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"I knew exactly what to do,
but in a much more real sense,

1 had no idea what to do.”
— Michael Scott



Popular summary

For most of human existence, the list of known planets was limited to Earth and
the other five solar system planets visible to the naked eye: Mercury, Venus, Mars,
Jupiter, and Saturn. With the advent of astronomical telescopes, Uranus was dis-
covered in 1781 by William Herschel, followed by the discovery of Neptune in
1846, along with numerous moons and dwarf planets.

The existence of planets around stars other than the Sun has been a subject of
speculation for centuries. One of the earliest proponents, if not the first, was the
16th-century Italian philosopher Giordano Bruno. He wrote about an infinite
universe and a plurality of worlds, suggesting the possibility of planets orbiting
other stars. However, such ideas were not well-received by the Catholic Church
of that era and may have played a role in Bruno’s execution for heresy.”

Time, however, would prove Giordano’s ideas about other planets around
other stars true. The first confirmed detection of a planet orbiting another star
than our own, i.e. an exoplanet, was made in 1995. Swiss astrophysicist Michel
Mayor and Didier Queloz discovered a planet similar in size to Jupiter orbiting
the star 51 Pegasi, and thus named the planet 51 Pegasi b (implying that the star
would be ”2” in the system). This detection revolutionized planetary sciences, not
only because it was the first exoplanet but also because it was a planet unlike any
in the Solar system. While similar in size to Jupiter, 51 Pegasi b orbits its star 100
times closer than Jupiter orbits the Sun, even 8 times closer than Mercury orbits
the Sun. Because it is so close to its stars, it is also very hot at just over 1000°C.
This type of planet, of which many more have now been found, is now called a
hot Jupiter.

Since this initial discovery, we have now identified over 5000 exoplanets. Fol-
lowing the pattern set by the first detection, a significant number of these exoplan-
ets do not resemble those found in the Solar System. The most common category
is the so-called Super-Earth, a planet with a size and mass falling between that of
Earth and Neptune

This explosion in the number of known planets has challenged astronomers
that try to explain how these planets form. While we before might have been
content with explaining the formation of the types of planets found in the Solar
system, we now also strive to explain the origins of the great diversity of exoplanets.

It appears natural that the diversity of discovered planets is intricately linked
to the environments where these planets formed, known as protoplanetary discs.
These discs and are found around the very youngest stars in the Universe, created
from the gravitational collapse of enormous clouds of gas and dust. Some of this
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material will settle into a disc surrounding the emerging star. Over time, the dust
will grow from micrometer grains to mm-cm-sized pebbles. These pebbles move
inwards through the disc, and some of them will be the building blocks of planets.

The quantity pebbles that can be supplied plays an important role in the out-
come of planets formation. Abundant pebbles result in large cores of giant planets
that eventually accrete massive gas atmosphere, forming the planets known as gas
giants. A more limited supply of pebbles can result in the formation of planets
that are unable to accrete significant amounts of gas, and end up as Super-Earth
and terrestrial planets.

In this thesis, I have studied the evolution of the gas and dust in protoplan-
etary discs. I have examined how well the picture of dust grains growing into
pebbles agrees with the observational data that has been collected on protoplan-
etary discs. The whole process from a disc forming together with a star to dust
growing into pebbles, which eventually turn into planets, only takes a few million
years. I write only because, by astrophysical standards, this is a very fast process.
By the standards of a human life, it is, of course, very, very long. Even with the
best modern observational techniques, we are only able to get short snapshots in
time of real protoplanetary discs. If we want to study how a disc evolves from start
to finish, we, therefore, have to use computer simulations where we can speed up
time because the Universe is too slow and a human life is too short.

With this method, I have found that our theoretical understanding of the
growth and radial drift of dust in protoplanetary discs agrees well with the data
from real discs. This lends support to planet formation models where drifting

pebbles are the building blocks of planets.
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Populirvetenskaplig sammanfattning

Under stora delar av minsklighetens historia har kinnedomen av planeter varit
begrinsad till Jorden och de fem andra planeterna i solsystemet som gir att se
med blotta 6gat — Merkurius, Venus, Mars, Jupiter och Saturnus. Nir de forsta
teleskopen riktades mot himlen uppticktes ett par till, nimligen Uranus r 1781
och Neptunus ar 1846. Utdver dessa har det dven upptickts en stor mingd manar
och dvirgplaneter i solsystemet.

Det har linge spekulerats kring om det kan finnas andra planeter dn dem i
solsystemet. En av de forsta personerna att forslé detta var den italienska 1500-
tals filosofen Giordani Bruno. Han skrev redan da om ett odndligt universum och
en mangfald av planeter kring andra stjirnor 4n solen. Den hir typen av idéer var
dessvirre inte si populira med katolska kyrkan pé den tiden, och bidrog ill att
han avrittades for kitteri.

Med tiden kom Giordanis tankar om planeter kring frimmande stjirnor emeller-
tid att bevisas. En planet som med sikerhet bekriftades kring en stjirna som inte
ir solen, en si kallad exoplanet, upptickees ar 1995. De schweiziska astrofysik-
erna Michel Mayor och Didier Queloz upptickte en planet kring stjarnor Pegasi
51, och dépte planeten till 51 Pegasi b (sjilva stjarnan anses vara Pegasi 51 a).
Denna upptickt innebar en revolution fér astronomin, inte bara for att det var
den forsta exoplaneten som uppticktes, men och for att det var en planet olik na-
gon av solsystemets planeter. Visserligen dr den ungefér stor som Jupiter, men dess
omloppsbana ligger 100 ginger nirmare sin stjdrna dn Jupiters, det vill siga ca 8
ganger nirmare in Merkurius bana. Eftersom 51 Pegasi b ligger s pass nira sin
stjarna dr den ocksd vildigt varm, strax ver 1000° C. Denna typ av planet kallas
ddrfor en “het Jupiter”.

Sedan denna forsta upptickt har man funnit 6ver 5000 exoplaneter. I likhet
med den forsta upptickeen, har det visat sig att manga av dessa planeter skiljer
sig signifikant fran dem i solsystemet. Den vanligaste typen av planet har visat sig
vara en si kallad super-Jord. Dessa planeter har massor och storlekar som ligger
mellan Jorden och Neptunus.

Denna, nistan lavinartade, 6kning i antalet kiinda planeter, tillsammans med
variationen bland dessa, har utmanat astrofysiker till att utveckla sina teorier kring
hur planeter bildas. Medan man f6rr kanske hade nojt sig med att bara forklara
hur solsystemets planeter bildades, sa rickte detta inte lingre.

Det ir rimligt att anta att en del av variationen bland exoplaneter skulle kunna
forklaras med skillnader bland de miljoer planeterna bildas i. Dessa miljder kallas
protoplanetira skivor och ir skivor av gas och stoft som omger de allra yngsta
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stjdrnorna i universum. Nir dessa stjarnor bildas frin kollapsande moln kommer
en del av gasen och stoftet landa i en skiva som omringar stjirnan. Med tiden
kommer stoftet i skivan vixa till mm-cm stora smastenar som driver inat genom
skivan, mot stjarnan. Dessa smastenar utgdr de byggstenar som planeter bildas
fran.

Hur mycket av dessa smastenar som finns kan avgora vilken typ av planet
bildas — finns det minga smastenar ir det troligare att det bildas stora planeter
som till slut kan dra till sig enorma mingder gas, och bilda gasjittar. Finns det
firre sméstenar sa resulterar det i mindre planeter, exempelvis en super-Jord.

I denna avhandling har jag studerat hur dessa protoplanetira skivor utvecklas.
Jag har undersoke hur vér bild av stoft som vixer till smistenar och sedan driver
genom skivan stimmer med den data om protoplanetira skivor som samlats in fran
virldens storsta teleskop. Hela processen att gd frin att en protoplanetir skiva bil-
das dill att planeter tar form tar nigra miljoner dr. Det ma lata som en ling tid,
men med astronomiska métt mitt dr det fakeiske en ritt snabb process. Det ir
ju dock ofantligt mycket lingre in en minsklig livstid. Dérfor kan vara observa-
tioner av protoplanetira skivor bara lita oss se ett enskilt 6gonblick av dess livstid.
Genom att observera ménga skivor av olika dldrar kan vi forbattra var forstaelse,
men om vi vill f6lja en skivas utveckling frin borjan till slut maste vi anvinda oss av
datorsimuleringar. Dessa liter oss snabbspola fram i tiden, och studera miljontals
ar av utveckling, och pi s sitt Gverkomma véra korta liv.

Med dessa metoder har jag funnit att den teoretiska bilden av hur stoftet i
protoplanetira skivor vixer och driver genom skivan stimmer Gverens bra med
datan frin verkliga skivor. Detta i sin tur ger bra stod at de modeller f6r hur plan-
eter bildas som bygger pa att det dr dessa drivande smastenar som ir planeternas
byggstenar.
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Summary of Scientific Publications

My thesis concerns the evolution of protoplanetary discs, with a focus on the evolu-
tion of the dust component through radial drift. I have studied this by developing
a numerical model that incorporates disc formation, viscous evolution, photoe-
vaporation of the gas, and radial drift of dust pebbles.

