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Abstract

Protoplanetary discs are the birthplaces of planets. Not only do they contain the neces-
sary building blocks to form planets, but their structure and evolution strongly impact
the planet formation pathway. It is therefore of crucial importance to understand how the
chemical composition and evolution of these discs are influenced by the presence of different
types of disc winds. The goal of this thesis is to investigate through numerical simulations
the effects of internal photoevaporation and magnetohydrodynamic (MHD) winds on the
structure of protoplanetary discs, as well as on their evolution and composition. We show
that photoevaporative winds open gaps in the discs that not only block inward-moving
pebbles but also carry away any gas diffusing into them. The latter distinguishes them
from gaps caused by growing planets, which still let gas pass through to the inner disc. As
a result, the inner regions of protoplanetary discs with active internal photoevaporation are
enriched with water and have a low C/O ratio. The latter separates them from discs with
gaps caused by planets, which have high C/O ratios in their inner regions. Consequently,
observations of protoplanetary discs with gaps could infer the cause of these gaps when
measuring the C/O ratio of the inner region. Discs that are affected by MHD winds also
show low C/O ratios in the inner disc if the mass loss from the winds is strong enough
to create a pressure bump in the disc. We conclude that incorporating both photoevap-
orative and MHD winds is crucial when simulating the evolution of protoplanetary discs,
as these winds strongly affect the structure of the disc as well as the inner disc’s chemical
composition.
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Zusammenfassung

Planetenentstehung findet in protoplanetaren Scheiben statt. Diese enthalten nicht nur die
notwendigen Bausteine, aus denen ein Planet entstehen kann, sondern beeinflussen mit
ihrer eigenen Struktur und Entwicklung auch maßgeblich den Entstehungsprozess des Pla-
neten. Es ist daher wichtig zu verstehen, wie sich die chemische Zusammensetzung und
Entwicklung von protoplanetaren Scheiben ändern, wenn diese von verschiedenen Schei-
benwinden beeinflusst werden. Das Ziel dieser Arbeit ist es, mithilfe numerischer Simu-
lationen den Einfluss interner Photoevaporation und magnetohydrodynamischer (MHD)
Winde auf die Struktur, Entwicklung und Zusammensetzung dieser Scheiben zu untersu-
chen. Dabei zeigen wir, dass interne Photoevaporation zu Lücken in den Scheiben führt.
Diese Lücken blockieren den Materialtransport in Form von Pebbles von den äußeren Be-
reichen der Scheibe nach innen. Außerdem wird jegliches in sie hinein diffundierende Gas
von den Scheibenwinden entfernt. Der zweite Aspekt unterscheidet die durch Photoevapo-
ration verursachten Lücken von solchen, die durch wachsende Planeten entstehen. Letztere
lassen Gas weiterhin in die innere Scheibe durch. Die innere Region einer Scheibe, in der
interne Photoevaporation aktiv ist, ist infolgedessen mit Wasser angereichert und weist ein
niedriges C/O-Verhältnis auf. In diesem Punkt unterscheidet sich eine solche Scheibe von
einer, in der die Lücke durch einen wachsenden Planeten verursacht wurde. Letztere weist
in ihrem inneren Bereich ein hohes C/O-Verhältnis auf. Folglich könnten Beobachtungen
von protoplanetaren Scheiben, die Lücken aufweisen, Rückschlüsse über deren Ursprung
ziehen, falls das C/O-Verhältnis der inneren Scheibe gemessen werden kann. Protoplaneta-
re Scheiben, in denen MHD-Winde aktiv sind, weisen ebenfalls niedrige C/O-Verhältnisse
im inneren Bereich auf, wenn der Massenverlust durch die Winde stark genug ist, um
sogenannte Pressure Bumps in den Scheiben zu erzeugen. Daraus schließen wir, dass Si-
mulationen von protoplanetaren Scheiben sowohl Photoevaporation als auch MHD-Winde
beinhalten sollten, da diese Effekte sowohl die Struktur solcher Scheiben wie auch deren
chemische Zusammensetzung stark beeinflussen.
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Part I

Motivation and Introduction





Chapter 1

Motivation

Humanity has always looked up into the night sky, wondering what lies beyond Earth and
about our place in the vastness of the universe. Questioning the distant lights, long before
telescopes even existed, careful observers distinguished wandering points of light from the
�xed stars...

1.1 A brief history of (exo)planets

The term planet is derived from the Greek word planetes, which means "wanderer", a name
originally used to di�erentiate moving light sources from �xed ones (the stars). The history
of planet discoveries began in our own solar system, where Greek philosophers correctly
identi�ed Mercury, Venus, Mars, Jupiter, and Saturn as planets. The Earth joined them
during the 16th century when the geocentric view of the world was replaced with the
heliocentric one. The discovery of Uranus in 1781 by William Herschel added yet another
planet to our solar system. It was followed by Neptune's detection in 1846 by Johann
Gottfried Galle, after its existence had already been predicted by deviations in Uranus'
observed orbit compared to its calculated position. The discovery of Pluto in 1930 by
Clyde Tombaugh followed a similar pattern, this time using inconsistencies in Neptune's
orbit.
With time, more and more objects similar to Pluto were detected, making it necessary to
de�ne what a planet actually is so that it can be distinguished from smaller bodies in the
solar system. According to the International Astronomical Union (IAU), a planet is an
object which

1. orbits the Sun,

2. has cleared its orbit,

3. and is massive enough to assume hydrostatic equilibrium, therefore having a nearly
round shape (IAU 2006).

Following this de�nition, Pluto, formerly known as the ninth planet, and other objects,
such as moons or asteroids, are not counted as planets.
Extending our horizon beyond the solar system, we call the planets around stars other
than our own Sun exoplanets. An analogous de�nition can be used to describe them with
the respective host star replacing the Sun.
It is not easy to decide which exoplanet discovery marks the very �rst. Using the radial
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Figure 1.1: Cumulative number of detected exoplanets per year, with the respective
observation method shown in colour. Figure taken from the NASA Exoplanet Archive.

velocity (RV) method 1, the signal of a Jupiter-mass planet was detected in 1988 orbiting the
star 
 Cep (Campbell et al. 1988), but the authors revoked their �nding later on (Walker
et al. 1992). However, investigations by Hatzes et al. (2003) proved that the signal indeed
came from an exoplanet. In 1989, Latham et al. (1989) discovered a companion around HD
114762, but were unsure if it was a planet or a brown dwarf. The detection of two Earth-
mass exoplanets orbiting the millisecond pulsar PSR B1257+12 in 1992 via the pulsar
timing method marked another important step in the discovery of exoplanets (Wolszczan
and Frail 1992). It was followed in 1995 by Mayor and Queloz (1995) observing the �rst
planet orbiting the Sun-like main-sequence star 51 Peg, again using the RV method. The
�rst transit of an exoplanet was observed in 2000 for the star HD 209458 (Charbonneau
et al. 2000).
Since the �rst discoveries, the number of known exoplanets has increased drastically. Today,
more than 6000 exoplanets have been con�rmed using various detection methods; see Figure
1.1, which shows the cumulative number of con�rmed exoplanets per year, together with
the respective detection method. This success is mainly attributed to the large observation
programmes executed by the space telescopes Kepler (Koch et al. 2010) and the Transiting
Exoplanet Survey Satellite (TESS) (Ricker et al. 2014).

1A detailed description of the currently used observation methods would be beyond the scope of this
thesis, the interested reader is referred to Wright and Gaudi (2013) for a review.
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Figure 1.2: Masses of detected exoplanets as a function of their orbital period. The
planets of the solar system are shown in pink for reference. Figure adapted from the
NASA Exoplanet Archive.

1.2 Where do planets come from?

The numerous observations of exoplanets have revealed that our solar system does not
serve as a standard - exoplanetary systems come in all di�erent kinds of architectures, or-
bit a variety of stars, and many exoplanets are of types that do not even exist in the solar
system, see Figure 1.2. Examples of these "new" planet types are so-called hot Jupiters,
Jupiter-mass planets in a very close orbit (< 10 days) around their host star, cold Jupiters,
super-Earths, or mini-Neptunes. The study of exoplanets is therefore fuelled by the desire
to not only understand the formation of our own solar system, but also why and how such
a variety of planetary systems and planets exist and form.
In our current understanding of planet formation, planets form in protoplanetary discs -
discs made from gas and dust around young stars (see Section 2.1 for more information on
young stars and discs and Section 2.2.3 for a description of the planet formation process).
The �rst observation of a protoplanetary disc was in 1984, around the star � Pic (Smith
and Terrile 1984). As for exoplanets, we have come a long way since then. Today, ob-
servations using scattered light, thermal continuum emission, and molecular spectral line
emission can probe di�erent regions and properties of such discs (for a review, see An-
drews 2020), and large programmes using di�erent instruments at di�erent telescopes have
provided a huge amount of data. Especially the Spectro-Polarimetric High-contrast Exo-
planet REsearch (SPHERE) instrument at the Very Large Telescope (VLT), the ALMA
interferometer, and the James Webb Space Telescope (JWST) have signi�cantly improved
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Figure 1.3: Protoplanetary discs, imaged with the Atacama Large Millime-
tre/submillimetre Array (ALMA) at millimetre wavelength. Figure taken from Jacquet
et al. (2024), adapted from Andrews et al. (2018a).
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Figure 1.4: Image of the PDS 70 system with a star at the centre, planet PDS 70b (not
visible), and planet PDS 70c with a surrounding disc (dot to the right of the star). The
protoplanetary disc (ring-like structure) features a big cavity, carved by the planets. Figure
credit to ALMA/Benisty et al. (2021).

our understanding of such discs. Figure 1.3 shows how these protoplanetary discs appear
at millimetre wavelengths when observed with ALMA.
So, although today we have a huge amount of data on both the initial (protoplanetary
discs) and the end stages (exoplanets) of planet formation, the exact formation pathway
and �nal composition of planets are still not fully understood. On the one hand, this is
due to disc observations only being snapshots in time. Discs evolve over a few million
years; therefore, we cannot get a complete picture of one system evolving from the initial
stage until the very end, when planets have formed. On the other hand, only very few
observations exist of the actual middle stage, where planet formation is still ongoing. The
only system with two con�rmed protoplanets is PDS 70, which is depicted in Figure 1.4,
where PDS 70b was the �rst ever directly imaged protoplanet (Keppler et al. 2018; Müller
et al. 2018). This gap in observations motivates the need for numerical simulations to
connect the initial with the end stages of planet formation and model the actual formation
process. In these simulations, data from observations of protoplanetary discs can be used
as initial conditions, whereas the resulting properties of the synthetic planets can be di-
rectly compared to those of the observed exoplanets. This allows us to place constraints on
planet formation models and, ultimately, get a more detailed understanding of the physical
processes governing planet formation.
Many planet population synthesis studies have done exactly this, trying to reproduce the
observed masses and orbital distances of exoplanets as shown in Figure 1.2 (Mordasini
et al. 2009; Ndugu et al. 2018; Emsenhuber et al. 2021). However, with the data we have
today, it is possible to constrain planet formation models even further by making use of
newly measured atmospheric abundances (Line et al. 2021; Pelletier et al. 2021; Mollière
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et al. 2022; August et al. 2023; Evans-Soma et al. 2025). These atmospheric abundances,
or more generally, the planetary composition, originate from the protoplanetary disc the
planet forms in because, during the formation process, a planet accretes its material from
the disc. Therefore, studying the full evolution of both the structure and the chemical
composition of these discs is essential for gaining a more comprehensive picture of the
birth environments of planets.

