario was investigated and shown to reproduce the large-scale properties
of the disc; namely spiral arms in the disc (Quillen et al., 2005), and since then we
have gained a much greater knowledge of the inner disc (within 200 au) and of gas

content in terms of mass and spatial distribution. New hydrodynamic modelling
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can revisit the flyby scenario with these important updated constraints. If such
an event can explain the low disc mass, the truncation of the gas disc relative to
the dust distribution and the containment of detected gas within the inner dust
ring, then triggered evolution is the most likely cause, and HD141569 should be
considered a unique case of disc interaction. If not, the system is instead likely to
be a unique case study in disc evolution that is actively undergoing the dispersal
of gas and concentration of dust into debris-like rings whilst still on the pre-main
sequence. In this scenario, the high resolution ALMA observations of optically
thin molecular gas lines will be crucial in constraining more precisely the location
of gas in the disc. Observations with this level of sensitivity will also be able to
detect the presence of giant exoplanets capable of carving gaps, or misalignment
in the gas disc, through the kinematic signature in the gas lines (Pinte et al.,
2019; Walsh et al., 2017).

5.2.4 Connecting stellar & disc evolution

The modelling methods developed here are applied to the system of HR8799;
the only exoplanetary system for which C/O has been constrained for multiple
directly imaged giant planets in the outer disc. This is however only one system,
and may not be representative of all exoplanetary systems with giant planets.
A greater number of wide-separation planets to compare with is sorely needed.
Observations in the future with JWST and Ariel will provide spectroscopy of an
increased number of exoplanets from which C/O can be retrieved. The determi-
nation of composition indicators such as C/O ratios in exoplanetary atmospheres
are crucial to confirming the link between disc and planet. Due to the prolific
detection rates in radial velocity surveys, it is often hot Jupiters and other plan-
ets at short separation that are easily targeted. There would be great value in
doing the same for statistically significant numbers of wide orbit planets too,
particularly those around intermediate mass stars where snowlines exist at 10s
or 100s of au. In Chapter 4 an initial comparison of the calculated temperature
profiles with known NoH™ rings that trace the CO snowline position is made.
At the moment only a small number of these observations exist, and only in the

cases where NoH™ rings are thin and well-resolved can the snowline position be
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constrained accurately (Qi et al., 2019). Observations of NoH™ across the stellar
mass range and for a range of ages would allow for the predictions of snowline
movement to be tested and potentially for the models to be calibrated to suit
observational data.

The methods presented here decouple radiative transfer calculations and disc
evolution in our modelling in order to study discs massive enough to form giant
planets up to 10 Myr. An intriguing further development would be to include a
prescription for simultaneous and consistent disc evolution alongside the stellar
evolution, as this will alter the density distribution within the disc and subse-
quently the temperature profile. Unfortunately most disc evolution codes result
in short disc lifetimes, due to either the efficiency of radial drift or of photoevapo-
ration. These shorter timescales disagree with observed evidence of massive discs
with ages >5 Myr, particularly those around Herbig stars (HD100546, HD163296,
TW Hya). Viscous evolution, disc dynamics and icy grain compositions have also
been shown to influence snowline positions and subsequently the C/N/O ratios
in the disc (Piso et al., 2015, 2016). Disc evolution, particularly at later stages is
influenced strongly by photoevaporation and so modelling will require a thorough
knowledge of photoevaporative rates across the stellar mass range. Current mod-
els including EUV, FUV and X-ray photoevaporation only exist for T Tauri stars
and not for their Herbig counterparts. The development of such models for inter-
mediate mass stars will provide an important step in this direction (Kunitomo et

al. in prep).
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