The work in this thesis employs a population synthesis approach to model disc
evolution across a wide range of stellar and disc masses. This approach enables us
to compare our model with observed dust evolution trends. Below, I summarize
the content of each article in this thesis.

Paper I: Dust clearing by radial drift on evolving protoplanetary discs

We study the evolution of protoplanetary discs forming from the gravitational
collapse of a molecular cloud core. The gas discs continue to evolve as viscous
accretion discs, while the dust evolves through radial drift, constrained in size to
100 p4m as suggested by polarized light from protoplanetary discs. We study how
the mass and angular momentum of the cloud core affects disc evolution and make
a population synthesis study. With this we investigate the evolution of the dust
disc mass and scaling relationships with the stellar mass.

Paper II: Disc population synthesis: decrease of the solid mass reservoir through pebble
drift

We build upon the model of the previous paper to include dust particle sizes lim-
ited by fragmentation and accounting for gas disc dispersal through photoevapora-
tion. Additionally, we also model he temperature of the disc, taking into account
stellar irradiation and viscous heating. We model synthetic populations of discs
evolving under different viscous alphas, and dispersing through strong X-ray evap-
oration or less efficient FUV evaporation. We find that the temporal evolution of
the cumulative distribution of dust disc masses in our model agrees well with that
observed in nearby star-forming regions.

Paper I11: 7he evolution of the flux-size relationship in protoplanetary discs by viscous
evolution and radial pebble drift

In this paper, we calculate the fluxes and flux radii of evolving protoplanetary
dust discs using the model of the second paper. We study how the relationship
between the flux and the flux radius evolve over time and compare to observational
measurement of protoplanetary discs. We examine the effects of viscous heating
and cloud core angular momentum and find that discs with weak viscous heating
and high angular momentum is most able to reproduce the observed fluxes and
Aux radii.






Chapter 1

Protoplanetary disc formation and
evolution

In the past three decades, a fundamental shift in our understanding of planets has
taken place. Our initial inventory of planets was limited to the terrestrial planets
in the inner Solar system and the gas giants and ice giants of the outer Solar system.
However, the very first exoplanet discovered around a Sun-like star proved to be a
gas giant with a very close-in semi-major axis of 0.05 au (Mayor & Queloz, 1995),
a type of planet now referred to as a hot Jupiter. While the detection of exoplanets,
especially those similar to the Solar system planets, is still very much limited by
both technological and time constraints, the continued search for exoplanets have
revealed a diversity of planets not seen in the Solar system. A very common type of
planet are the so-called super-Earths, found around at least 30% of Sun-like stars
(Zhu et all, 2018). These mostly rocky planets have masses and radii between that
of Earth and Neptune and have no analogue in the Solar system.

Models of planet formation have similarly seen significant development in the
past decade. The core accretion scenario remains as the favoured model of gi-
ant planet formation (Pollack et all, [996). In this scenario, the core of a giant
planet first form by the accretion of rocky and icy material, and a gas envelope is
then accreted from the protoplanetary disc. However, the formation of the cores
of giant planets by planetesimal accretion at radii beyond 5 au takes more than
107 yr, longer than typical disc lifetimes of 10°~7 yr. Models of giant planet for-
mation based on the accretion of mm-cm-sized pebbles rather than planetesimals
were therefore developed (Johansen & Lacerda, 2010; Ormel & Klahi, 2010). The
timescale of pebble accretion is much shorter than those of planetesimal accretion,



allowing for the rapid formation of the cores of giant planets at wide orbits (Lam
brechts & Johansen, 2012; Gurrutxaga et all, 2024). Pebble accretion has also
been shown to be capable of forming super-Earths and terrestrial planets (Ormel
et all, 2017; Lambrechts et all, 2019; Johansen et all, 2021). Development of
pure planetesimal accretion models have also shown that these are able to form
super-Earths from rings of planetesimals, which themselves are created from rings
pebbles (Batygin & Morbidelli, 2023). Such rings and other substructures have
been observed in several protoplanetary discs (e.g. Andrews et all, 2018). How-
ever, if these substructures are the result of, or the preface too, planet formation,
or caused by other mechanisms is still not clear (Pinilla et all, 2017, 2020).

The diversity of exoplanets likely reflects a diversity in the environments, and
possibly the physical mechanism, that formed the planets. As an example, the oc-
currence rate of giant planets has been found to be more common around stars
with a higher metallicity, i.e. a higher abundance of heavier elements, in several
studies (Fischer & Valenti, 2003; Johnson et all, 2010; Fulton et all, 2021), sug-
gesting a more efficient formation of giant planets in protoplanetary discs with
high dust-to-gas ratios. Understanding the evolution of protoplanetary discs, and
how it varies with stellar mass and disc mass is crucial if we wish to understand
how the diverse range of exoplanets that we observe came to be.

In this chapter, I focus on our theoretical understanding of the main drivers
of protoplanetary disc evolution. I will cover the classification of the evolutionary
stages of protoplanetary disc, a model of disc formation, the drivers of gas and
dust disc evolution and the final dispersal of protoplanetary discs.

1.1 Evolutionary stages

Young stellar objects (YSOs) are the very youngest stars and their surrounding
discs. Identification of a YSO is possible because its spectral energy distribution
(SED) is different from that of a star due to an excess of infrared emission, orig-
inating from the cooler dust in the envelope and disc around the protostar. The
resulting SED is the sum of the individual black body radiation of the star and disc.
As the envelope dissipates and the disc evolves and eventually disperses, the SED
will change due to the shift in the excess infrared emission from the disc. YSOs
are classified into one of four groups, class 0, I, II, and III. Each class reflects a
different stage of disc evolution, with class 0 objects being the youngest. The clas-
sification is made from the slope of the SED in the mid-infrared (A = 2—20 pum),



given by

dlog (AF))

1.1
dlog A (1D

QIR =

where X is the observing wavelength and F)\ the flux at this wavelength. The
classification of young stellar objects into class I, II, and III was originally proposed
by Ladd (1987), with the class 0 group being added later by Greene et al] (1994).
In this thesis, I have studied all stages of the evolution of protoplanetary disc, from
formation at class 0 to the dispersion at class III, and below follows a description
of the different stages.

Class 0 objects are the youngest objects, representing the first stages of star for-
mation. In these objects, a central core sits deeply embedded within a surrounding
envelope of gas and dust. The envelope accretes onto the core, forming a protostar
and surrounding disc. Class 0 objects are defined by the absence of excess emission
at A < 20 pm, which is missing due to the lack of black-body radiation from the
not-yet-formed protostar.

Class I objects are also embedded in and accreting from the envelope, but by
this stage, a protostar and disc have formed. The resulting SED is a combination
of the radiation from the star and a large contribution from the colder disc. This
results in significant emission in excess of the protostar’s black-body radiation in
the mid-infrared. Class I objects have o > 0.3. Together, the class 0 and I stages
last ~0.5 Myr.

The class II stage has fully formed protoplanetary discs, with a mass that is
about 1 % of the stellar mass. Over a timescale of a few million years, the dust and
gas of the disc will disperse through several possible mechanisms. The final clearing
of the gas disc likely occurs through photoevaporation, as viscous evolution on its
own is too slow to clear the disc within reasonable timescales. The dust is removed
from the disc by radial drift and the incorporation into planetesimals and planets.
These discs also have an excess of mid-infrared emission, but not as significant as
the class I objects. Class II objects have —1.6 < a < —0.3. The class II stage of
disc evolution is expected to last up to several million years.

By the class III, the disc is almost completely cleared, and minimal accretion
onto the star occurs. Due to the lack of a significant disc, the SED is dominated
by the stellar component. These objects have & < —1.6 and can be distinguished
from main sequence stars by being more luminous.



Figure 1.1: Illustration of the gravitational collapse of one spherical shell of the
molecular cloud core. The cloud core rotates with an angular frequency of €.
A parcel of gas at radius ¢ from the center and angle 6 from the rotational axis
will collapse under the conservation of angular momentum. A parcel of gas with
0 = 90° will land the furthest out in the disc at the centrifugal radius R..

1.2 Disc formation

Protoplanetary discs and the stars that they surround form by the gravitational
collapse of cold and dense molecular cloud cores. Typical core temperatures are
10-20 K, and densities are orders of magnitude higher than that of the surrounding
molecular cloud (McKee & Ostriket, 2007; Pineda et all, 2023). If the cloud core
is dense enough that the self-gravity is stronger than the pressure support, it will
collapse. Cloud cores rotate at some angular frequency €2y, and conservation of
angular momentum dictates that a fraction of the gas and dust will settle into a disc
around the protostar. An illustration of the gravitational collapse of a molecular
cloud core is shown in Fig. [[LI. In this view of star and disc formation, the
collapse proceeds inside-out, with the collapse starting at the center of the core,
and a collapse front expanding outwards until it reaches the outer edge of the cloud
core. An example of a molecular cloud core is Barnard 68, shown in Fig. [2.
Barnard 68 measures approximately 12,500 au across, or 0.2 light years, and has



a temperature ranging from 16 K at the outer edge to 8 K at the center (Nielbock
etall,2012). Itis believed that Barnard 68 will collapse into a low-mass star within
the next 0.2 Myr (Burkert & Alves, 2009).