1.3 Placing this thesis in the bigger picture

As already mentioned in the previous section, the exact formation pathway of planets
is still an active area of research. A key open question concerns the formation location
of a planet within the protoplanetary disc. In the classical picture proposed by Öberg
et al. (2011), the chemical composition of the disc, as parametrised by the C/O ratio, is
compared to the atmospheric abundances of an exoplanet. There, the planet's formation
location can then be inferred as the disc region where the disc's C/O ratio matches that
of the planetary atmosphere.
However, this picture does not take into account that the chemical composition of proto-
planetary discs is not static. Multiple processes contribute to its temporal evolution, such
as chemical evolution via chemical reactions (Eistrup et al. 2016), or dust grains drifting
through the disc and evaporating the ices they are carrying (for more information on dust
in protoplanetary discs, see Sections 2.2.2 and 2.2.4), thus altering the disc composition
(Piso et al. 2015; Booth et al. 2017; Schneider and Bitsch 2021a; Kalyaan et al. 2023).
In this thesis, I simulate the evolution of protoplanetary discs using a model that includes
the drift and evaporation of dust grains and expand it by incorporating additional processes
that in�uence the disc evolution. More speci�cally, I account for disc winds in the form
of internal photoevaporation and MHD winds. The theoretical background of this work
can be found in Chapter 2. The results of these simulations are split into three research
projects, which are visualised in Figure 1.5 and presented in Part II of this thesis:

ˆ Chapter 3 studies the impact of internal photoevaporation on the evolution of pro-
toplanetary discs around solar-mass stars. This allows us to investigate how gaps in
discs, caused by photoevaporative winds, in�uence the evolution of the inner disc's
elemental abundances. Understanding the di�erence between di�erent gap-opening
mechanisms, namely photoevaporation and forming planets, is crucial to distinguish-
ing them.

ˆ Chapter 4 extends the study of Chapter 3 to discs around low-mass stars. This
extension is crucial for a more complete picture of the e�ect of photoevaporation on
discs because discs around low-mass stars vary in their disc mass, size, and structure,
compared to discs around solar-mass stars. Additionally, low-mass stars exhibit a
di�erent temperature pro�le, which leads to a shift of the ice lines. What makes
low-mass stars even more interesting is the fact that most of the systems observed by
JWST actually have host stars with masses M? < 1 M � , giving us the opportunity
to compare our results to observations.
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Figure 1.5: Schematic view of disc evolution for a disc driven by MHD winds (top) and
a disc evolving viscously with additional e�ects due to internal and external photoevapo-
ration (bottom). Figure adapted from Manara et al. (2022).

ˆ Chapter 5 presents a di�erent kind of disc winds: MHD winds. This chapter ad-
dresses the question if and how they impact the structure and chemical evolution of
protoplanetary discs. This study is done for both solar-mass and low-mass stars.

Chapter 6 summarises the conclusions of the three projects described above. It ends with an
outlook on potential future projects that could advance our understanding of the evolution
of protoplanetary discs even further.





Chapter 2

Introduction

The goal of this thesis is to investigate the impact of di�erent disc winds on the structure,
evolution, and composition of protoplanetary discs. This chapter is an introduction to the
relevant theoretical background. The �rst part, Section 2.1, is dedicated to the big picture
and answers the question of how protoplanetary discs form and evolve. In the second part,
Section 2.2, we zoom into these discs to take a closer look at the processes happening
inside.

This chapter is partially based on the papers Lienert et al. (2024), Lienert et al. (2025), and
Lienert et al. (2026) (in prep.). While it aims to explain protoplanetary discs as broadly
as possible, its focus lies on the aspects directly relevant to the work presented in the
following chapters.

2.1 The big picture: Formation and evolution of
protoplanetary discs

The formation of stars, discs, and planets is highly intertwined. Let's take a closer look at
the very beginning, the formation of stars...

2.1.1 Star formation and its byproducts

In the classical picture, the formation of stars begins in a molecular cloud (Shu et al. 1987).
Such molecular clouds appear in observations as overdensities or bright and compact fea-
tures compared to the interstellar medium (Chevance et al. 2022). So-called "pre-stellar
cores" in these clouds, consisting of cool and dense gas as well as dust, can collapse grav-
itationally once their self-gravity exceeds kinetic, thermal, and magnetic support (Larson
1969; Penston 1969; Hunter 1977; Shu 1977). During this process, each collapsing core
forms one or more protostars, which are embedded in their parental molecular cloud. How-
ever, we know today that the star formation process is not as straightforward as depicted
in the classical picture. Molecular clouds can be asymmetric and have a lot of substructure,
such as �laments, and it is believed that the pre-stellar cores form in these (André et al.
2014). Therefore, the assumption of molecular clouds being spherical and isolated objects
is too short-sighted, and when studying star formation, the properties of the molecular
clouds have to be taken into account as well (Bhandare et al. 2020; Pineda et al. 2022).
Both the classical star formation process and our current view on it, where the latter takes
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Figure 2.1: Stellar evolution and classi�cation of the di�erent stages. The classical picture
in the top row is contrasted with a modern view, initiated by recent developments. Figure
taken from Savvidou (2023).
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into account a bigger picture by including a larger portion of the formation environment,
are shown in Figure 2.1.
Initially, the pre-stellar cores do not rotate very fast (Goodman et al. 1993), but speed
up during the gravitational collapse, and the angular momentum becomes non-negligible.
Due to angular momentum conservation - and because the protostar cannot keep all of
the angular momentum to itself (Hartmann et al. 2016) -, the material rotating around
the protostar rearranges itself and forms a disc, supported by rotation, whereas the outer
parts become an envelope surrounding the protostar-disc system. Over time, this envelope
accretes onto the combined system of protostar and disc; at the same time, the disc ac-
cretes onto the protostar as well. Since accretion means material transport in the inward
direction, angular momentum has to be removed/transported outwards to counterbalance
this (Lynden-Bell and Pringle 1974). Di�erent mechanisms exist in the literature to ex-
plain angular momentum removal, see Sections 2.2.1 and 2.2.5 for more details.
After the accretion phase is �nished, the protostar enters a thermodynamic state that
is compatible with hydrogen burning, reaching its main-sequence era. The evolutionary
stages before this are therefore called the pre-main-sequence phase.

2.1.2 Classi�cation scheme for young stars

During the pre-main sequence phase, the evolution of the young stellar objects (YSOs)
can be divided into classes ranging from 0 to III, depending on the relative size of their
disc and envelope (see also Figure 2.1 for reference). Their classi�cation is based on the
infrared (IR) excess of their spectral energy distribution (SED) (Lada and Wilking 1984;
Adams et al. 1987; Andre et al. 1993; Greene et al. 1994). For this part, let us assume that
each collapse of a pre-stellar core results in just one protostar.

Class 0: This phase marks the beginning of the star formation process; it follows imme-
diately after the gravitational collapse of the pre-stellar core. It is characterised by the
protostar being surrounded by a rotating, thick envelope, from which it accretes most of
its mass (Andre et al. 1999). Due to the dense envelope, it is not possible to observe the
protostar at optical wavelengths. However, observations at millimetre wavelengths have
shown that already at this very early stage of star formation, a rotating disc is forming
around the protostar (Tobin et al. 2012; Murillo et al. 2013; Codella et al. 2014; Gaudel
et al. 2020). A small part of the accreted material is ejected perpendicular to the disc as
bipolar jets and out�ows. This phase lasts for about 0:4 Myr.
Class I: The protostar is still surrounded by an envelope, which dissolves with time, thus
becoming less and less dense. This makes observations at optical wavelengths possible
(Harsono et al. 2014). Most of the system's mass sits now in the protostar. Already at
this early stage, rings and gaps can be observed in the discs around protostars. This phase
lasts for about 0:2 Myr.
Class II: The envelope is now fully dissolved, a protostar and a disc remain. Due to the
missing envelope and since this phase lasts for a few million years, observations of such
systems are much more common than for the previous stages. During this evolutionary
stage, the disc, which is made of a mixture of gas and dust, evolves under the in�uence
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of viscosity and/or disc winds (see Sections 2.2.1 and 2.2.5 for more details). As a result,
angular momentum is redistributed or removed from the disc, leading to the accretion of
disc material onto the protostar. At the same time, the solids in the disc grow into bigger
components, such as pebbles and planetesimals, eventually leading to the formation of
planetary embryos and then planetary cores (Drazkowska et al. 2022). This is why these
discs are commonly referred to as protoplanetary discs.
Class III: In this last evolutionary stage of a young star, the protoplanetary disc has
dissolved as well, with the exception of debris discs, which can remain for much longer.
The star itself is still in its pre-main-sequence phase. This stage marks the end of the
accretion onto the central protostar, leaving it with a �xed mass.

Apart from the classi�cation scheme described above, YSOs can also be classi�ed according
to their mass. Protostars with masses < 2 M� that are still surrounded by their envelopes
are called T Tauri stars (Joy 1945). Their spectral types are either F, G, K, or M,
depending on their exact mass. Due to their low mass, these types of stars are also called
dwarf stars. In the context of this thesis, the most relevant dwarf stars are solar-mass stars
(M ? = 1 M � , spectral type: G) and so-called M dwarfs (M? < 0:5 M � , spectral type: M).
More massive protostars (2�8 M � ) are referred to as Herbig Ae/Be stars, their spectral
types are A or B. Stars with even higher masses (> 8 M� ) are much harder to observe
because not only progresses their evolution on much faster timescales, which reduces the
possible observation window in their protostellar phase, but they also keep their envelope
throughout their whole evolution as protostars until transitioning to main-sequence stars,
which makes observations in the optical very di�cult. To make matters worse, high-mass
stars have a much lower occurrence rate (Kroupa 2001).

2.2 Zooming in: What happens inside protoplanetary discs?

As mentioned in the previous section, protoplanetary discs are the discs around YSOs,
where planets can form; hence their name. However, planet formation is only one of many
di�erent processes that take place in these discs.
In the classical picture, the gas in protoplanetary discs follows a viscous evolution (Section
2.2.1). At the same time, dust grains grow and evolve (Section 2.2.2). The structure, evolu-
tion, and composition of protoplanetary discs is in�uenced and altered by growing planets
(Section 2.2.3), evaporating pebbles (Section 2.2.4), and disc winds (Section 2.2.5).

2.2.1 Viscous evolution

During the stellar formation process, the protostar accretes material from its surrounding
disc (see Section 2.1.1 for more details). This process is also con�rmed by observations, as
nearly all observed discs show signs of accretion (see Hartmann et al. 2016, and references
therein). In the classical picture, the main driver for this disc accretion is turbulence.
Turbulence in a disc is considered as some kind of e�ective viscosity redistributing the
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Figure 2.2: Disc evolution of a 1 M � star, shown as a function of the disc's radius. The
time evolution spans over 10 Myr.

angular momentum, and accretion is a then result of this turbulence (Shakura and Sun-
yaev 1973; Lynden-Bell and Pringle 1974). More precisely, the redistribution of angular
momentum happens in the radial direction outwards. A small fraction of the disc mass
is carried along with it; this process is called viscous spreading. It allows the rest of the
material in the disc to move inwards, which eventually leads to its accretion onto the host
star. Both e�ects can be seen in Figure 2.2, where the gas surface density of a disc around
a 1 M� star is shown as a function of the disc's radius. During the depicted time evolution
of 10 Myr, the outer part of the disc spreads further outwards (viscous spreading), whereas
the inner part is accreted onto the central star (viscous accretion), leading to a decrease
in the gas surface density over time.
Typically, models of protoplanetary discs use the dimensionless parameter �visc to describe
the strength of the turbulence. This parameter was originally introduced by Shakura and
Sunyaev (1973). For simplicity, it is usually assumed to be radially constant and not to
change with time, although its exact nature remains under debate. In simulations of pro-
toplanetary discs, typically a parameter range of �visc = 10 �4 � 10 �2 is used (see e.g.
(Dullemond et al. 2018), or (Flock et al. 2015)). Larger (smaller) values of �visc lead to a
faster (slower) disc evolution and therefore shorter (longer) disc lifetimes, with an increase
(decrease) in �visc by a factor of 10 resulting in a ten times faster (slower) disc dispersal.

A theoretical prescription of the viscous evolution of the gaseous part of a protoplanetary
disc is given by the so-called viscous disc equation, which can be derived from mass and
angular momentum conservation (Pringle 1981; Armitage 2013). It describes the time
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evolution of the gas surface density �gas,
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where t refers to the time, r to the radial distance to the host star, and � to the viscosity
of the disc. The analytical solution to equation 2.1 was originally found by (Lynden-Bell
and Pringle 1974), it can be expressed as (Lodato et al. 2017)
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The viscosity in equation 2.1 is given by

� = � visc
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with cs being the isothermal sound speed, 
K =
q

GM ?
r 3 the Keplerian angular frequency,

and M? the mass of the host star.
The speed of sound can be linked to the disc's mid-plane temperature Tmid via

cs =

s
kBTmid

�m p
; (2.5)

with k B denoting the Boltzmann constant, � the mean molecular weight, and mp the mass
of the proton.

The temperature of a protoplanetary disc depends primarily on two processes: irradiation
by the central star (dominant in the outer part) and heating from the aforementioned
viscous accretion (dominant in the inner part), which means the heating is dependent on
� visc. In a simpli�ed picture, stellar irradiation can be thought of as a fraction of the
star's �ux that heats the surface of the protoplanetary disc (Armitage 2013), whereas the
heating from viscous accretion warms the midplane of the disc. An additional heat source,
although less dominant, is the background temperature caused by the irradiation of sur-
rounding stars.
The temperature of a protoplanetary disc varies with both radius and time. Radially, it
is highest in the inner regions and declines toward the outer disc. In the inner disc, it is
in�uenced by the disc's viscosity, with higher (lower) viscosities resulting in more (less)
viscous heating and thus higher (lower) disc temperatures.1 Over time, the inner disc expe-
riences a temperature loss as viscous accretion reduces the gas surface density and thus the

1Note that for a constant disc accretion rate, however, the opposite behaviour is true: In this case,
higher (lower) viscosities directly imply reduced (increased) gas surface densities, which in turn increase
(decrease) the cooling e�ciency, resulting in a cooler (hotter) disc.
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Figure 2.3: Radial velocity of a single dust grain in the inward direction, shown as a
function of the Stokes number (solid line). For comparison, the accretion velocity of the
gas is depicted as well (dotted line). Plot taken from Brauer et al. (2008).

e�ciency of viscous heating. A lot of models take this e�ect into account (see e.g., Bitsch
et al. 2015a; Baillié et al. 2016), however, in this thesis, we assume a time-independent
temperature pro�le for simplicity because the reduction of the gas surface density and the
associated temperature change is small, especially in discs with low viscosities.

It should be noted here that the viscous model, as described above, is the classical view
of protoplanetary disc evolution. This framework will be expanded in Sections 2.2.4 and
2.2.5.

2.2.2 Growth and dynamics of dust

2.2.2.1 Dust growth

Apart from gas, whose evolution is governed by viscosity (see Section 2.2.1 for more de-
tails), protoplanetary discs also contain dust. The dust-to-gas ratio is of the order of 1%,
consistent with values observed in the interstellar medium (ISM) (Birnstiel et al. 2010;
Williams and Cieza 2011). As for the dust-to-gas ratio itself, the dust grain sizes in newly
formed protoplanetary discs are also assumed to be similar to those in the ISM, which range
from 0:005 � 1 �m (Mathis et al. 1977). Observations at di�erent wavelengths have shown
that grain growth has to happen very early on in the stellar evolution - grains > 1 �m
have already been detected in the envelopes of Class 0 systems (IR observations: Pagani
et al. 2010; millimetre wavelengths observations: Kwon et al. 2009; Miotello et al. 2014).
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However, from a theoretical perspective, it is still unclear how dust grains grow under the
conditions prevalent in these very young systems (Ormel et al. 2009; Silsbee et al. 2022;
Xu and Armitage 2023).
What is known is that the �rst step in grain growth occurs via collisions between dust
particles, leading to coagulation, i.e. the particles sticking together. This way, larger dust
aggregates form. These collisions happen as a result of their relative velocities. Depending
on the velocity, the dust grains exhibit di�erent behaviours. The smallest grains follow a
Brownian motion, so even grains with the same size can have di�erent velocities, resulting
in collisions. Larger dust particles are coupled to the gas, following its movement through
the disc. The coupling depends on the aerodynamic properties of the particles as well as
the strength of the gas turbulence (more details on the coupling of dust and gas can be
found in Section 2.2.2.3). When they become large enough, they decouple from the gas
(Brauer et al. 2008; Birnstiel et al. 2010). This decoupling is accompanied by a settling of
the dust grains towards the midplane of the protoplanetary disc, which has not only been
shown in theoretical models (Dullemond and Dominik 2004), but also been con�rmed by
observations (Gräfe et al. 2013; Villenave et al. 2020).

2.2.2.2 Growth barriers

Coagulation is not the only possible outcome of collisions between dust grains; other op-
tions are fragmentation (i.e. breaking into smaller pieces), erosion (i.e. mass loss due to
chipping), or bouncing (i.e. energy and momentum transfer) (for a review, see Blum and
Wurm 2008). Since these outcomes result in dust particles that have the same size or are
even smaller than before the impact, they are referred to as "barriers" since they hinder
the dust grains and aggregates from becoming larger.
The fragmentation barrier de�nes the threshold velocity above which dust grains break
apart when colliding (Birnstiel et al. 2009). It depends on the properties of the dust in-
volved in the collision. Laboratory experiments have found the fragmentation velocity to
be between 1 � 10 m/s (Poppe et al. 2000; Gundlach and Blum 2014). In Chapters 3-5,
a variable threshold is used, with the value of the fragmentation velocity changing from
1 m/s to 10 m/s at the location in the disc where water ice evaporates (see the referenced
chapters for more details).
Dust grains bounce o� each other when their collision speed equals their coagulation speed
(Zsom et al. 2010). Their masses do not change during this process, hence the name bounc-
ing barrier, because the elastic collision does not result in further grain growth. As the
fragmentation barrier, the bouncing barrier depends on the dust properties of the involved
particles.
Erosion of dust grains happens when one grain is signi�cantly larger than the other one.
During impact, the smaller particle removes part of the mass of the larger particle (Sirono
2004). This process is similar to fragmentation; however, due to the mass di�erence in
the dust particles, the larger grain does not fragment completely. Due to the reduction in
grain size, erosion can be seen as a barrier as well.
Another type of barrier is the so-called radial drift barrier. Inside protoplanetary discs
exists a pressure gradient due to the disc being hot and dense close to the central star and
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cool and less dense in the outer regions (see Section 2.2.1 for more details on the temper-
ature structure of the disc). The dust grains are not a�ected by this pressure gradient
directly and would therefore follow Keplerian orbits. However, since they are "dissolved"
in the gas of the disc, they indirectly experience the pressure gradient via a gas drag (more
details on the coupling of dust and gas can be found in Section 2.2.2.3). As a result, they
drift inward, moving much faster than the gas, which gives them less time to grow bigger
(Weidenschilling 1977).

2.2.2.3 Stokes number and the coupling of gas and dust

Since dust grains are solid particles, they try to follow Keplerian orbits when moving
through a protoplanetary disc. However, the sub-Keplerian azimuthal speed �v of the
gas, given by

�v = v K � v ' = �
1
2

d ln P
d ln r

�
Hgas

r

� 2

vK ; (2.6)

leads to a headwind acting on the dust, causing friction. Here, vK = 
 K r denotes the
Keplerian velocity, P is the gas pressure, and Hgas = cs


 K
is the scale height of the disc.

The friction can be quanti�ed via the friction time � f or alternatively the Stokes number
St, de�ned as

St = � f 
 K : (2.7)

A particle's friction or stopping time is the time required for this particle to slow down
due to gas drag. Smaller dust grains have low friction times, resulting in Stokes numbers
of St � 1, and are therefore strongly coupled to the gas, following its inward motion
through the disc. Large grains with St � 1, on the other hand, have large friction times
and therefore only couple weakly to the gas, experiencing only minor radial drift. A
dust particle with a Stokes number of St � 1 experiences the maximal possible radial
drift velocity towards the central star. So-called pebbles are dust grains of millimetre to
centimetre size with Stokes numbers St > 0:01. The Stokes number is therefore a useful
quantity to characterise the behaviour of dust grains in a gas disc. The aforementioned
behaviour of the radial drift velocity as a function of the Stokes number is depicted in
Figure 2.3.
As a consequence of the experienced headwind, dust particles will spiral inward with the
radial velocity uZ, which is given by (Weidenschilling 1977; Brauer et al. 2008; Birnstiel
et al. 2012)

uZ =
1

1 + St 2 ugas �
2

St�1 + St
�v: (2.8)

Here, ugas is the velocity of the gas. An implication of equation 2.8 is that the growth of
dust grains leads to an increase in their radial velocity, see also Figure 2.3. On the other
hand, the velocity also limits their growth.
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2.2.3 Forming planets

The main focus of this thesis is to gain a better understanding of the composition and evo-
lution of protoplanetary discs under the in�uence of di�erent disc winds, without planets
being present in these discs. However, Chapter 3 contains a comparison of a photoevap-
orative to a disc with a growing planet. Therefore, I will give here a brief summary of
our current understanding of the planet formation process. More details can be found in
Armitage (2013).
In order to form terrestrial planets/cores of giant planets, the initial dust grains present
in the protoplanetary discs have to grow over twelve orders of magnitude. To do so, the
dust has to additionally overcome various growth barriers (see Section 2.2.2 for more de-
tails). However, assuming that some dust particles just overcome those barriers out of
luck (Windmark et al. 2012), or that dust aggregates are stickier than originally thought
(Kataoka et al. 2013), is not e�cient enough in forming larger dust clumps (Krijt et al.
2015; Booth et al. 2018). Instead, a commonly used theory is that of pebbles clustering
together, forming dense �laments. This clumping process is called the streaming instabil-
ity (SI) (Johansen and Youdin 2007; Youdin and Johansen 2007). These pebble clouds can
then gravitationally collapse into larger bodies, the planetesimals.
Planetesimals formed via the SI have sizes between a few hundred metres and a few hun-
dred kilometres (Schäfer et al. 2017; Klahr and Schreiber 2020). Once they reach the
size of a few kilometres, they do not follow the gas drag anymore but stay at the same
radial distance to the star, orbiting around it. The most massive ones have enough mass
to accrete pebbles or other planetesimals. Collisions between planetesimals additionally
increase their size, resulting in planetary embryos (Kokubo and Ida 1998).
Planetary embryos grow to terrestrial planets/cores of giant planets in the so-called core
accretion scenario (Pollack et al. 1996). In the classical version, the accreted material
consists of planetesimals. Since they are typically in an orbit around the central star, the
growth of the planetary embryo is regulated by the planetesimals available around it. This
results in very long growth timescales (Levison et al. 2010; Johansen and Bitsch 2019).
In a more recent version of the core accretion scenario, the planetary embryo grows via
pebble accretion, which was shown to have much shorter growth timescales and thus be
more e�cient (Johansen and Lacerda 2010; Lambrechts and Johansen 2012). In contrast
to planetesimals, pebbles are much more a�ected by gas drag. This results in an ongoing
pebble �ux from the outer disc inwards, continuously passing the planetary embryo, which
gives the latter access to the full mass reservoir of the disc (Ormel and Klahr 2010).
Planetary embryos can only accrete pebbles until they reach a threshold, the so-called
pebble isolation mass (Lambrechts et al. 2014; Ataiee et al. 2018; Bitsch et al. 2018). At
this point during their growth, planetary embryos become so massive that they start to
in�uence the gas surrounding them due to their self-gravity, pushing it away from their or-
bit, which ultimately leads to the opening of a gap in the gas disc (Goldreich and Tremaine
1980; Crida et al. 2006; Crida and Morbidelli 2007). Once the gap has reached a certain
depth, a pressure bump is created, blocking the pebbles from reaching the planet, thus
hindering it from growing further (Paardekooper and Mellema 2006).
After reaching the pebble isolation mass, a planet can still accrete gas. In fact, it �rst has
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Table 2.1: List of molecules included in the model used in Chapters 3-5, as well as the
respective condensation temperatures Tcond and volume mixing ratios vY .