The structure of a spherical gas cloud under hydrostatic equilibrium can be
described by the Lane-Emden equation given by

1d (r2 dp> _ 4nGp

Pa\pd) T e (1.2

where 7 is the radial position in the cloud, p is the density, and ¢ is the sound
speed. A simple solution to this equation exists as

02

p(r)= 2%&7“2' (1.3)

This solution has a singularity at the center, i.e., p — oo asr — 0, and is therefore
known as the singular isothermal sphere (Shu, [977). One of the features of a
singular isothermal sphere as a cloud core model is that it results in an infall rate
that is constant over time.

A solution to the Lane-Emden equation which does not have a singularity at
the center is that of a Bonnor-Ebert sphere (Bonnot, 1956; Ebert, 1957). Imposed
upon this sphere are the boundary conditions that the density in the middle must
be finite such that p(0) = p, and that the density at the center is differentiable
and has an extremum at this point. It has been found that several real cloud cores,
such as the one shown in Figure [[.2, have density structures that are similar to that
of a Bonnor-Ebert sphere (Alves et all, 2007} [Teixeira et all, 2005; Kandori et all,
2005; Kirk et all, 2005).

There exists no analytical solution for the density of a Bonnor-Ebert sphere,
and the density must be found numerically. We start by defining a typical length

scale of a Bonnor-Ebert sphere as

02

= —. 1.4
" 41 Gp. (1.4)

We then further define the dimensionless density and distance parameters ¢ and

€ as

¢ =1In(p/pc), (1.5)
E=r/re. (1.6)



Figure 1.2: Barnard 68 is a molecular cloud core appearing as dark patch on the
sky by absorbing background emission. It is on the verge of gravitational collapse,
which would trigger star and disc formation. Credit: ESO.

With these dimensionless parameters, the Land-Emden equation has the form

1d [/, d¢> o
—— (2= ) +e?=0. (1.7)
£ d¢ ( d¢

and the boundary conditions of a Bonner-Ebert sphere is ¢(0) = 0 and ¢/ (0) = 0.

This equation can be solved as a system of two coupled first-order equations given

by

of

j‘g - 5% (1.8)
du 2
@ = _f e, (19)

with the boundary conditions that ¢(0) = 0 and u(0) = 0.
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From the equations of motion, the total acceleration that a collapsing shell
experiences is given by

— == _ 1.10

Dt p Or r2 (1.10)
2 G M,

== — = 1.11

~F(r) - =5, (1.1)

where 7 is the radius in the cloud core, and M|, is the mass interior to this radius.
A collapsing shell spends most of its time at radii far from the centre, therefore
the value of the function F'(r) = (r/p)0p/Or can be approximated as its initial
position in the cloud core, 7ip;. In hydrostatic equilibrium F' is given by

GM;

F(rn) = W’
s 'ini

(1.12)

where f is a factor by which the density of the cloud core is increased over that of
a standard Bonnor-Ebert sphere, in order to trigger gravitational collapse. Using

Equation ([[.T1) and ([.17), one can find the velocity of a collapsing shell, which

in turn gives the timescale for the collapse a Bonnor-Ebert sphere can be found as

3 R
tcollapse = LB / di ) (1.13)
2G Mzg 1 1
0 —-lhR+—= -1
f R

where rpg is the radius of the cloud core, Mgg is the mass of the cloud core,
and R = r/rpg (lakahashi et all, 2013). Unlike the singular isothermal sphere
model, the infall rate of gas onto the star and disc from a Bonnor-Ebert sphere is

not constant in time and is given by

My(t) = 47rp7“?fd£tcf. (1.14)

The last term of the equation describes the velocity that the collapse front radius,
7> expands outwards at and is given by

drcf o 271cf52
dt — 3tp2 — 2nt3p(ry)’

(1.15)
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Equation ([[.T5) can be found from equation ([.13) where f3 is given by

8= V;?/ % . (1.16)

—IR+——1

The infall rate of gas onto a position r in the disc from an angle of 0 in the
cloud core is given by

OM, _ OM, 00 d;
By _z—aa 9" (1.17)

where the factor 2 comes from the fact that mass falls onto the disc from two sides,

and j is the specific angular momentum of the gas. The mass of a parcel of gas is

given by
dM, = 27tpsin 9Tc2f dOdr . (1.18)
Differentiating this with respect to ¢, one can find the mass infall rate per unit
angle as
OM, M,

From conservation of angular momentum, we can equate the specific angular mo-
mentum in the cloud with that in the disc

j = (rgsin0)? Qo = (GMr)'/?, (1.20)

where M is the mass in the disc contained within 7, or equivalently, the mass in
the cloud contained within 7. We can find the maximum radius at which gas
will land in the disc from Equation ([.20) by setting @ = 90°. This is called the

centrifugal radius and is given by

QOch
M( cf) G '

By setting ¢ = 7 one finds the maximum radius at which any infalling material

will land. Using equations ([.19), ([.14), and ([.20), equation ([.I7) can be

expressed in a surface density form in terms of 7 and R¢ as
5Eg,inf _ Mg T -3/2 - 2 1/2
ot 87R2 \ R. R,

12

R (rg) = (1.21)

—-1/2

(1.22)




1.3 Protoplanetary disc as accretion discs

One of the fundamental processes ongoing in protoplanetary discs is the accretion
of gas from the disc onto the star. Accretion onto protostars is inferred from an
excess luminosity originating from the hotspots on the stellar surface where the
accreted material lands. Accretion rates measured from the accretion luminos-
ity have revealed that the rate of accretion span several orders of magnitude from
10~7 Mg yr_1 to 10712 Mg yr_1 (Hartmann et al!, [1998; Gullbring et al], 1998;
Herczeg & Hillenbrand, 2008; [ngleby et al), 2013; Alcald et all, 2014, 2017; Ma-
nara et all, 2017). In order for gas to be both transported to the inner disc edge
and to be accreted onto the star it must lose angular momentum. The physical
mechanism that causes the gas to lose angular momentum is not fully understood.
The two main proposed mechanisms are the viscous redistribution of angular mo-
mentum and the removal of angular momentum by magnetic disc winds.

Protoplanetary discs as viscous accretion discs

In a viscous accretion disc, angular momentum is redistributed by viscosity acting
on shear from the differential rotation of neighbouring annuli of gas in the disc.
The effectiveness of the redistribution of angular momentum is determined by the
viscosity of the disc. In this process, most of the mass is transported inwards, and
the angular momentum is deposited in a small fraction of the mass that moves
outwards. The temporal evolution of a viscous accretion disc is therefore charac-
terised by a disc with decreasing mass but increasing size. Originally, the proposed
source of viscosity was molecular viscosity, but this is not strong enough to gen-
erate the accretion rates measured onto protostars and to drive disc evolution on
short-enough timescales. Instead, turbulence has been proposed as the source of
disc viscosity (Lynden-Bell & Pringlé, 1974). However, finding a physical mecha-
nism strong enough to generate sufficient turbulence to explain observed accretion
rates has proven difficult.

A proposed mechanism to drive disc turbulence is the magneto-rotational in-
stability (MRI) discovered by Balbus & Hawley (1991). This instability exists
in weakly magnetised discs, with outwardly decreasing rotational velocity, under
conditions of ideal magneto-hydrodynamics (MHD). If the MRI is active, the re-
sulting turbulent viscosity is able to drive accretion rates high enough to explain
observed rates. However, it has been found that only the thermally ionised inner
regions and the cosmic ray ionised outer regions of protoplanetary discs are mag-
netised enough for the MRI to be active. Between these regions, non-ideal MHD
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conditions have to be taken into account. These have been found to weaken or
suppress the MRI (Bai & Stond, 2013).

Despite the lack of an understanding of the drivers of disc turbulence, the vis-
cous accretion disc model is still frequently used due to its ease of implementation
and ability to explain several of the observed disc features. With the argument
that the size of turbulent eddies is naturally limited by the scale height of the gas
disc Hg, and that the turbulent speed in the eddies is limited by the sound speed
¢s, the viscosity of an accretion disc can be parameterised with a scaling parameter
« < 1. From this, one arrives at the famous «-disc model of Shakura & Sunyaev
(1973) for the viscosity of an accretion disc, given by

v = aHgc. (1.23)

Modelling of the viscous evolution of the gas discs can be done by combining
the continuity equation with the equations for the conservation of angular mo-
mentum. Pringle (1981)) showed that these two equations can be combined into
one single equation for determining viscous disc evolution:

9% 30 [ 1,00 1/2
B = 1o [r g (VZgr ) ) (1.24)

The evolution of a protoplanetary gas disc undergoing formation and viscous
accretion is shown in Fig. [.3. The disc temperature is set by irradiation and vis-
cous heating. As seen, the inner disc is drained of gas whilst the outer disc expands
as a small fraction of the gas gains angular momentum and moves outwards. The
dashed lines show the same model but including dispersal of the disc by photoe-
vaporation, discussed more in Section 1.[].