Species (Y ) Tcond [K] vY

CO 20 0:45 � C/H
N2 20 0:45 � N/H

CH4 30 0:45 � C/H
CO2 70 0:1 � C/H
NH3 90 0:1 � N/H
H2S 150 0:1 � S/H
H2O 150 O/H � (3 � MgSiO 3=H + 4 � Mg 2SiO4=H + CO/H

+2 � CO 2=H + 3 � Fe 2O3=H + 4 � Fe 3O4=H + VO/H
+TiO/H + 3 � Al 2O3 + 8 � NaAlSi 3O8 + 8 � KAlSi 3O8)

Fe3O4 371 (1=6) � (Fe/H � 0:9 � S/H)
FeS 704 0:9 � S/H

NaAlSi3O8 958 Na/H
KAlSi 3O8 1006 K/H
Mg2SiO4 1354 Mg/H � (Si/H � 3 � K/H � 3 � Na/H)

Fe2O3 1357 0:25 � (Fe/H � 0:9 � S/H)
VO 1423 V/H

MgSiO3 1500 Mg/H � 2 � (Mg/H � (Si/H � 3 � K/H � 3 � Na/H))
Al 2O3 1653 0:5 � (Al/H � (K/H + Na/H))
TiO 2000 Ti/H

Note: The condensation temperatures are taken from Lodders (2003) and assumed to be constant as their
dependence on pressure is marginal (Mousis et al. 2009). For simpli�cation, condensation and sublimation
temperatures are treated the same. Note that for Fe2O3 , the condensation temperature for pure iron is
adopted (Lodders 2003). The vY 's (i.e. by number) are adopted for the species as a function of disc
elemental abundances (e.g. Madhusudhan et al. 2014); they are expanded with the di�erent mixing ratios
from Bitsch and Battistini (2020).

to become massive enough to be able to bind the gas gravitationally. The timescale for
gas accretion is of the order of a few million years, which is given by the lifetime of the
gaseous part of a protoplanetary disc (Haisch et al. 2001; Mamajek et al. 2009).

2.2.4 Evaporating pebbles and disc chemistry

The pebbles in protoplanetary discs drift inward together with the gas. However, the peb-
bles are faster than the gas due to gas drag, at least in smooth discs without substructures
(Mah et al. 2024). If a pressure bump exists in a disc, created, e.g., by a growing planet (see
Section 2.2.3), the pebbles will move towards the pressure maximum. They get trapped in
the pressure bump if the pressure maximum is strong enough to reverse the velocity of the
incoming pebbles.
On their inward journey, the pebbles cross evaporation fronts of di�erent molecular species.
These evaporation/ice lines are a natural consequence of the disc temperature decreasing
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Table 2.2: Number ratios of the elements used in the model in Chapters 3-5.

Species (X) Abundance

He/H 0:085
O/H 4:90 � 10�4

C/H 2:69 � 10�4

N/H 6:76 � 10�5

Mg/H 3:98 � 10�5

Si/H 3:24 � 10�5

Fe/H 3:16 � 10�5

S/H 1:32 � 10�5

Al/H 2:82 � 10 �6

Na/H 1:74 � 10�6

K/H 1:07 � 10 �7

Ti/H 8:91 � 10 �8

V/H 8:59 � 10 �9

Note: The number ratios correspond to the abundance of element X relative to that of hydrogen in the
solar photosphere (Asplund et al. 2009).

with distance from the central star (see Section 2.2.1). An evaporation (ice) line is de�ned
as the location in the disc where the midplane temperature of the disc is equal to the
evaporation (condensation) temperature of a particular molecule. While crossing an evap-
oration line, a pebble evaporates its respective volatile content, enriching the disc interior
to that line (Schneider and Bitsch 2021a). The produced gas can also recondense at the
ice line when crossing it in the outward direction (Ros and Johansen 2013), leading to an
enhancement in solids outside that line (e.g. Aguichine et al. 2021; Mousis et al. 2022; Mah
and Bitsch 2023).

The evaporation and condensation of pebbles is incorporated into the classical viscous
model (see Section 2.2.1) by adding the source term_� Y for the molecular species Y to the
viscous disc equation 2.1,
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which can then be solved for each species. The source term can be written as

_� Y =
� _� evap

Y r < r ice,Y
_� cond

Y r � r ice,Y ;
(2.10)

with _� evap
Y and _� cond

Y being the source terms for the evaporation and condensation of
species Y at the respective ice line, rice,Y .
A list of the molecules incorporated in the model used in Chapters 3-5 can be found in
Table 2.1. They are listed together with their respective condensation temperatures Tcond

and volume mixing ratios vY .
In the simulations carried out in this thesis, elements X are distributed into molecules
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Figure 2.4: Time evolution of the C/O ratio in a protoplanetary disc, for both the gas
phase (black lines) and solids (pebbles, blue lines), as a function of disc radius. The solar
value is shown as a horizontal dashed line. Plot taken from Schneider and Bitsch (2021a).

Y following a chemical partitioning model from Schneider and Bitsch (2021a), based on
Bitsch and Battistini (2020). For the initial disc composition, we use solar abundances;
see Table 2.2 for the exact values.
As a result of the disc temperature decreasing with orbital distance from the host star, the
disc composition likewise depends on the disc radius. Molecules from a certain species ei-
ther exist in their gaseous or their solid form, depending on their condensation temperature
and their location in the disc. In disc regions where the disc temperature exceeds their
condensation temperature, the molecules are present as vapour, whereas in disc regions
where the disc temperature is lower than their condensation temperature, the molecules
are present in their condensed form. Additionally, the composition of a protoplanetary
disc varies with time due to the aforementioned inward drift of pebbles, which evaporate
their volatile content at the respective ice lines. Figure 2.4 illustrates this time dependency
using the example of the C/O ratio.

2.2.5 Disc winds

As already mentioned in Section 2.2.3, forming planets that reach their pebble isolation
mass create gaps in the discs, resulting in the formation of pressure bumps, which block
inward-moving pebbles. This in�uences the composition of the disc interior to the planetary
gap because it is no longer enriched with the vapour of the evaporating pebbles (see Section
2.2.4 for more details on pebble evaporation). Apart from forming planets, the inner
disc's composition and evolution are also in�uenced by winds. We di�erentiate between
photoevaporative (for a review, see Pascucci et al. 2022) and MHD winds (for a review, see
Lesur et al. 2023). Both processes carry away disc material, but they di�er in the exact
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Figure 2.5: Photoevaporative gas surface density loss rate as a function of disc radius for
di�erent stellar masses, as given in equation 2.12, taken from Lienert et al. (2025).

location from which the material is taken and in their motivation.

2.2.5.1 Photoevaporative winds

The existence of photoevaporative winds is motivated by observations indicating that pro-
toplanetary discs have a �nite lifetime of a few million years (Mamajek et al. 2009; Fedele
et al. 2010) and therefore require the existence of a disc dissolving mechanism. Photoe-
vaporation can act as such as it determines the �nal stages of disc evolution (e.g. Ercolano
et al. 2009; Pascucci and Sterzik 2009; Ercolano and Clarke 2010; Owen et al. 2012 2013).
Mass removal results from an energy transfer from high-energy photons to the gas parti-
cles in the disc, where the latter gain so much energy that their speed exceeds the escape
velocity of the combined system of star and disc. We di�erentiate between internal (for a
review, see Pascucci et al. 2022) and external (for a review, see Winter and Haworth 2022)
photoevaporation, depending on the source of the energetic radiation. If the high-energy
photons originate from the host star of the system, the process is referred to as internal
photoevaporation. In this case, the impact is the highest in the innermost parts of the disc.
However, the disc does not dissolve from the inner rim outwards because the material in
this inner part is too strongly bound by gravitation. Instead, after enough gas has escaped
the protoplanetary disc, a gap opens in the middle. Outside this gap, a pressure bump
blocks inward-moving dust. At the same time, the inner disc is also cut o� its gas supply
from the outer disc regions as the photoevaporative winds continuously remove gas. In
the case of external photoevaporation, the high-energy radiation originates from nearby
stars instead of the host star of the system. Mass removal therefore a�ects the outer disc
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�rst, resulting in a protoplanetary disc that dissolves from the outer parts inwards. Both
processes are depicted in the lower part of Figure 1.5.

When it comes to a theoretical prescription, internal or external photoevaporation is usually
implemented as an additional term, _� PE , that is subtracted from the right-hand side of
the viscous disc equation 2.9,

@�gas,Y

@t
�

3
r

@
@r

�
p

r
@
@r

� p
r�� gas,Y

�
�

= _� Y � _� PE : (2.11)

This extra term then describes the gas surface density loss rate due to photoevaporation.

For the case of internal photoevaporation, various models exist in the literature. In Chap-
ters 3 and 4, I use the prescription of Picogna et al. (2019 2021) and Ercolano et al. (2021)
to describe the photoevaporative gas surface density loss rate. The high-energy photons
in this prescription are X-rays. Since the most e�cient part of the X-ray spectrum is the
soft X-ray regime, only this part of the spectrum is used.
The loss rate of the gas surface density is given by

_� PE =
�

6a ln(r) 5

r ln(10) 6 +
5b ln(r)4

r ln(10) 5 +
4c ln(r) 3

r ln(10) 4 +
3d ln(r) 2

r ln(10) 3 (2.12)

+
2e ln(r)
r ln(10) 2 +

f
r ln(10)

�
ln(10)
2�r

_M PE (r) [M � AU �2 yr �1 ];

with a mass loss rate of

_M PE (r) = 10 a log10 (r) 6+b log 10 (r) 5+c log 10 (r) 4+d log 10 (r) 3
(2.13)

�10e log10 (r) 2+f log 10 (r)+g � _M PE (M ?; L X,soft ) [M � yr �1 ];

where a � g denote the �t parameters for a given stellar mass and LX,soft is the soft part of
the X-ray luminosity of the star of the studied system. A much more detailed description
of this model for internal photoevaporation due to X-rays can be found in Section 4.2.
A visual representation of the photoevaporative gas surface density loss rate from equation
2.12 can be found in Figure 2.5, where it is plotted as a function of disc radius and
stellar mass. It becomes clear that mass loss in the case of internal photoevaporation
is not uniform throughout the disc. Gap opening is possible in the areas a�ected by
the photoevaporative winds, whereas the evolution of una�ected disc regions is purely
determined by the viscous transport of gas and dust.

External photoevaporation is often described by making use of the FRIED grid by Ha-
worth et al. (2023), which is the result of an extensive parameter study on how external
photoevaporation in�uences the mass loss rates of discs. The grid spans a large parameter
space, thus giving mass loss rates for a variety of stellar masses, disc masses, disc sizes,
and di�erent strengths of the surrounding UV �eld.
The gas surface density loss rate for external photoevaporation is given by

_� PE =

8
<

:

0 for r < �R edge
_M PE

� (R2
edge �� 2R2

edge ) for r � �R edge
; (2.14)
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with � = 0:9, R edge the outer edge of the gas disc, and_M PE the mass loss rate as given
by the FRIED grid. The outer edge of the gas disc is de�ned as the point where the gas
transitions from optically thick to optically thin. This corresponds to the location with
the maximum mass loss rate Sellek et al. (2020). The mass loss is assumed to be uniform
in the outer 10% of the disc Haworth and Clarke (2019), therefore � = 0:9.

2.2.5.2 MHD winds

Nearly all observations of discs show signs of accretion (see Hartmann et al. 2016, and ref-
erences therein); however, the main driver of disc accretion is still a highly debated topic in
the astrophysics community. In the classical picture, accretion is the result of turbulence,
whereas in more recent theories, it is associated with MHD winds.
Classical picture: The classical viscous model is described in detail in Section 2.2.1. In
this picture, the main driver for disc accretion is turbulence. However, it is still un-
clear how strong the disc turbulence actually is (for a review, see Turner et al. 2014) and
which instability causes it. Di�erent candidates have been proposed so far, including the
magneto-rotational instability (MRI) (Balbus and Hawley 1991), which seems to be the
most promising candidate, but it remains debated if the turbulence associated with the
MRI is strong enough to reproduce observed accretion rates. Alternatively, other studies
suggest that the gravitational instability (GI) (Kratter and Lodato 2016) or the vertical
shear instability (VSI) (Nelson et al. 2013) enhance disc turbulence. Typically, models of
protoplanetary discs use the dimensionless turbulence parameter �visc, which avoids com-
mitting to one speci�c kind of instability.
Modern picture: Magnetic �elds in protoplanetary discs cause MHD disc winds, which
extract angular momentum vertically (Blandford and Payne 1982; Lesur et al. 2023), as
can be seen in the upper part of Figure 1.5. As a result, the disc feels a torque acting
on it, ultimately resulting in the inward transport of disc material (Ferreira 1996). The
di�erences from the classical picture are the lack of viscous spreading due to the di�erent
direction in which the angular momentum is removed, and that in the MHD wind scenario,
the necessity of disc turbulence as the cause for angular momentum removal is omitted.