Protoplanetary discs as wind driven accretion discs

In the past decade, it has been realised that the gas in protoplanetary discs is likely
to be very weakly ionised. Under such conditions, non-ideal MHD effects have to
be taken into consideration. In the presence of a vertical magnetic field, ambipo-
lar diffusion suppresses the MRI in the inner regions of the protoplanetary disc.
Angular momentum is instead carried away by a wind launched at the surface of
the disc (Bai & Stoné, 2013; Bai, 2013).

In wind driven accretion, the effect of the vertical magnetic field on the gas
disc is that a breaking torque acts on the inside the disc and an accelerating torque
at the discs surface. This process removes angular momentum from the gas in the
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Figure 1.3: Evolution of a gas disc from the disc model developed in this thesis.
The disc forms from the collapse of a 1 M, Bonnor-Ebert sphere with a centrifugal
radius of 10 au. Subsequent viscous evolution occurs under o, = 1072. The
dashed lines show the same model but also includes disc dispersal with the X-ray

photoevaporation prescription of (Picogna et all, 2021)).

disc midplane, resulting in accretion of gas. The angular momentum is transported
to the surface of the disc, where the acceleration of the gas leads to its ejection from
the disc. Magnetic disc winds thus remove both angular momentum and gas from
the disc. The disc accretion rate in wind driven discs at radii of about 10 au has
been found to be similar to the accretion rate in observed disc (Bai, 2017).

The accretion rate that wind-driven discs are able to achieve depends primarily

on the strength of the magnetic field (Pascucci et all, 2023). This magnetic field

is inherited from the molecular cloud core. Observational studies of the strength

and structure of the magnetic field in protoplanetary discs have been made, but it

is generally poorly constrained (e.g., Vlemmings et all, 2019; [Teague et all, 2021)).
Because purely wind-driven discs have no radial transport of angular momen-

tum, they are expected to shrink with time rather than to expand, as a viscously
driven disc does. This could potentially be used to observationally separate wind-
driven discs from viscously driven discs. However, global non-ideal MHD simu-
lations of protoplanetary discs have shown that expansion can occur also in wind-
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driven discs (Yang & Bai, 2021)). This is further complicated by the outer discs
possibly being MRI active due to cosmic ray ionisation, allowing for radial angular
momentum transport.

1.4 Radial drift of dust particles

One of the basic physical processes that affects dust in protoplanetary discs is radial
drift, illustrated in Figure [[.4. Radial drift is the inwards motion of dust particles
caused by the loss of angular momentum due to azimuthal gas drag. The origin of
the gas drag is the radial pressure gradient present in the disc. This pressure gradi-
ent exerts an outwards acting force on the gas but, crucially, not the dust, adding
additional support against the gravitational force of the star. The centrifugal force
can, therefore, be weaker than for a pure Keplerian orbit, and the gas orbits at a
sub-Keplerian speed, given by (Weidenschilling, 1977; Nakagawa et all, [986)

vy = vk (1 —1), (1.25)

where vg = \/GM, /7 is the Keplerian orbital speed and 7 is a dimensionless

pressure gradient parameter. It is given by

2
n:—1 7 alnP, (1.26)
Olnr

where P is the disc midplane pressure. Since the dust does not feel the pressure
gradient support, it will orbit at a Keplerian speed. This difference in orbital speed
results in the above-mentioned gas drag, and the inwards radial drift of dust.

How strongly a dust particle is affected by gas drag, and thus how fast ra-
dial drift will be, can be quantified with the dimensionless Stokes number, St. A
particle with a Stokes number of 1 is drifting most efficiently. A particle with a
Stokes number higher or lower than 1 will drift less efficiently. In the limit where
the Stokes number approaches 0, a dust particle is fully coupled to the gas. The
motions of strongly coupled particles (St < 0.01) particles are heavily affected by
advection with the gas. At Stokes number greater than 1 particles begin to com-
pletely decouple from the gas and their motions are unaffected by gas drag. The
radial drift speed is given by (Nakagawa et all, [986)

2S5t (1.27)
Vdrife = — ———5NVk, .
drift 1+St2’7 k

16



@ Solids

+ QGas

Figure 1.4: Illustration of the physical mechanism behind radial drift of dust parti-
cles. A parcel of gas in the protoplanetary disc is supported against the gravitational
force, FG, by both the centrifugal force, F, and the pressure gradient, Fp, in the
disc. The degree of pressure support is determined by the dimensionless pressure
support parameter 7). Because of the reduced centrifugal force, the gas orbits at a
sub-Keplerian velocity vk (1 — 7). A dust particle does not feel the pressure gra-
dient and therefore orbits at a Keplerian velocity, v. This difference in orbital
velocity results in a drag force on the dust, causing it to lose angular momentum
and drift inwards in the disc.

where, vy is the Keplerian orbital velocity.

The Stokes number of a particle depends on the properties of the particle itself
and also on the environment it is found in. If the particle’s size is smaller than the
mean free path in the medium, the particle is in the Epstein regime. If the particle
is larger than the mean free path, the particle is in the Stokes regime, which can
occur in the innermost regions of the disc. The Stokes number is calculated with
the following equation

V2T peay

ifag < gAmfp,

by 4
_ g
S 4 ag V2mpeay . 9 (1.28)
- ifaq > —)\mfp.
9 Ay Vg 4

where aq is the size of a dust particle, pe is the material density of a dust particle,
and Apf, is the mean free path. The density of dust grains in protoplanetary discs
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is not known. In the regime of compact grains, a density of pe = 1.6 gc:m*3 is
appropriate (Birnstiel etal], 2012). Dust grains are generally in the Epstein regime.
The Stokes regime only occurs in the innermost regions of the disc, if dust grains
grow very large.

The total velocity of the dust is given by the drift velocity combined with the
advective velocity and is given by

(%

+ ﬁ (1.29)

Vd,r = Udrife
The evolution of the dust surface density due to radial drift and advection with
the gas can be described by the following continuity equation

0x 10
aitd = —;E (Tzd'l)dJ) . (130)

1.5 Sizes of dust particles

In the interstellar medium dust particles have sub-micron sizes (Natta et all, 2007)
and at the stage of class II discs, dust has grown through hitting and sticking into
mm/cm sizes (e.g. Carrasco-Gonzdlez et all, 2019). The growth is thought to
mainly occur in the protoplanetary disc. But, if the collapse of the molecular
cloud core is slower than the free-fall timescale, growth of dust grain up a size of
100 pum is possible (Ormel et all, 2009). A dust particles continues to grow until
it hit one of several potential barriers that can limit further growth.

The zoo of possible outcomes from dust particles collisions is very varied.
However, a few of key outcomes limiting growth have been determined. The per-
haps most important restriction on growth is the so-called fragmentation limit.
In this limit, the collision of two particles is so energetic that the particles frag-
ment into smaller components. As particles grow larger, the velocities in particle
collisions increase and eventually reach the limit where collisions result in frag-
mentation. The velocity this occurs at is the fragmentation velocity, v, and is a
key parameter for dust disc evolution. The value of v depends on the material
properties of the dust particles, and importantly on the monomer size of dust. It
can therefore be different in cold disc regions where dust particles are icy, com-
pared to hotter regions where ices have sublimated. Laboratory measurement of v¢
have reveled that for silicate particles vf =~ 1 m/s (Blum & Miinch, 1993; Blum &
Wurm, 2008). Icy particles were long thought to be stickier and to have a higher
fragmentation limit of vf &= 10 m/s (Gundlach & Blum, 2015). However, it has
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Figure 1.5: Evolution of the dust surface density, in the model developed in this
thesis, of a disc forming from a 1 M, cloud core with a centrifugal radius of 10 au.

Dust growth is limited by fragmentation at a velocity of 1 m/s and particle stirring
ata, = 1074

been shown that this might not be the case and that the fragmentation velocity

of icy particles is similar to that of silicates (Musiolik et all, 20164,b). A global

fragmentation limit of 1 m/s should therefore be appropriate.

The particle size at which fragmentation occurs is given by (Birnstiel et all,
2012)

2 X v?

Qfrag = ffgﬂ_ DeClc 0827 (131)
where fr = 0.37 is a fudge factor, and o is a measure of the mid-plane stirring,
which is not necessarily the same as a,.

If particles are able to grow to such a size that the timescale for radial drift is
shorter than the timescale for further growth, they are size-limited by the radial
drift barrier. In this limit, the particle size is given by (Birnstiel et all, 2012)

QEd ’UE 1
TPe C2

agrife = [fd , (1.32)
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where fg = 0.55 is a fudge factor, and 7 is the absolute value of the radial pres-
sure gradient. From the relative velocities of grains under turbulent motion, the
timescale for dust grains to grow from their initial micron sizes can be approxi-
mated by

Y
& (1.33)

e S
where Q is the Keplerian orbital frequency. At a dust-to-gas ratio of 0.01, the
growth timescale at 10 au around a solar-mass star is about 500 yr, even at 100 au, it
is only about 16,000 yr. This is significantly shorter than disc lifetimes, and even
shorter than the disc formation timescale (Eq. ([.13)). Dust sizes are therefore
only limited by growth in the very early stages of a disc’s life.

Dust grains limited in size by fragmentation tend to become smaller with time,
except during the formation phase of the disc. This is because the fragmentation
limit depends linearly on the gas surface density, which decreases over time. Since
the dust growth timescale is much shorter than the lifetime of the disc (Eq. [[.33),
dust grains limited in size by fragmentation are largest towards the end of the disc
formation phase when gas surface densities are highest, and then become smaller
over time.

The evolution of the dust surface density in a model with vf = 1m/s, and
o, = 107 is shown in figure [[.3. With these conditions, the particle size is
limited by fragmentation. The dust drains at a similar rate across the disc, leading
to a similar disc structure as the disc ages.

1.6 Protoplanetary disc temperature

The temperature in a protoplanetary disc is set by the balance of heating and cool-
ing mechanisms. There are two main processes responsible for heating a proto-
planetary disc. The foremost of these is the absorption of stellar radiation, and
the second is viscous heating as a result of the release of heat from friction forces
between neighboring annuli of gas. Stellar radiation dominates disc heating ex-
cept at radii S1au. A disc whose temperature is set by radiation is hotter at the
surface and cooler at the midplane where less radiation is able to reach. Viscous
heating is most efficient in the midplane of the disc. Therefore, regions dominated
by viscous heating are hottest in the midplane and cooler at the surface.
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Figure 1.6: Evolution of the disc temperature in a disc heated by stellar irradiation
and viscous heating. The temperature in the inner disc does not exceed 1500 K
because at that point nearly all elements that make up the dust will have subli-
mated. The lack of dust reduces the opacity of the disc significantly and makes
further heating difficult unless gas opacity is sufficient to heat the disc further.

The temperature of a protoplanetary disc as set by stellar irradiation is given

by (e.g. Menou & Goodman, 2004; Kimura et all, 2016)

L. H (dlnH
ospTh, = < 1 1>, (1.34)

d7r2 r \ dlnr

where osp is the Stefan-Boltzmann constant and Ly is the stellar luminosity. The
dln H/dIn7 term is a source of numerical instabilities and is therefore fixed to
9/7 (Hueso & Guillot, 2005). Combined with the heating due to the ambient
background temperature of the cloud core, T}, the heating rate by irradiation is
given by (Menou & Goodmar, 2004)

SUSB (,Irflf * + Ta4mb)
I‘irr - ’ ’
4(r/2+1/V3+1/(37))

(1.35)

where 7 is the optical depth.
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The rate of heating from viscosity is given by (Menou & Goodman, 2004)

Tyise = zyzgszg (1.36)

Disc cooling occurs primarily by radiative cooling. The rate of cooling due to the
disc radiating is described by (Menou & Goodman, 2004)

4
8asp Tmid

Ant =3 (r/2+1/V3+1/(37)) (1.37)

The midplane temperatures due to the individual contributions of radiation and
viscosity can then be found by setting I'y;y = Apq and I'yiie = Apq. The disc
midplane temperature can then be estimated from

T = (T + T2 (1.38)

The opacity, K, of the disc is primarily determined by the presence of small
dust grains. In this work, we only trace the largest populations of dust grains,
and therefore, we do not directly model the disc opacity. However, it has been
well established that the dust opacity scales with the disc temperature (e.g. Bell
& Lir, 1994). We therefore scale the opacity as k = 0.0528445Tr2£38 (Zhd
et all, 2009). The optical depth of the disc is then given by 7 = £¥,/2. Ina
more detailed model, the scaling law would change as certain elements reach their
sublimation temperatures, but the scaling law we use is appropriate in all but the
hottest regions of the disc (see Figure 9 of Zhu et all, 2009).

The temporal evolution of the temperature of a disc heated by stellar irradia-
tion and viscous heating, using the same model as in Figure [[.3, is shown in Fig-
ure [[.4. The luminosity of the star in this model is scaled as L = L (M, /M)
(Baraffe et all, 2002; [Liu et all, 2019). The inner disc is efficiently heated by vis-
cous heating, especially during the early stages of disc evolution gas accretion rates
are > 107% M /yr. In the innermost parts of the disc, the temperature does not
exceed 1500 K because at that point all solids have sublimated. The loss of opacity
from dust prevents further heating unless much lower gas opacity is enough to
drive further heating.
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1.7 Disc dispersal

A possible physical mechanism for disc dispersal is thermal winds, called photoe-
vaporative winds. These winds are caused by high-energy stellar radiation, typically
X-rays, far ultraviolet (FUV), or extreme ultraviolet (EUV), from a stellar source.
As this radiation reaches the upper layers of the disc, it can heat the gas to the point
where the kinetic energy of a gas molecule exceeds the gravitational binding en-
ergy of said molecule. The gas molecule will then be ejected into interstellar space.
Photoevaporation can be driven both internally by the star that the disc surrounds
(Pascucci et all, 2023), or by external radiation from nearby OB stars (Winter &
Haworth, 2022). The work in this thesis concerns low-mass star-forming regions
where OB stars are unlikely to form, and hence external photoevaporation is not
considered.

The dashed lines in Figure [[.3 show the evolution of a disc undergoing vis-
cous evolution and X-ray photoevaporation, with a photoevaporation model from
(Picogna et all, 2021). Prescriptions, like the one used here, for implementing
photoevaporation in one-dimensional models of protoplanetary disc evolution
are made by fitting a function to mass loss rates found in more advanced three-
dimensional simulations of the thermal structure of gas discs. In general, the fitted
functions are complicated and not necessary to be reproduced here. I refer to the
papers referenced here for their form. In contrast to the disc with pure viscous
evolution, the photoevaporative disc is drained of gas faster, and at around 2 Myr
it opens up a gap at a distance of ~5au. The disc inside the gap is cleared of gas
within 10° yr, and the gap expands outwards, reaching almost 200 au by the time
the disc is 3 Myr old.

As shown in Figure [[.3, photoevaporation can efficiently disperse the gas disc
on a timescale that is much shorter than that of viscous evolution. However, several
uncertainties about the efficiency of photoevaporation exist. The strength of X-ray
photoevaporation has been found to be strongly dependent on the frequency of
X-rays used, and may depend on the cooling effects included in the model (SelleK
et all, 2022). Soft X-rays are able to drive photoevaporative wind more efficiently
than hard X-rays. Further, models where photoevaporation is driven primarily by
FUV radiation produce significantly lower mass loss rates, and subsequently much
longer gas disc lifetimes (Komaki et all, 2021)). Heating from FUV radiation is
driven by photoelectric heating on small dust grains. The rate of photoevaporation
due to FUV radiation is therefore affected by dust evolution (Gorti et al!, 2015).
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Chapter 2

Observational constraints

In the last decade, the wealth of observational data on protoplanetary discs has
increased enormously both in terms of quality and quantity, through the commis-
sioning of the Atacama Large Millimeter/submillimeter Array (ALMA). This has
allowed for a much better comparison of protoplanetary disc models and observa-
tions, which is rapidly improving our understanding of protoplanetary discs and
how they evolve. In this chapter I will give a brief overview of the observational
constraints that we have on protoplanetary discs. I will cover measurements of
disc masses, the sizes of dust grains, disc lifetimes, disc structures and how disc
properties depend on the stellar mass.

2.1 Disc masses

Dust masses

Dust disc masses are estimated from the disc flux at cm/mm wavelength. Surveys
of star-forming regions have revealed that dust discs are initially very massive. Me-
dian dust disc masses of class 0 and I objects in the Perseus star-forming region are
148 and 52 Earth masses, respectively (Tychoniec et all, 2020), with some class
0 objects having dust masses in excess of 1000 Earth masses. Over a timescale of
a few million years, the typical dust disc mass decreases by one or two orders of
magnitude. By the class II phase, typical dust disc masses are ~1 Earth mass to
~10 Earth masses (Ansdell et al], 2016; Bai et all, 201¢; Ruiz-Rodriguez et all,
2018; Williams et al), 2019; Cazzoletti et all, 2019; Grant et all, 2021]; Villenave
et all, 2027)). A cumulative distribution of dust masses of class 0, I, and II discs is
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Figure 2.1: Cumulative distribution of disc masses in class 0, I, and II objects.
Discs are initially very massive with typical dust masses > 100 Mg,. As the discs
evolve, this decreases to ~50 Mg, by the class I stage and ~3 Mg, by the class 11
stage. Credit: [Iychoniec et al] (2020), reproduced with permission from ©ESO.

shown in Figure .1

Estimates of dust disc masses are often made by assuming that the disc emis-
sion is optically thin. Under such conditions, estimating the dust mass is relatively
straightforward. From the disc flux, it can be calculated as

F,d?

MDust = IQI,B—(/I’),

(2.1)

where F), is the observed flux, d is the distance to the object, £, is the opacity
of the disc at the observing wavelength, 1" is the disc temperature, and B is the
Planck function (Hildebrand, 1983). With the advent of ESA’s space telescope
Gaia, distances are known with great accuracy for nearby star-forming regions
(Gaia Collaboration et all, 2016). The true opacity and temperature of the disc
will vary across the disc. However, to use Eq. (B.1)), a representative value for the
whole disc must be found. The opacity is chosen based on dust opacity models,

but these models do not necessarily produce consistent results across particle size

and observing wavelength (e.g., Woitke et all, 2016; Bitsch et all, 2018). The
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representative temperature is chosen from SED modeling of protoplanetary discs
(Andrews & Williams, 2009), typically to be 20 K, but this is sometimes scaled
with the stellar luminosity as T' o L2'25 (Andrews et all, 2013]; Pascucci et all,
2016).