As for photoevaporation, di�erent theoretical prescriptions exist in the literature that can
be used to describe MHD disc winds. I stick here to the one that I use in Chapter 5,
where I study the in�uence of MHD winds on the composition and evolution of protoplan-
etary discs. As for photoevaporation, MHD winds are incorporated into the simulations
by adding an extra term, _� DW , to the right-hand side of the viscous disc equation 2.9,
accounting for both angular momentum extraction by the wind and the associated mass
loss. The disc equation is then given by

@�gas,Y

@t
�

3
r

@
@r

�
p

r
@
@r

� p
r�� gas,Y

�
�

= _� Y + _� DW : (2.15)

For the gas surface density loss rate, I use the model of Tabone et al. (2022),
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The parameters � DW and � DW determine the amount of angular momentum removed by
the disc wind as well as the mass loss, respectively. The latter is the so-called lever arm
parameter.
Equation 2.15 contains both the turbulence-driven disc accretion from the classical picture,
as described by the second term on the left-hand side, and the wind-driven disc accretion
from the modern picture, as given by the �rst term on the right-hand side of equation 2.16.
The latter corresponds to an advection term.
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Chapter 3

Photoevaporative winds in discs
around solar-mass stars

This chapter is based on the paper "Changing disc compositions via internal photoevapo-
ration I: Solar-mass stars" (Lienert et al. 2024), published in Astronomy & Astrophysics
in November 2024. The paper has been adapted to match the format of this thesis. As the
leading author of this article, I ran and analysed the simulations myself, after discussing the
initial setup for the protoplanetary discs with my co-authors Bertram Bitsch and Thomas
Henning. The co-authors of this work also contributed to the interpretation of the results.
I wrote the text of the article with suggestions from both co-authors.

In summary...

The chemical evolution of protoplanetary discs is a complex process that is not fully under-
stood. Several factors in�uence the �nal spatial distribution of atoms and molecules in the
disc. One such factor is the inward drift and evaporation of volatile-rich pebbles that can
enrich the inner disc with vapour. In particular, the inner disc is �rst enriched with evap-
orating water-ice, resulting in a low C/O ratio, before carbon-rich gas from the outer disc
�originating from the evaporation of CO, CO 2, and CH4 ice� is transported viscously
inwards, elevating the C/O ratio again. However, it is unclear how internal photoevapo-
ration �which carries away gas and opens gaps in the disc that can block inward drifting
pebbles� a�ects the chemical composition of the disc. Our goal is to study how and to
what extent internal photoevaporation and the subsequent opening of gaps in�uence the
chemical evolution of protoplanetary discs around solar-like stars (M? = 1 M � ), where we
speci�cally focus on the C/O ratio and the water content. To carry out our simulations,
we use a semi-analytical 1D disc model. The code chemcomp includes viscous evolution
and heating, pebble growth and drift, pebble evaporation and condensation, as well as a
simple chemical partitioning model for the disc. We show that internal photoevaporation
plays a major role in the evolution of protoplanetary discs and their chemical composition:
As photoevaporation opens a gap, inward drifting pebbles are stopped and can no longer
contribute to the volatile content in the gas. In addition, volatile-rich gas from the outer
disc, originating from evaporated CO, CO2, or CH4 ice, is carried away by the photoevapo-
rative winds. Consequently, the C/O ratio in the inner disc remains low. In contrast, gaps
opened by giant planets still allow the gas to pass, resulting in an elevated C/O ratio in
the inner disc, similar to the evolution of viscous discs without internal photoevaporation.
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This opens the possibility to distinguish observationally between these two scenarios when
measuring the C/O ratio, implying that we can infer the root cause of deep gap structures
when observing protoplanetary discs. In the case of a clear separation of the disc by pho-
toevaporation, we additionally �nd an elevated water content in the inner disc, because
the water vapour and ice undergo a cycle of evaporation and recondensation, preventing
the inward accretion of water onto the star, in contrast to the situation for hydrogen and
helium. We conclude that it is very di�cult to achieve supersolar C/O ratios in the inner
parts of protoplanetary discs when taking internal photoevaporation into account. This
indicates the potential importance of photoevaporation for understanding the chemical
evolution of these discs and the planets forming in them.

3.1 Context

A large number of exoplanets have now been characterised, showing very diverse planetary
system architectures and exoplanet properties. However, their exact formation pathway
and composition are not fully understood (for a review, see Drazkowska et al. 2022). It
is therefore important to study their formation environment via simulations in order to
gain greater insight into the structure and composition of protoplanetary discs and their
time evolution. This in turn helps us to constrain the properties and formation scenarios
of planets.
In the core accretion scenario, the planetary core forms via solid accretion. This solid
accretion can come in the form of planetesimals (Ida and Lin 2004; Guilera et al. 2014;
Mordasini 2018; Miguel et al. 2019; Emsenhuber et al. 2021) or pebbles (Bitsch et al. 2015b
2019; Ndugu et al. 2018; Liu et al. 2019; Izidoro et al. 2021), where pebble accretion is espe-
cially more e�cient than planetesimal accretion in the outer disc regions (e.g. Johansen and
Bitsch 2019). Planetesimal accretion models have traditionally been favoured, but models
via pebble accretion have recently become popular. Most of these population synthesis
studies tried to reproduce only observed planetary masses and orbital distances. However,
it is now possible to constrain planet formation models even further with newly measured
atmospheric compositions of observed exoplanets (e.g., Mollière and ExoGRAVITY team
and collaborators 2020; Line et al. 2021; Pelletier et al. 2021; Mollière et al. 2022; August
et al. 2023). Recent theoretical studies from Mordasini et al. (2016), Schneider and Bitsch
(2021a b) or Bitsch et al. (2022) tried to additionally incorporate these atmospheric abun-
dances.
Planetary compositions originate from the composition of the disc they form in. Therefore,
it is very important to simulate the full evolution of the structure and chemical composi-
tion of protoplanetary discs. The latter is determined by the disc temperature and density,
radiation �elds, and the position of evaporation lines of di�erent species (see e.g. Öberg
et al. 2011; Henning and Semenov 2013; Schneider and Bitsch 2021a; Eistrup and Henning
2022; Mollière et al. 2022).
Even if the temperature of the disc were to remain constant over time, the chemical com-
position of the disc would still evolve. Pebbles drifting through the disc evaporate their
volatile content at the evaporation lines, therefore altering its composition (e.g. Piso et al.
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2015; Booth et al. 2017; Schneider and Bitsch 2021a; Kalyaan et al. 2023). On the other
hand, chemical reactions play only a minor role in the chemical evolution of pebbles in
discs because their drift timescales are much shorter than those of the chemical reactions
(Booth and Ilee 2019; Eistrup and Henning 2022).
The composition and evolution of the disc are in�uenced by pressure bumps that can
block inward drifting pebbles (e.g. Pinilla et al. 2012). Such traps can be caused by plan-
ets reaching their pebble isolation mass and creating gaps in the discs (e.g. Paardekooper
and Mellema 2006; Lambrechts et al. 2014; Ataiee et al. 2018; Bitsch et al. 2018). These
gaps in�uence the chemical composition of inner discs (see e.g. Bitsch et al. 2021; Schnei-
der and Bitsch 2021a b; Kalyaan et al. 2023). Banzatti et al. (2023), Grant et al. (2023),
Perotti et al. (2023), and Tabone et al. (2023) studied the chemical composition of discs
via JWST observations, showing that pressure bumps can indeed in�uence the chemical
composition of inner discs.
However, disc evolution is not only determined by viscous e�ects. Evaporation via MHD
winds (for a review, see Lesur et al. 2023) or photoevaporation (for a review, see Pascucci
et al. 2022) plays a signi�cant role as well because these processes carry away disc material,
which, in the case of photoevaporation, carves deep gaps into the disc structure. Thus,
these e�ects not only in�uence disc evolution and their late stages of dispersal but also
change the disc's chemical composition. Photoevaporation becomes especially important
as it determines the �nal stages of disc evolution (e.g. Ercolano et al. 2009; Pascucci and
Sterzik 2009; Ercolano and Clarke 2010; Owen et al. 2012 2013). Such a disc dissolving
process is necessary since it is known from observations that discs only live for a few mil-
lion years (Mamajek et al. 2009; Fedele et al. 2010), even though the disc lifetime can vary
signi�cantly depending on the stellar type of the system (e.g. Michel et al. 2021; Pfalzner
et al. 2022).
Photoevaporation is a process in which high-energy radiation transfers so much of its energy
to gas particles in the disc that their velocities become high enough to escape. Energetic
radiation can come from nearby stars outside the system, in which case the evaporation
process is referred to as external photoevaporation (for a review, see Winter and Haworth
2022). Internal photoevaporation on the other hand is where high-energy radiation from
the host star is used to energise particles in the disc (for a review, see Pascucci et al. 2022).
Gaps created by photoevaporation block inward-moving pebbles. At the same time, gas
is carried away by photoevaporative winds, thus cutting o� the inner regions of the disc
from their supply from outer areas.
In this work, we combine a viscous disc evolution model �that includes pebble drift and
evaporation� with a model of internal photoevaporation. We study protoplanetary discs
around solar-like stars (M? = 1 M � ) and compare our results �rst to a purely viscous disc
and second to a disc with a forming giant planet to distinguish between the two kinds of
gaps that form for each case.
This chapter is structured as follows: Section 3.2 includes an outline of our model and an
explanation of the numerical methods used in chemcomp. The obtained results are shown
in Section 3.3, and their implications are discussed in Section 3.4 before we conclude with
Section 3.5.
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3.2 Methods

For our numerical simulations, we use the chemcomp code as described in Schneider and
Bitsch (2021a). The code is a 1D, semi-analytical model of protoplanetary discs coupled
to a planetary growth model, where the latter is only used for one case where we compare
the e�ects of a planet on the disc structure. The details of the planet formation model
can be found in Schneider and Bitsch (2021a). The disc evolution follows a classic viscous
evolution model (see e.g. Lynden-Bell and Pringle 1974), making use of the alpha-viscosity
description from Shakura and Sunyaev (1973).
In the disc, dust grains can grow to pebbles, with their growth being modelled by the
two-population approach developed by Birnstiel et al. (2012), where the grains exist in
two representative sizes, the monomer size and the size of a large grain population. Their
growth is being limited by drift, fragmentation and drift-induced fragmentation. The disc
is enriched by volatiles evaporating from the inward drifting pebbles at the particular ice
lines of each species (Schneider and Bitsch 2021a).

3.2.1 Viscous evolution

The viscosity is given by

� = �
c2

s


 K
; (3.1)

where � is a dimensionless factor describing the strength of the turbulence, cs is the isother-

mal sound speed and 
K =
q

GM ?
r 3 is the Keplerian angular frequency. The speed of sound

can be linked to the mid-plane temperature of the disc. The temperature is calculated from
an equilibrium between viscous and stellar heating with radiative cooling. In our model,
it does not evolve in time for simplicity and is thus calculated only at the initialisation of
the simulation.
The time evolution of the gas surface density in our disc is given by the viscous disc equa-
tion, which can be derived from the conservation of mass and angular momentum (Pringle
1981; Armitage 2013),
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where _� Y is the source term of the molecular species Y, as given in Table 2.1. It originates
from the evaporation and condensation of pebbles and is given by

_� Y =
� _� evap

Y r < r ice,Y
_� cond

Y r � r ice,Y :
(3.3)

Here, _� evap
Y and _� cond

Y are the evaporation and condensation source terms of species Y,
originating from the evaporation and condensation of volatiles of species Y at the respective
ice line rice,Y .
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Figure 3.1: Gas surface density loss rate as a function of disc radius, as given in equation
3.5, taken from Picogna et al. (2021).

Table 3.1: Fit parameters for the surface density mass loss pro�le, taken from Picogna
et al. (2021).

M ? [M � ] a b c d e f g _M w [10�8 M � yr �1 ]

1:0 �0:6344 6:3587 �26:1445 56:4477 � 67:7403 43:9212 �13:2316 3:86446

3.2.2 Disc lifetime and internal photoevaporation

When a viscous disc is subject to internal photoevaporation, an additional term_� w, de-
scribing the photoevaporative gas surface density loss rate, is subtracted from the right-
hand-side of the disc's viscous equation 3.2,
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We use a description for internal photoevaporation due to X-rays following the work of
Picogna et al. (2019 2021) and Ercolano et al. (2021). They only use the soft X-ray regime
as it has shown to be the most e�cient for internal photoevaporation. The surface density
loss is given by
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with

_M w(R)
_M w(L X )

= 10a log10 (R) 6+b log 10 (R) 5+c log 10 (R) 4+d log 10 (R) 3
(3.6)

�10e log10 (R) 2+f log 10 (R)+g ;

where the �t parameters for a solar-mass star are presented in Table 3.1.
The loss rate of the gas surface density is visualised in Figure 3.1 as a function of disc radius.
It is constant in time but varies in radius, meaning that the same amount of disc material
is taken away in each time step of our simulations. The peak of photoevaporative mass loss
is around 5 AU, with the mass generally being lost between 1:7 AU and 119 AU, enabling
the creation of a gap in this area. Disc evolution in regions una�ected by photoevaporation
is then purely determined by the viscous transport of gas and dust.