The possible discrepancies between the assumed representative values of the
opacity and temperature make the dust mass estimate less accurate. However, the
more major concern with using Eq. (2.1)) to estimate dust masses is that proto-
planetary discs may not be optically thin. A large amount of dust may therefore be
hidden underneath the optically thick surface. To an extent, this can be overcome
by observing at longer wavelengths where the emission is more optically thin (e.g.,
Tobin et all, 2018; [Tychoniec et all, 2018, 2020). Several studies have investi-
gated the possible underestimation of dust masses using Eq. (£.1). By modelling
the dust emission from observed protoplanetary discs, such studies have revealed
that dust masses may be underestimated by a factor of up to 6 (e.g., Ballering &
Eisned, 2019; Ribas et all, 2020; Macias et all, 2021). In extreme cases of radi-
ally small but very massive discs, the dust mass estimate from Eq. (£.1]) could
underestimate the true dust mass by up to two orders of magnitude (Liu et all,
2022).

Gas masses

Estimating the gas masses in protoplanetary discs is significantly more difficult
than estimating the dust masses. The fundamental problem is that the vast major-
ity of the gas mass is present in molecular hydrogen, which has no significant emis-
sion at the typical temperatures found in protoplanetary discs. Therefore, other
methods of probing the gas mass have been developed. One is to trace another
species of gas that does have significant emission, e.g., carbon monoxide or hy-
drogen deuteride, and convert this to a hydrogen mass according to an abundance
ratio, which I expand on below (Bergin et all, 2013; Kama et all, 2016; [Trapman
et all, 2017; Booth et all, 2019; Booth & Owen, 2020). A second method is to
convert dust masses into gas masses, assuming that the dust mass is 1 % of the gas
mass, as is typical of the interstellar medium (e.g., Manara et all, 2010), and thus
thought to be representative of the initial conditions of protoplanetary discs.
Both of the methods above suffer from problems. The abundance ratios of Hy
to other gas species are usually highly uncertain, resulting in large errors on mass
estimates. CO is especially uncertain because it freezes out and can be locked up
as ice in solid bodies, which will affect the abundance ratio of gas-phase carbon
to hydrogen (Miotello et all, 2023). Isotopologues of CO that are more able to
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accurately trace the gas mass also often have weak lines, making large surveys dif-
ficult. Although they have been successfully used to determine the gas mass in a
few protoplanetary discs (Booth et all, 2019; Booth & Owen, 2020).

Converting dust masses to gas masses suffers from the obvious problem that
dust and gas evolution in protoplanetary discs are different. Most significantly,
radial drift of pebbles results in the dust disc draining faster than the gas disc.
Hence, assuming the initial dust-to-gas ratio of the disc was 0.01, estimating the
gas mass from this only provides a lower limit on the mass.

The large uncertainties in measured gas masses unfortunately make a compar-
ison with disc models difficult, which is part of the reason why the focus in this
thesis lies on the dust masses.

2.2 Dust particle sizes

The size of dust particles has been constrained in two main ways. The first and
most common method is to use the properties of the disc opacity. If dust emission
is optically thin, and the opacity is dominated by absorption, and emissions are in
the Rayleigh-Jeans limit, there exists a relation between the slope of the SED and
the slope of the dust absorption coeflicient

dInl,
dlnv’

I, x P =248= (2.2)
where I, is the intensity of light emitted at the frequency v, and 3 is the opacity
index. A maximum particle size can then be inferred using a relationship between
B and the dust size distribution. Measurements of the opacity index of class 11
discs have found that it is low, between 0-1 (e.g., Ricci et all, 2010; Ansdell et all,
2018; [Tazzari et all, 20215). An opacity index this low can be explained if the
largest particles are mm-cm in size (Pollack et all, 1994). The spectral index, which
under the above-mentioned conditions is given by o = 2 + 3, has been found to
be radially increasing (Carrasco-Gonzélez et all, 2019; Macias et all, 2021}; [Tazzari
et al}, 20214d), which can be explained by a radially decreasing maximum particle
size. The radial size distribution of the maximum particle size in the disc HL Tau
is shown in Figure .2 In this disc, the particle size ranges from 1.4 mm in the
innermost disc to 0.6 mm at 100 au.

The second method of estimating dust sizes is to use the properties of polarized
light from protoplanetary discs. These estimates are based on the principle that
polarization induced by scattering is only seen if @ &= \/27, where a is the particle
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Figure 2.2: Radial distribution of the maximum particle size in HL Tau. Particle
sizes range from down to ~0.5 mm in the outer regions of the disc to 21 mm
in the innermost disc. Credit: Carrasco-Gonzadlez et all (2019), reproduced with
permission from ©AAS.

size and A the observing wavelength (Kataoka et all, 2015). Such polarized light

has been observed in several protoplanetary discs at a wavelength of ~1 mm, but

not at longer wavelengths. This indicates that the maximum particle size is on the
order of 100 um (Kataoka et all, 20164,5, 2017; Hull et all, 2018; Dent et all,

There are a number of proposed solutions to the discrepancy in dust particle

sizes derived from the spectral index and from polarization. A low spectral index
can be achieved not only by particle growth but also through discs being optically
thick but with small dust grains (Ricci et all, 2012). On the other hand, mm-sized
grains that are very settled to the disc midplane, due to very low disc turbulence,
can explain the polarized disc emission (Ueda et all, 2021). Emission from non-
spherical dust grains is also more polarized than spherical grains, providing another
possible pathway to alleviate the tension in dust sizes (Kirchschlager et all, 2019).

2.3 Disc sizes

The physical size of a protoplanetary disc is difficult to define because the disc
will gradually fade into the background of the giant molecular cloud. Pragmatic
approaches to defining disc sizes are therefore used. If the mass distribution of the
disc is known, as in numerical models, the radius containing a large fraction of the
total mass is a simple way to track the radial extent of the disc. When observing
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discs, however, only the flux is known. Using this, a common definition of disc
size is the flux radius. This is defined as the radius containing a fraction of the total
flux, typically 68 % or 95 %, and is determined by fitting a profile to the observed
radial intensity profile (Iripathi et al], 2017). This profile can then be integrated to
find radius which contains the selected fraction of the total flux. The 68 % radius
is less sensitive to the fitting profile used (Sanchis et all, 2020) but may miss weak
emission from the outermost regions of the disc.

Surveys of protoplanetary discs have revealed that for class II discs, the 68 %
flux radius ranges from a few astronomical units to a few hundred astronomical
units (Hendler et all, 2020). In a recent survey of class 0 and I objects, most discs
have 95 % flux radii between 4au to ~60 au, although a few extend to several
hundred astronomical units (Ohashi et all, 2023).

As radial drift of pebbles can cause the outer radius of the dust disc to shrink,
and a viscously evolving gas expands with time, one might be able to infer the
presence of radial drift from a size difference between the dust and gas disc. How-
ever, differences in the size of protoplanetary discs can be explained by differences
in the optical depth of millimeter continuum emission and CO lines, which are
used to trace gas, without the need for radial drift (Facchini et all, 2017). A gas
disc that is more than 4 times larger than the dust disc is considered necessary to
be a clear sign of radial drift (Irapman et all, 2019). This has been found to be
the case in the CX Tauri disc, where the 68% flux radius of the gas is over 5 times
larger than the 68% flux radius of the dust (Facchini et al}, 2019).

2.4 Disc lifetimes

Estimating the average expected disc lifetime is typically done by measuring the
fraction of stars with discs in star-forming regions. The presence of a disc is inferred
from an infrared excess originating from the presence of cold dust. Doing this
across several star forming regions, and with estimates of the age of the regions,
the typical disc lifetime can be estimated by fitting disc fraction as

fdisc = Ae_t/Tv (23)

where A is the initial disc fraction, ¢ is the age of the cluster, and 7 is the expected
disc lifetime. The initial disc fraction can be < 100% since a fraction of stars form
as binaries, and this process can disrupt disc formation. Using this method, typi-
cal disc lifetimes of 2-3 Myr have been found (e.g. Haisch et all, 2001; MamajeK,
2009; Ribas et all, 2014, 2015). However, this number may be underestimated
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Figure 2.3: Disc fraction as a function of the age of the star forming regions. The
right panel shows this whose evolutionary stage has been classified according to
the Lada system explained in Section 1.[I], and the left panel a classification system
based on the infrared slope at Spitzer IRAC wavelengths. Typical disc lifetimes in
this sample are 6-8 Myr. Credit: Michel et al] (2021)), reproduced with permission
from ©AAS.

due to selection effects (Pfalzner et all, 2014). Indeed, more recent estimates us-
ing nearby low-mass star-forming regions find disc lifetimes as high as 6-8 Myr
(Michel et all, 2021)). Figure shows the disc fractions and estimated typical
disc lifetimes as derived in (Michel et al], 2021)).
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Figure 2.4: The dust component of the protoplanetary disc with ALMA at a
wavelength of 1.3 mm. The disc is very structured, showing clear rings and
gaps, which could be a signature of ongoing planet formation. Credit: ALMA
(ESO/NAOJ/NRAO).