3.2.3 Pebble drift and evaporation

In our model, protoplanetary discs consist of gas and dust grains. The latter can grow to
millimetre- to centimetre-sized pebbles, with their growth being limited by drift, turbulent
fragmentation and drift-induced fragmentation. Gas and pebbles will move through the
disc, with the pebbles drifting faster due to gas drag and therefore reaching the inner disc
�rst. On their way through the disc, the pebbles will cross several evaporation fronts of
di�erent molecular species and evaporate their respective volatile content. Enrichment of
the inner disc is therefore a natural outcome of our model. Gas close to the host star will
eventually be accreted onto it. It is also possible for gaseous species to recondense at such
evaporation lines when crossing them in the outwards direction, which can lead to large
enhancements of these particular solids compared to the solar composition (e.g. Aguichine
et al. 2021; Mousis et al. 2022; Mah and Bitsch 2023).
Dust grains move through the disc with a radial velocity uZ (Weidenschilling 1977; Brauer
et al. 2008; Birnstiel et al. 2012)

uZ =
1

1 + St 2 ugas �
2

St�1 + St
�v; (3.7)

where St is the Stokes number of a particle, and ugas and �v are the velocity of the gas
and its azimuthal speed, respectively. The latter is de�ned by
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where vK = 
 K r is the Keplerian velocity, P is the gas pressure and Hgas = cs

 K

is the scale
height of the disc.
The two-population approach by Birnstiel et al. (2012) used here divides the grain size
distribution into two groups: small and large grains. This model then takes the average
of their velocities. The code self-consistently stops the inward drifting pebbles at pressure
bumps.
Equation 3.7 implies that small dust grains growing larger increase their radial velocity.
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Table 3.2: List of parameters used for our standard simulations.

Simulation parameter Value

Stellar mass M? 1 M �

Stellar luminosity L ? 1 L �

Viscous parameter � 10�4

Initial disc mass Mdisc 0:1 M�

Initial disc radius R disc 75 AU
Initial dust-to-gas ratio 2%

On the other hand, their growth can be limited by their velocity. When exceeding a
certain velocity limit, the dust grains will fragment when colliding (Birnstiel et al. 2009).
This fragmentation velocity has been measured in laboratory experiments to values of
1 m/s to 10 m/s (Poppe et al. 2000; Gundlach and Blum 2014). We use here a variable
fragmentation velocity that changes its value from 1 m/s to 10 m/s at the water-ice line in
the radial direction. This is motivated by the idea that water-ice grains can reach larger
fragmentation velocities before they fragment compared to silicate grains (Gundlach and
Blum 2014, but see also Musiolik and Wurm 2019).

3.2.4 Chemistry model and initial conditions

We assume that the disc's original chemical composition is similar to the one of its host
star. Since we investigate solar-like stars, it is reasonable to use solar abundances [X/H]
for our initial disc composition, see Table 2.2 for the exact values which are taken from
Asplund et al. (2009). Since the disc temperature varies according to the orbital distance
from the star, the disc composition is likewise dependent on the disc radius.
Elements are distributed into molecules Y following a simple chemical partitioning model
from Schneider and Bitsch (2021a), based on Bitsch and Battistini (2020). Molecules from
a certain species Y are then either present in gaseous or solid form, dependent on their
condensation temperature and position in the disc. If they are at a location where the
disc temperature is higher than their condensation temperature, the species are available
as vapour, and if they are at a location where the disc temperature is lower than their
condensation temperature, the species are available in condensed form. The point where
the mid-plane temperature is equal to the condensation temperature of a certain molecule
species is the evaporation line of that species.
The number ratio of two elemental species X1 and X2 is de�ned via

X1=X2 =
mX 1

mX 2

� X 2

� X 1

; (3.9)

where mX 1 and mX 2 are the mass fractions of the two elements in a medium of mass m
(e.g. m = � gas) and � X 1 and � X 2 are the atomic masses of the speci�c elements. In this
chapter, this de�nition is used to calculate the C/O ratio.
For our standard simulations, we use a star with a mass of M? = 1 M � and a luminosity
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of L? = 1 L � . Our disc is determined by a viscous � parameter of � = 10 �4 , an initial disc
mass of Mdisc = 0:1 M � , an initial disc radius of Rdisc = 75 AU and an initial dust-to-gas
ratio of 2%, as listed in Table 3.2. Our initial gas surface density pro�le is determined by
an exponential decay in the outer disc regions. The initial radius is the point where the
exponential cut-o� sets in.

3.3 Results

In this work, we discuss three di�erent disc evolution scenarios: a purely viscously evolving
disc (scenario 1), a viscous disc with additional internal photoevaporation due to X-rays
(scenario 2), and a viscous disc with a giant planet forming in it (scenario 3). As this
work primarily focuses on internal photoevaporation and its e�ects on disc evolution and
composition, the main part of Section 3.3 is devoted to scenario 2.
In Section 3.3.1, we discuss the results for our standard parameter case, where we compare a
purely viscously evolving disc (scenario 1) to one with additional internal photoevaporation
(scenario 2) and a viscous disc with a forming planet (scenario 3). Section 3.3.2 extends
the standard parameter case to a parameter study of a disc with photoevaporation. We
conclude Section 3.3 with a special case, where we compare our standard case of a disc
with internal photoevaporation to a disc with a lower photoevaporative mass loss rate in
Section 3.3.3.

3.3.1 Standard case

All results shown in this subsection are obtained using the standard simulation parameters
as described in Section 3.2.4 and shown in Table 3.2.

3.3.1.1 Scenario 1: Pure viscous disc

In the top row of Figure 3.2, we show the gas surface density on the left and the gaseous
C/O ratio on the right, both as a function of disc radius, for a viscous disc without internal
photoevaporation. The time evolution over a span of 10 Myr is given by colour coding.
The C/O ratio is calculated from number densities, normalised to solar values.
Our simulations con�rm the expected behaviour for a viscously evolving disc with regard
to the gas surface density. It decreases over time in the inner disc due to the viscous
accretion of disc material onto the host star. Additionally, the outer parts of the disc are
dominated by viscous spreading. Both of these processes happen relatively slowly as the
alpha parameter is small, � = 10 �4 .
The initial C/O ratio shows the classical step-like behaviour (e.g. Öberg et al. 2011; Mollière
et al. 2022), where the di�erent volatiles evaporate at di�erent distances, resulting in a
change in the C/O ratio. The positions of these evaporation fronts are determined by the
disc temperature. The C/O ratio either increases at the evaporation lines of carbon-rich
molecules or decreases at those of oxygen-rich molecules.
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Figure 3.2: Disc evolution for di�erent disc con�gurations. Top: Viscous disc without internal
photoevaporation. Middle: Viscous disc with internal photoevaporation due to X-rays. Bottom:
Viscous disc without internal photoevaporation where a planet seed is put at 3 AU at 0:05 Myr.
The planet has a �nal mass of about 2860 MEarth and reaches pebble isolation mass at 0:1 Myr.
Left: Gas surface density as a function of disc radius, time evolution is shown in colour - from
black, which corresponds to 0 Myr, to dark red, which corresponds to 10 Myr. Right: Gaseous
C/O ratio as a function of disc radius and time (colour-coded). The evaporation lines for di�erent
molecules are given as grey dashed lines. Note that the C/O ratio is calculated from number
densities scaled to the solar value and that we, by de�nition, have no speci�ed C/O ratio in the
gas phase beyond the CO evaporation front. We use our standard parameters for this simulation,
as given in Table 3.2.
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As the disc starts to evolve, the C/O ratio decreases rapidly in the �rst one million years in
the inner disc, interior to the water-ice line. With time, it increases again, reaching values
even higher than the initial ones at the end of the time evolution (see also Mah et al.
2023). This is a direct consequence of pebble drift and evaporation. Since the position
of the water evaporation line is at a smaller disc radius than those of carbon-bearing
molecules, pebbles from the outer regions moving inwards through the disc therefore �rst
reach the evaporation lines of CO, CO2 and CH4 and evaporate their carbon content before
evaporating water vapour. This means that the water vapour is formed closer to the star.
In addition, pebbles move much faster than gas, water-ice pebbles thus reach the inner
parts of the disc much earlier than the carbon-rich gas and evaporate their water content
there. Therefore, the inner disc is enriched with water vapour �rst. The large amount
of oxygen in water leads to a low C/O ratio. With time, more and more carbon-rich gas
enters the inner disc region, elevating the C/O ratio again. At the same time, the material
of the inner disc is accreted onto the host star. In the end, the C/O ratio reaches supersolar
values.
The high C/O ratio we see in the inner disc at the end of the time evolution is a consequence
of the large methane abundance in our code, see Table 2.1. If methane were less abundant,
the C/O ratio would not be able to increase as much as it does here and reach values larger
than 1 (see also Mah et al. 2023).
Our results for a viscously evolving disc essentially reproduce studies by e.g. Piso et al.
(2015), Booth et al. (2017), Bitsch et al. (2021), Kalyaan et al. (2021), Eistrup and Henning
(2022) or Bitsch and Mah (2023), who have also shown that it is important to study the
chemical evolution of protoplanetary discs caused by pebble �ow.

3.3.1.2 Scenario 2: Viscous disc with additional internal
photoevaporation

In a disc, where in addition to a pure viscous evolution, as in the top row of Figure 3.2,
internal photoevaporation is active as well, the behaviour of the gas surface density and
the C/O ratio changes signi�cantly, see middle row of Figure 3.2.
Between 2 � 3 Myr, a large gap opens in the gas surface density, spanning from 5:5 AU to
117 AU. With time, its inner edge moves even further inward in the disc, which is a result
of the particular shape of the gas surface density loss rate by photoevaporation (see Figure
3.1). The opened gap leads to a blocking of the pebbles from the outer disc regions. At
the same time, inward-moving gas is carried away by photoevaporative winds. The gap
itself is a direct result of internal photoevaporation, where gas is taken from the disc at the
location where photoevaporation has the strongest impact. This is not necessarily at the
position of the peak of the photoevaporative mass loss rate, as we see in our data. The left
panel of the middle row of Figure 3.2 shows that the gap starts to open around 110 AU, but
the peak of the photoevaporative surface density loss rate is at 5 AU, see Figure 3.1. The
reason is that the disc's surface density decays exponentially in its outer regions resulting
in the fact that the relative impact of photoevaporation is strongest here and not at its
peak.
The gap has a large impact on the chemical evolution of protoplanetary discs, as can
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Figure 3.3: Relative water content as a function of disc radius and time. Internal photo-
evaporation is active in this simulation. Note that the relative water content is calculated
as a ratio of gas surface densities, and is therefore shown as a mass fraction here. Colour
coding, plotting and simulation parameters as in Figure 3.2.

be seen from the C/O ratio (right panel of the middle row of Figure 3.2). It remains
subsolar in the inner disc throughout the whole evolution and never reaches supersolar
values as in the case of a purely viscously evolving disc. More speci�cally, the C/O ratio
in the case with internal photoevaporation shows similar behaviour to that of the pure
viscous case in the �rst two million years since the gap has not opened yet. During that
time, it decreases rapidly in the inner disc compared to its initial state, resulting from the
evaporation of water-rich pebbles. After some time, carbon-rich gas slowly starts to enrich
the inner disc as well, leading to a rise in the C/O ratio. However, before this process can
lead to a supersolar C/O ratio, as in the viscous case, photoevaporation takes away too
much disc material and a gap opens, as can be seen in the left panel of the middle row
of Figure 3.2. The pebbles from outer disc regions are blocked and gas is carried away by
photoevaporative winds. Therefore, no more carbon-rich gas reaches the inner disc, the
C/O ratio remains low.
To understand why the C/O ratio drops again after the gap-opening, we take a closer look
at the water content in the inner disc. In Figure 3.3, the relative water abundance with
respect to the total gas surface density is shown as a function of disc radius. We see that
after an initially low abundance, it increases in the �rst one million years when the water
vapour, evaporated from pebbles, arrives. With the arrival of carbon vapour, the water
abundance decreases for the next two million years. After that, the gap is fully opened and
the �ux of carbon vapour is blocked, leading to an increase in the relative water abundance.
The reason for this is that the gas already present in the inner disc is accreted onto the
host star, with one exception. Since the water evaporation front lies within the inner disc,
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Figure 3.4: Di�erent element ratios in the gas phase as a function of disc radius and
time for a viscous disc with internal photoevaporation due to X-rays. Top: Carbon over
hydrogen. Middle: Oxygen over hydrogen. Bottom: Nitrogen over hydrogen. Colour
coding, plotting and simulation parameters as in Figure 3.2.
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a water equilibrium cycle is present. Water vapour can recondense at the water-ice line
and form water-ice pebbles, which in turn drift inwards and evaporate again. This enables
water to stay in the inner disc for much longer than other species like CO, CO2, and CH4

that have their evaporation lines further out and not within the inner disc. These species
are then either accreted onto the central star or removed via outward di�usion into the
photoevaporation zone. The water equilibrium cycle is so e�ective that the relative water
abundance in the inner disc increases until it makes up more than 90% of the inner disc
mass at the end of its lifetime.
This equilibrium cycle is also the reason for the decrease in C/O in discs with internal
photoevaporation after three million years, as seen in the right panel of the middle row
of Figure 3.2. The carbon-bearing molecules are accreted onto the host star, while water,
and therefore oxygen, remains present in the inner disc for much longer due to the above-
mentioned equilibrium cycle. Consequently, the C/O ratio decreases over time again. This
is the exact opposite of what happens in the pure viscous case.
Additionally, we investigated the time evolution of the C/H, O/H and N/H abundances
in the inner disc for the case with internal photoevaporation, see Figure 3.4. As expected,
there is not much carbon and nitrogen but a lot of oxygen in the inner disc at the end
of the disc's lifetime. This is in agreement with our study of the water content in the
inner disc. For the calculation of the elemental abundance ratios, no distinction is made
as to which molecule the elements belong to. Therefore, C/H and N/H decrease rapidly at
the water-ice line because of the hydrogen excess due to water evaporation. Additionally,
the hydrogen that is bound in water molecules remains in the inner disc due to the water
equilibrium cycle, in contrast to carbon and nitrogen which are much more volatile and
are being accreted onto the host star.

3.3.1.3 Scenario 3: Viscous disc with a planet

Photoevaporation is just one possible mechanism causing gaps in protoplanetary discs,
while another one is growing giant planets. The main di�erence is that photoevaporation
takes away gas from the disc leading to a complete blocking of the pebble �ow as soon as a
gap is opened. Additionally, gas di�using into the gap is carried away by photoevaporative
winds. A planet on the other hand only blocks the pebbles from the outer parts, but not
the gas (see e.g. Paardekooper and Mellema 2006; Lambrechts et al. 2014; Ataiee et al.
2018; Bitsch et al. 2018; Weber et al. 2018). In this case, the gas can still move inwards
through the disc, being only slightly hindered, but not blocked by the planet.
We study how the gas surface density and C/O ratio change for our standard parameter
case when instead of internal photoevaporation, a planet is causing the gap (see bottom
row of Figure 3.2). A planet seed is therefore placed in the disc at 3 AU, which is between
the water and the CO2 evaporation front in our model, at 0:05 Myr. It does not migrate but
grows over time due to pebble and gas accretion, where pebble accretion stops at 0:1 Myr
when the planet reaches the pebble isolation mass. At this time, also the inward �ux of
pebbles is stopped and the inner disc cannot be reached by water-ice pebbles anymore. In
the end, the planet has a mass of about 2860 MEarth .
The position of the planet is seen in the gas surface density in the left panel of the bottom
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row in Figure 3.2. At its position, the gas surface density shows a dip, deepening with
time as the planetary mass increases.
The C/O ratio evolves analogously to the case of a viscous disc without a planet, with
the only di�erence that here, it is generally higher in the inner disc over the complete
time evolution. The reason is that the planet reaches pebble isolation mass already after
0:1 Myr, blocking all pebbles from the outer disc at this time. Since the planet is located
between the water evaporation front and the ice lines of carbon-bearing molecules, water-
rich pebbles have much less time than in the purely viscous disc to enrich the inner disc
with water vapour before gap-opening. Therefore, the later arriving carbon-rich gas needs
to balance less oxygen, leading to a higher C/O ratio. It stays continuously higher than
in the pure viscous case because only water-rich pebbles are blocked. Carbon-rich pebbles
have their evaporation lines further out than the planet's position. The carbon-rich gas
passes the planet and enriches the inner disc. The result is a supersolar C/O ratio in the
inner disc at the end of the time evolution, which is even higher than in the pure viscous
case.
For a side-by-side comparison between the three cases discussed in this section, a viscous
disc, a disc with internal photoevaporation and a disc with a forming planet, see Appendix
A.1. We show there the gas surface density and the C/O ratio at 5 Myr.

3.3.2 Parameter study

The results of our standard case in the previous section are embedded in a much larger
parameter study. In this section, we investigate a range of alpha parameters, initial disc
masses and radii. We use � = f10�4 ; 10�3 ; 10�2 g, Mdisc = f0:01 M � ; 0:1 M� g and
Rdisc = f75 AU; 150 AUg, the stellar mass in all simulations remains M? = 1 M � . The
results of the parameter study for the pure viscous case are shown in Appendix A.2, the
ones for the viscous case with internal photoevaporation are shown here.
In Figure 3.5, we plot the gas surface density as a function of disc radius for all the param-
eters mentioned above. � is increased along the x-axis of the grid. Each row corresponds
to a speci�c combination of initial disc mass and radius, as depicted in the �rst panel of
each row, respectively. Our standard case from Section 3.3.1.2 is shown in the third panel
of the �rst column.
We see that the in�uence of � is strongest in the inner disc and the very outer parts.
The larger � is, the faster the accretion of inner disc material onto the host star. For the
largest value of � = 10 �2 , the inner disc has in all cases of initial disc mass and radius
completely vanished after 10 Myr. Additionally, a stronger viscous spreading in the outer
disc is noticed for larger � values.
An impact of the initial disc mass on the simulations is seen in the gap-opening time. For
larger initial disc masses of Mdisc = 0:1 M � , the gap caused by internal photoevaporation
opens 1 � 2 Myr later than in the M disc = 0:01 M � case. The reason is that for larger
initial disc masses, the gas surface densities are higher and can thus withstand the photo-
evaporative mass loss for a longer time.
The e�ect of the initial disc radius on our simulations seems rather small because it changes
the initial gas surface density and the corresponding accretion rate just by a factor of 2.
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Figure 3.5: Gas surface density for a viscous disc with internal photoevaporation due to
X-rays. The gas surface density is shown as a function of disc radius and time. A variety of
parameter con�gurations is used for this study: Along the x-axis of this �gure, � is varied
from � = 10 �4 to � = 10 �2 , whereas on the y-axis, di�erent sets of disc masses and radii
are used, varying in the range of Mdisc = 0:01 � 0:1 M � and Rdisc = 75 � 150 AU. Colour
coding, plotting and stellar mass as in Figure 3.2.
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Figure 3.6: Gaseous C/O ratio for a viscous disc with internal photoevaporation due to
X-rays. The C/O ratio is shown as a function of disc radius and time. We vary the disc
parameters as in Figure 3.5. Colour coding, plotting and stellar mass as in Figure 3.2.
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However, comparing the third and the fourth panel in the �rst column of Figure 3.5, we see
that the position of gap-opening due to photoevaporation changes when using a di�erent
initial disc radius. For an initial radius of 75 AU, the hole starts to open around 200 AU,
see the third panel of Figure 3.5, whereas for an initial radius of 150 AU, the position of
gap-opening lies much further inward at 15 AU, see the fourth panel of Figure 3.5. Since
the initial disc radius is de�ned as the location where the exponential cut-o� in the initial
gas surface density sets in, the two discs compared here di�er in their rate of gas surface
density versus photoevaporative mass loss, especially in the outer regions. This leads to
photoevaporation being dominant in very di�erent regions of those discs and thus in dif-
ferent gap-opening locations.
Figure 3.6 shows the C/O ratio as a function of disc radius for a viscous disc with active
internal photoevaporation. The parameter grid used here is the same as in Figure 3.5.
A similar trend as in the standard case, which is depicted in the �rst panel of row three, is
seen for a similar parameter con�guration, � = 10 �4 , M disc = 0:1 M � and Rdisc = 150 AU,
see �rst panel of row four.
In general, all parameter con�gurations show a similar behaviour, with subsolar C/O ra-
tios in the inner disc regions, some of them being even completely depleted of carbon and
oxygen, and therefore showing no C/O ratio at all. The latter is seen only in discs with
larger values of �, because in those discs, the viscous transport is so fast and dominant
that the inner disc is fully accreted onto the host star, with no carbon or oxygen left to
calculate a C/O ratio from.
There is only one con�guration where we have a supersolar C/O ratio in the inner disc
after 2 Myr (� = 10 �3 , M disc = 0:1 M � and Rdisc = 75 AU), which then vanishes during
the rest of the disc lifetime as well. This trend is only seen in this speci�c parameter con-
�guration because the � value is high enough to transport a lot of carbon-rich material into
the inner disc before the gap opens, compared to the parameter con�guration with a lower
value of �, see panel three of column one in Figure 3.6 (� = 10�4 , M disc = 0:1 M � and
Rdisc = 75 AU). This leads to an elevated amount of carbon-rich material and a therefore
high C/O ratio in the inner disc during the �rst 2 Myr. With a smaller � (� = 10 �4 ), the
material transport is just not fast enough to result in a supersolar C/O ratio. Furthermore,
the initial disc radius plays an important role as well since it de�nes the location of expo-
nential cut-o� in the initial gas surface density. The disc with the supersolar C/O ratio
(panel three of column two in Figure 3.6) therefore has another rate of gas surface density
versus photoevaporative mass loss than the same disc but with a larger initial disc radius
(� = 10 �3 , M disc = 0:1 M � and Rdisc = 150 AU), see panel four of column two in Figure
3.6. As stated before, these two discs then also di�er in their location of gap-opening.
Since the gap for the disc with Rdisc = 75 AU opens further out than that of the disc with
Rdisc = 150 AU, carbon-rich material can still evaporate and enrich the inner disc inside
of the hole. This is not possible in the case of a larger initial disc radius because the gap
starts to open in the inner disc, that is, further in than the ice lines of carbon-bearing
molecules, and therefore directly hindering evaporated carbon-rich vapour from reaching
the inner disc. The special behaviour of having a supersolar C/O ratio during the �rst
2 Myr (see panel three in column two of Figure 3.6) of course matches the behaviour of the
other panels once the gap is fully opened, reaching inner disc regions and thus hindering
carbon-rich vapour from entering the inner disc.
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Figure 3.7: Disc evolution for a viscous disc with internal photoevaporation due to X-rays
but with a smaller mass loss rate of 3:6 � 10�8 M � =yr instead of 3:864 � 10�8 M � =yr. Left:
Gas surface density as a function of disc radius and time. Right: Gaseous C/O ratio as a
function of disc radius and time. Colour coding, plotting and simulation parameters as in
Figure 3.2.

We also note that in the low-viscosity case (� = 10�4 ), a larger initial disc mass leads to
an elevated C/O ratio in the inner disc, compared to smaller initial disc masses. This is
because higher initial disc masses come along with higher gas surface densities that can
withstand photoevaporative mass loss for a longer time, which causes the gap to open later
than in the case of a disc of lower mass. Consequently, carbon-rich material from the outer
disc has more time to move towards the inner disc and enrich it.