2.5 Disc structures

Detailed high-resolution surveys of protoplanetary dust discs have revealed that
many of them display significant structure. Rather than being smooth, they have
rings, gaps, and spiral arms (e.g. ALMA Partnership et al), 2015; Andrews et all,
2018). A famous example of a structured disc is HL Tau shown in Figure P.4. The
origin of these structures is not fully understood. Proposed mechanisms include
for example ice lines and the cores of giant planets.

Ice lines are able to produce disc structures when the fragmentation limit
changes as the particles sublimate at ice lines and the composition of the grains
change. This can lead to the formation of gaps and rings (Pinilla et all, 2017). In
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the scenario of giant planet formation, once the core of the protoplanet reaches
a mass of about 10 Mg, the so-called pebble isolation mass, it inverts the nearby
pressure gradient causing a pressure maximum outside of the orbit of the core
(Lambrechts & Johanser|, 2014; Bitsch et all, 2018). The lack of a pressure gradi-
ent at the maximum means the dust particles experience no gas drag and do not
drift. Pressure bumps are thus able to trap pebbles and create rings and gaps in the
dust structure.

Structured discs have been found to correlate with the stellar mass, which in
turn can be linked to the demographics of giant planets (yan der Marel & Mulders,
2021)). Due to a limitation in spatial resolution, it remains unclear if compact discs
are smooth or structured. However, a recent reanalysis of compact discs in Taurus
found structures in 6 out of 12 discs studied (Zhang et al}, 2023). Disc structures
are also found to be present even in very young discs (Michel et all, 2023).

Dust that is concentrated at the edges of gaps may not be completely trapped
there. As large particles collide and fragment into smaller particles, the small par-
ticles can diffuse across the gap, if the diffusivity of dust particles is strong enough
(Stammler et all, 2023). Gaps that are close to the host star might be unable to
trap even mm-sized dust grains (Kalyaan et all, 2023).

2.6 Dependence on stellar mass

Computational studies of the evolution of protoplanetary discs have tended to fo-
cus on the evolution of discs around solar-mass stars. Similarly, high-resolution de-
tailed observational surveys of protoplanetary discs are biased towards the biggest
and brightest objects. However, from the initial mass function of stars, (e.g.
Kroupd, 2001]), we know that ~90% of stars are less massive than 0.7 M. Sun-
like stars are, in fact, quite rare. Therefore, it is important to study how disc
properties vary with stellar mass.

The dust mass of protoplanetary discs has been found to correlate with the
stellar mass across several star-forming regions as Mpys o< M}3=19 (Pascucci
et all, 201@; Ansdell et all, 2017), shown in Figure P.5. One of the discoveries of
these surveys is that older star-forming regions have a steeper scaling than younger
regions. Pascucci et al] (2010) investigated the cause of the steepening with time
and found that dust particles undergoing growth, fragmentation, and radial drift
show a behavior consistent with observations. This is because the timescale for
radial drift to remove mm-sized particles is shorter around lower-mass stars. More
massive stars are, therefore, able to remain bright at mm-wavelengths for longer.
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Figure 2.5: Dust mass as a function of stellar mass in star-forming regions. The
slope of the scaling ranges from 1.3 to 1.9. The older region Upper Scorpius
has the steepest scaling, suggesting that this relation becomes steeper as the star
forming regions ages. Credit: Pascucci et al] (2010), reproduced with permission
from ©AAS.

Pinilla et al] (2020) found that the Mp,s — M, relation could be reproduced in a

disc evolution model if the initial disc mass scales with the stellar mass, and strong

pressure traps are present.
It has been known for several decades that the mass accretion rate scales with
the stellar mass with a steeper-than-linear relation (e.g. Hillenbrand et all, 1992;

Muzerolle et all, 2003; Mohanty et all, 2005; Natta et all, 2006). The slope has

typically been found to be 1.6-2; however, the spread in the mass accretion rate

is large (e.g. Alcald et all, 2014, 2017; Manara et all, 2017). The large spread is
largely physical in nature and not caused by observational uncertainties (Manard

et all, 2023). However, it is not clear if the spread is due to disc evolution or due

to variations in the initial conditions of star and disc formation.
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Chapter 3

Radial drift in protoplanetary discs

In this chapter I will highlight the most important results from my research, and
explain the population synthesis model that was in some way used in each paper.
I will then give a brief outlook on the future of the field.

3.1 Population synthesis

As discussed in Section 2.[, several disc properties have shown a dependence on the
stellar mass. This could be due to differences in disc evolution timescales around
stars of different stellar masses, but it is likely that it is also due to variations in the
initial conditions, e.g. the disc mass, across stellar mass. Because the protoplan-
etary disc model developed in this thesis includes the formation of the star and
disc, the initial conditions are those of the molecular cloud core.

The aim when selecting the initial conditions is to start from reasonable values
and create a population of discs whose masses are similar to what is observed in
very young discs. To achieve this, we chose to vary two parameters of the cloud
core as our initial conditions: the mass and angular momentum of the cloud core.
While the temperature could also be varied, we opted to keep it constant at 10 K
across all cloud cores. The size of a Bonnor-Ebert sphere scales linearly with the
temperature. Therefore, the effect of increasing the temperature is to make the
collapse of the cloud core take a longer time (see Equation [[.T3).

To achieve a realistic range of masses, we selected the masses from the stellar
initial mass function (IMF) of Kroupd (2001)). In detail, the IMF of stars might
differ from the core mass function (CMF) of molecular cloud cores. However,
functionally, they are alike with similar slopes and exhibiting a rapid reduction in
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the occurrence rate at high masses (McKee & Ostriket, 2007).

We set the angular momentum by choosing the centrifugal radius. The ratio
of the rotational energy to the gravitational energy has no clear dependence on the
size of molecular cloud cores (Chen & Ostriker, 2018). As shown in Paper ], if one
assumes this ratio to be independent of the mass of the cloud core, the centrifugal
radius scales linearly with the stellar mass. Therefore, we scale the centrifugal radius

M,
Rc =Ry [ == 1
C 1<M@)’ 3.1)

as

where Mo is the mass of the cloud core. The appropriate value of Ry is not
immediately clear. Numerical studies of star formation have found that magnetic
braking can remove angular momentum from the infalling material during the col-
lapse of the cloud core. This phenomenon was first reported by Allen et al! (2003),
where under ideal MHD, disc formation was suppressed, and it was dubbed the
‘magnetic braking catastrophe’. Further studies have found that non-ideal MHD
effects reduce the effectiveness of magnetic braking, but precisely how strong the
effect is remains unclear (Waurster et all, 2019; Lee et all, 202T)). Due to this un-
certainty, the value chosen for R is not consistent across paper I and 11, and the
effects of this on the resulting disc size was examined in paper III.

In addition to varying the mass and angular momentum of the cloud core, we
assigned the discs an internal age spread of 1 million years. That is to say, the oldest
disc in our model is assumed to have formed 1 Myr before the youngest disc. This
is done to emulate the fact that not all discs will form at the same time. At least
in the star forming region Taurus, star formation is thought to have gone on for
1-2 Myr (Kenyon & Hartmann, 1995).

3.2 Evolution of the cumulative distribution of dust masses

In the second paper, we expanded upon the model used in the first paper to include
the growth of dust and limiting it in size by fragmentation and drift. In addition
to this, we also calculate the disc temperature from stellar irradiation and viscous
heating. Disc dispersal was included by way of one of two photoevaporation mod-
els. These were the strongly evaporating X-ray model of Picogna et al! (2021)) and
the weakly evaporating FUV model of Komaki et al] (2021). We included both
of these as there is not yet a consensus on the strength of photoevaporation, and
these two models cover the ends of plausible photoevaporation rates. We used
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Figure 3.1: Cumulative distributions of dust disc masses. The left panel shows
a population synthesis model. The thick lines show the model undergoing radial
drift and the thin lines a model where the dust only advects with the gas. The right
panel shows the distribution of dust disc masses in a few star-forming regions.

Credit: Appelgren et al] (2023).

the expanded protoplanetary disc model to run a population synthesis model as
explained in Section [I|.

The main aim of the paper was to compare the temporal evolution of the
cumulative distribution of dust disc masses to a sample of real observed discs,
whose mass has been determined assuming optically thin emission, as described
in Chapter 2, Section [l|.

Figure B.1] shows the evolution of the cumulative dust mass distribution for
discs evolving under o, = 1072, and both of the photoevaporation models (left
panel). The thick lines show a model with radial drift, and the thin lines show
a model without radial drift, where the dust only traces the gas. The right panel
shows a sample of protoplanetary discs from both class 0, I, and II objects. The
discs with radial drift are able to reproduce the observed depletion trend quite
well. The discs without radial drift are unable to match this depletion. They only
agree with the observed sample of class 0/ discs, which is reasonable as in these
discs radial drift will not have had as much time to affect the dust mass evolution.
The solid and dashed lines show the X-ray photoevaporation model and FUV
photoevaporation model, respectively. The X-ray model opens a gap in the gas
disc earlier, allowing for more discs to retain some dust outside the gap. However,
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at most ~3 Mg of dust is retained.

One place where the model and observations differ is that in the observed
sample of discs there exists a population of older discs with high dust masses
(2 100 Mg). This group of discs is absent in the model. We speculate that this
represents a population of discs whose dust mass evolution is not dominated by
radial drift. Instead, these discs have significant structures, originating from the
cores of giant planets, where pebbles are trapped, or at the very least, slowed down.
These discs are proposed to make up 5 %-15 % of the total disc population. Struc-
tured discs are found to be more common around high-mass stars, which in turn
also host more giant planets (van der Marel & Mulders, 2021)). The reduction
in the dust mass of these discs might instead be dominated by trapped pebbles
growing to large sizes and reducing their mm-emission (Pinilla et all, 2020).

3.3 Evolution of the disc sizes

In Paper III, we studied how the relationship between the mm-flux from the dust
disc and the flux radius evolves over time. We explored how the flux and disc size
depend on the angular momentum of the disc and on the efliciency of viscous
heating in the disc.

A higher angular momentum of the molecular cloud core results in both ma-
terial landing further from the protostar during the infall phase and more material
landing on the disc rather than directly onto the protostar. More angular momen-
tum thus leads to a bigger and more massive disc. If the disc is optically thin and
observed face-on, the intensity emitted from the disc can be approximated as

I, = B, X yky. (3.2)

Therefore, in this limit, a more massive disc leads to a higher disc flux.

The total flux also depends on the disc temperature, and therefore stronger
viscous heating leads to higher fluxes. Because viscous heating is efficient only in
the inner disc, it affects the radial temperature structure of the disc and therefore
also the flux radius. A disc with weak viscous heating will result in larger flux radii
as the total emission is less concentrated to the inner disc.

We ran a protoplanetary disc model including disc formation, viscous evolu-
tion of the gas, and growth and radial drift of the dust component. We assumed
a viscous alpha of o), = 1072, a fragmentation velocity of v¢ = 1m/s, and a
turbulent stirring alpha of a, = 10~%. To investigate discs with less efficient vis-
cous heating, we set v = 1073 for calculating the viscous heating, keeping it as a
separate parameter from «,.
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Figure 3.2: Total flux at a wavelength of 1.3 mm as a function of the radius con-
taining 68% (left panel) and 95% (right panel) of said flux. Discs start out on the
left branch, and the flux and size increase as the disc forms. Once the formation
phase is over, the flux begins to decrease as the disc mass decreases and the disc is
less viscously heated. The apparent size of the disc continues to increase for a while
as the inner disc become cooler, and because small dust in the outer disc advects
outwards with the gas. Eventually, radial drift of pebbles becomes efficient and
the size of the disc also begins to decrease.
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For this project, we calculate the flux radius of the modeled discs by directly
integrating the intensity profile emitted from the discs. This method differs in
detail from that used for observations of real discs, which requires fitting a profile
to the observed radial intensity profile and integrating the fitted profile. For a more
accurate comparison, a similar method could be applied to the modeled discs as
well. However, assuming that the fitted profile accurately traces the true profile,
the methods we use should be sufficient. The 68% radius is not very sensitive to
the chosen profile, suggesting that sizes are accurately traced, but the 95% radius
is more sensitive.

We evolved a set of discs created from cloud cores with masses from 0.25 Mg
to 1.5 M), tracing how they evolve in flux as a function of flux radius, shown
in Figure B.2 on the following page. The evolution can in this plane be divided
into three phases. As the disc is forming, the equivalent of the class 0/1 stage,
both the flux and the size increase. This is the left branch in Figure B.7. After
this, there is a phase where the flux decreases whilst the flux radius continues to
increase. This increase is both due to a decrease in viscous heating due to the
removal of gas from the disc and due to a physical expansion of the dust disc from
dust particles advecting outwards with the expanding gas disc. Finally, there is a
phase corresponding to when disc evolution is dominated by radial drift. This is
represented in the right branch where both the flux and disc radius decrease.

The discs shown in Figure B.2 are evolved under less efficient viscous heating
and a high angular momentum budget. We scaled the centrifugal radius as Rc =
40 (Mcore/ M) au, where Mo is the mass of the cloud core. The background
markers in Figure B.2 show observed class II discs in the left panel and class 0/1
discs in the right panel. The class II discs are taken from Pascucci et all (2016);
Andrews et al] (2018); Ansdell et all (2018); Cieza et al! (2019); Akeson et al!
(2019); van der Marel & Mulderd (2021)), and the class 0/1 discs from [Ohashi et al!
(2023). The best agreement with the class 0/ discs was found with this scaling
of the centrifugal radius and weak viscous heating. Less angular momentum and
stronger viscous heating lead to discs that are too small compared to the class 0/1
objects. We also show that it is the combination of higher angular momentum and
weaker viscous heating that is necessary, as the contribution of each on its own is
not enough.

Viscous heating has been inferred in a number of observed protoplanetary
discs using various methods. The most robust detection of viscous heating is
through absorption lines in the disc. Absorption lines signify viscously heated
discs because accretion heating can result in a midplane temperature higher than
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that of the disc surface. This has been observed in discs around massive stars (Bari
et all, 2022), although not in discs around T-Tauri stars (Carr & Najitd, 2011)).
Viscous heating has also been inferred in the IRS 7B-a disc from the eDisk sample
of class 0/1 discs that we compare our model to ([Takakuwa et all, 2024). Through
modeling of the 1.3 mm continuum emission, the authors found that viscous heat-
ing at an accretion rate of ~1075, Mg /yr was necessary to reproduce the observed
intensity of IRS 7B-a. Modelling of the thermal structure of FU Orionis-type stars
have also found viscous heating to be necessary to explain observed fluxes (Labdon
et all, 2021); Alarcén et all, 2023).

The calculation of fluxes, as shown in Figure B.2, was done using the midplane
temperature of the disc. In the case of an isothermal disc, as is the case if the disc
is optically thin, this is the same as the surface temperature of the disc. However,
for an optically thick disc that is viscously heated, the surface temperature, i.c.,
the temperature that is observed, is lower than the midplane temperature. The
discs in our model are generally optically thick at a wavelength of 1.3 mm during
the formation of the discs. The surface temperature of an optically thick disc that
is viscously heated scales as Ty,f o< Tmid(T)_l/ 4. Therefore, the fluxes from our
model discs during their formation is likely somewhat overestimated. Additionally,
the flux from the model discs was calculated as the face-on flux. The observed
disc are, however, inclined with respect to the observer, which, due to geometrical
effects, is likely to be at around 70°. Unless the discs are completely optically thin
in every direction, the flux of an inclined disc will be smaller than that of a face-on
disc. Hence, the true fluxes of the observed sample might be higher than given
here.

Summary

From the result presented here, the evolution of the dust mass in protoplanetary
discs through radial drift appears consistent with the majority of observed discs.
Discs without radial drift are unable to reproduce the observed change in the cu-
mulative distribution of dust masses over time. The evolution of the mm-flux as
a function of the flux radius in discs undergoing viscous evolution and radial drift
of dust is also able to cover a range or radii and fluxes similar to that observed in
real protoplanetary discs.
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Future outlook

In the near future, our observational understanding of both protoplanetary discs
will continue to improve from continued surveys with ALMA. With the start of
operations of the James Webb Space Telescope (JWST), our understanding of
protoplanetary disc chemistry is set to increase rapidly. Drifting icy pebbles can
enhance the local abundance of water vapour as the sublimate at the water snow
line (Kalyaan et all, 2021, 2023). This effect has been detected with JWST and
interpreted as a sign of efficient radial drift (Banzatti et all, 2023).

Our inventory of known exoplanets is also set to increase significantly. The
Transiting Exoplanet Survey Satellite (TESS), launched in 2018, has found several
hundred confirmed exoplanets, and many thousands more candidates waiting to
be confirmed. The Gaia telescope is expected to detect thousand or even tens of
thousands of exoplanets (Sozzetti et all, 2014; Perryman et all, 2014; Holl et all,
2023). Two exoplanets have already been discovered by Gaia, although using the
transit method rather than astrometry (Panahi et all, 2022). A better understand-
ing of both protoplanetary discs and exoplanets will hopefully allow us to better
connect the two populations and, in turn, further our understanding of planet
formation.

The transition towards protoplanetary disc models with magnetic wind-driven
accretion, and thus more realistic disc evolution, is set to accelerate. In recent
years, much effort has been put into developing wind-driven disc models that
are similarly user-friendly as the classical a-disc model (Bai, 201¢; Suzuki et all,
2016; [Tabone etall, 20224d). Such models have been shown to be able to reproduce
the observed correlation between the accretion rate and disc mass (Tabone et all,
20220).

With an ever increasing catalogue of exoplanets and well studied protoplane-
tary discs, in addition to significant advances in the theory of protoplanetary disc
evolution and planet formation over the past decade, the future looks bright.
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