3.3.3 Lower photoevaporation rate

Since the X-ray luminosity for a given stellar mass is not unambiguously de�ned, the
photoevaporative mass loss rate due to X-rays can vary. A lower limit for solar-mass stars
can be read o� the lower end of the error bar in �gure 6 of Picogna et al. (2021). For
the study in this section, we therefore use a mass loss rate of 3:6 � 10�8 M � =yr instead of
3:864 � 10�8 M � =yr for our standard simulation to study the e�ects of a lower mass loss
rate on our previous results. The disc parameters used here are given in Table 3.2.
In the gas surface density in the left panel of Figure 3.7, we see that the gap has fully
opened after 4 Myr, one million years later than in the case with a slightly higher mass
loss rate. For the C/O ratio in the right panel, only minor di�erences are noticeable. It is
slightly higher than in the case of a disc with stronger photoevaporation. This is a direct
consequence of the later gap-opening, ensuring that more carbon-rich gas can move into
the inner disc before the gap is fully opened.
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Figure 3.8: Phases of disc evolution, with the left column depicting a pure viscous disc,
the middle column a viscous disc with internal photoevaporation, and the right column
a viscous disc with a growing planet. See Section 3.3.4 for a detailed description of this
comic.
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3.3.4 Graphical representation of our results

In Section 3.3.1, we studied three di�erent disc evolution scenarios. To sum up our results,
we picture them in a graphical representation, see Figure 3.8. The left column depicts a
purely viscously evolving disc (scenario 1), the middle one a viscous disc with additional
internal photoevaporation due to X-rays (scenario 2), and the right one a viscous disc with
a giant planet forming in it (scenario 3).
The protoplanetary disc is always shown as a trapezoidal shape with three areas coloured
di�erently. This should highlight the enrichment of those disc regions with di�erent
molecules, being separated by the evaporation lines of these molecules. Those ice lines
are depicted as black, curved lines, their curvature being the result of a temperature gradi-
ent between the mid-plane and surface layers of the disc (Dullemond et al. 2001; Dullemond
and Dominik 2004). As an example, we focus on the two evaporation lines that are most
important for our study, namely the water-ice line and the combined evaporation front
of all carbon-bearing volatiles. Pebbles, displayed as black circles, are distributed evenly
across the full disc, showing icy layers according to their position.
All three di�erent evolution scenarios start with the same initial condition, shown in the
top panel of Figure 3.8. The inner disc is initially slightly enriched with water vapour, the
middle part is slightly enriched with carbon vapour and the outer part is not enriched at
all. Pebbles in the outer part still contain all their volatile content in ice form.
With time evolving continuously, pebbles and gas drift through the disc. When crossing
an evaporation line, pebbles evaporate their respective volatile content, enriching the disc
there. Gas reaching the very inner parts of the disc is accreted onto the host star. Depend-
ing on the scenario chosen, disc enrichment and pebble drift di�er, see the lower panels of
Figure 3.8.
In a purely viscously evolving disc (scenario 1), which is depicted in the left column of
Figure 3.8, inward drifting pebbles evaporate their volatile content whenever crossing an
evaporation front. Due to the position of the ice lines and the fact that pebbles drift faster
than gas, the inner disc is �rst enriched with water vapour (top panel). With time, carbon
vapour arrives (middle panel) and slowly enriches the inner disc (lower panel), while the
gas is simultaneously accreted onto the host star. This can be seen in our results in Section
3.3.1.1 as well.
In the case of a viscous disc with additional internal photoevaporation (scenario 2), see
middle column of Figure 3.8, the disc evolves similarly to the pure viscous case in the
beginning (�rst and second panel). When photoevaporation opens a gap, gas di�using into
it is carried away by photoevaporative winds while pebbles are blocked by the gap itself
(third panel). The inner disc is then enriched with water vapour again due to the water
equilibrium cycle (fourth panel). All volatiles, except water, are accreted onto the host
star. Water contrarily recondenses at the water-ice line and forms water-ice pebbles that
evaporate again, contributing to a full cycle of evaporation and condensation that allows
the water vapour to survive for a long time, see also our results in Section 3.3.1.2.
A planet forming between the water evaporation front and the ice lines of carbon-bearing
molecules (scenario 3), as shown in the right column of Figure 3.8, leads to the same
chemical evolution of the disc as in the pure viscous case. When the planet is massive
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enough, it opens a gap but contrary to the gap caused by photoevaporation, a gas �ow to
the inner disc is still possible (middle panel). Only the pebbles are blocked once the planet
reaches pebble isolation mass. The only di�erences to a purely viscously evolving disc (see
left column of Figure 3.8) are less water enrichment in the beginning due to the planetary
embryo already blocking some in�ow (top panel) and a higher carbon enrichment in late
stages (lower panel), see also our results in Section 3.3.1.3.

3.4 Discussion

3.4.1 Dependence on model assumptions

As shown in Section 3.3.2, the results of our simulations strongly depend on the chosen
disc parameters. In this section, we qualitatively discuss some of the parameters that we
have not investigated in detail in this work and hint at future investigations.

3.4.1.1 Chemistry model

Our results clearly depend on the underlying chemistry model, as presented in Table 2.1.
Varying the initial composition will result in a changed signi�cance of individual evapora-
tion lines (Schneider and Bitsch 2021a b). Models that include di�erent fractions of water
and carbon- and oxygen-bearing molecules will therefore show a di�erent water content in
the inner disc as well as di�erent C/O ratios.
For our initial elemental abundances, we used solar values. But to be able to compare
our results to observations of protoplanetary discs, it is bene�cial to use observed stellar
abundances since stars can di�er quite a lot in their C/O ratio which is used as an initial
condition (see e.g. Buder et al. (2018) for elemental abundances and Bitsch and Battis-
tini (2020) or Cabral et al. (2023) for molecular abundances). Additionally, the stellar
abundance is not determined by the stellar mass but rather by the formation region of
the system. This implies that to determine correctly the initial C/O ratio for individual
systems, one should keep in mind that the stellar compositions are not necessarily solar,
even for solar-mass stars.
Additionally, a di�erent disc composition leads to a change in the mid-plane temperature.
However, changing only the composition does not a�ect the latter very much. Stronger
e�ects are only seen when choosing a larger disc metallicity (Bitsch and Savvidou 2021).
Since the mid-plane temperature in�uences the position of the evaporation lines, a change
will have a signi�cant impact on the chemical composition of the inner disc, but only if
the water-ice line is shifted so far out that it does not lie in the inner disc anymore. This
implies that the temperature evolution of the disc is important for the continuous wa-
ter evaporation/recondensation cycle in the inner disc and would depend on the speci�c
system.
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3.4.1.2 Fragmentation velocity

How fast a pebble can become before a collision leads to fragmentation instead of co-
agulation is determined by the fragmentation velocity. Since collision properties of dust
aggregates are not easy to quantify theoretically, fragmentation velocities are measured
in laboratory experiments (e.g. Poppe et al. 2000; Blum and Wurm 2008; Gundlach and
Blum 2014; Musiolik and Wurm 2019). Typical results range from 1 m/s to 10 m/s.
High fragmentation velocities result in larger grains (higher Stokes numbers) and high peb-
ble velocities. Consequently, lower fragmentation velocities lead to a decrease in the grain
size and reduced pebble velocities (Brauer et al. 2008; Birnstiel et al. 2012).
In our simulations, we use a variable fragmentation velocity that changes its value from
1 m/s to 10 m/s at the water-ice line in the radial direction. This is motivated by the
idea that water-ice grains can reach larger fragmentation velocities before they fragment
compared to silicate grains (Gundlach and Blum 2014).
Using instead a constant fragmentation velocity of 1 m/s throughout the whole disc would
slow down all initial processes where material is transported radially inwards through the
disc. A slower drift of the pebbles leads to less carbon-rich gas being evaporated and thus
even less carbon vapour in the inner disc before the gap opens, compared to the case of a
variable fragmentation velocity. This results in a smaller C/O ratio. As the same holds for
the transport of water, its equilibrium cycle will most likely just start slower. The results
for the relative water abundance and the C/O ratio in the inner disc will therefore not
change considerably.
Increasing the overall fragmentation velocity to 10 m/s will not in�uence the transport
from the outer to the inner disc, because the change of the fragmentation velocity just
happens at the water-ice line. Therefore, the outer disc is unchanged compared to our
initial assumption, and the inner disc does not change, because we only look at the gas
phase (Bitsch and Mah 2023).

3.4.1.3 Stellar mass

In this chapter, all simulations have been carried out with a stellar mass of 1 M� . Changing
the star's mass will also change the structure of its surrounding disc, resulting in a di�erent
initial disc mass and radius. Additionally, the disc's temperature pro�le changes, leading to
a shift of the evaporation lines, as well as the photoevaporative mass loss rate due to X-ray
radiation from the star. Since these factors cannot be considered separately due to their
complex interplay, a detailed prediction of the water content and the C/O ratio in the inner
disc for a non-solar mass star with active internal photoevaporation is nearly impossible.
We therefore conduct a similar, extensive study for M dwarfs in the following chapter. For
studies of intermediate-mass stars (1 � 3 M� ) with active internal photoevaporation, see
Ronco et al. (2024), where they investigate the e�ect of the latter on the disc structure
without focusing on the chemical evolution.
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3.4.1.4 Radial position of the gap

For the comparison between a gap caused by internal photoevaporation and one that is
caused by a planet, we place a planetary seed at 3 AU. The planet then forms between
the water and the CO2 ice line. The resulting C/O ratio in the inner disc in this case is
supersolar, see Section 3.3.1.3 for more details.
To study the e�ect of the radial position of such a planetary gap, we simulate two additional
scenarios. In the �rst one, the planetary seed is placed at 10 AU, between the CO2 and
the CH4 ice line. This results in a visible gap in the protoplanetary disc at the position
of the planet. The C/O ratio in the inner disc is supersolar, as in our initial case. In the
second scenario, the planetary seed is placed at an even larger disc radius of 50 AU, which
is between the CH4 and the CO ice line. In this case, no visible gap opens up in the disc
since the planet never reaches the pebble isolation mass. The resulting gas surface density
and the C/O ratio show no signi�cant deviation from the gas surface density and the C/O
ratio of a purely viscously behaving disc without a planet, where the latter is shown in the
top row of Figure 3.2. In the end, the C/O ratio of the second scenario reaches supersolar
values as well.
This simple comparison shows that the C/O ratio in the inner disc is independent of the
planetary location. It is supersolar for all cases studied here. The results of this comparison
of course strongly depend on the underlying chemistry model. For a further discussion of
the latter, see Section 3.4.1.1.

3.4.2 Implications of our results

3.4.2.1 Disc observations

Our results clearly indicate that gaps caused by planets and gaps caused by internal pho-
toevaporation di�er strongly in how they a�ect the protoplanetary disc structure and
composition. Gaps caused by planets only block the pebble �ow from the outer parts once
the planet reaches pebble isolation mass but not the gas. Photoevaporative gaps on the
other hand block not only the pebble �ow but also lead to gas di�using into them being
carried away by photoevaporative winds. These mechanisms leave no room for further
enrichment of the inner disc once a gap is fully opened. This results in very di�erent chem-
ical compositions of the inner disc regions, where discs hosting planets can have supersolar
C/O ratios, whereas discs with active internal photoevaporation have di�culties reaching
supersolar C/O ratios, see sections 3.3.1.2 and 3.3.1.3. As a consequence, we should be
able to distinguish observationally between these two scenarios when measuring the C/O
ratio. This implies that we can infer the root cause of a gap structure when observing pro-
toplanetary discs. Since these gap structures are equally seen in the gas and dust phases
in our simulations, observations are not limited to one or the other.
Banzatti et al. (2023) �nd in their study of the spectra of four discs observed with the
JWST Mid-Infrared Instrument (MIRI) that the water abundance is mainly dependent
on the outer disc radius. They show that the analysed spectra of the two compact discs
(10 � 20 AU) they studied hint towards a water excess compared to the two large discs
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with multiple gaps (100�150 AU). Another JWST observation shows a big water reservoir
in a large disc with substructures (Gasman et al. 2023). This may hint towards the fact
that gap structures play a more important role in creating water reservoirs than the disc
radius. In agreement with the observation by Gasman et al. (2023), we �nd that the disc
radius does not play a major role in the time evolution of the gas surface density and
the C/O ratio and therefore the water content of the inner disc, see Section 3.3.2. Far
more important than the disc radius is the presence of gaps in protoplanetary discs and
whether they are caused by planets or photoevaporation, see sections 3.3.1.2 and 3.3.1.3.
Our results point to a planetary origin of the gaps in the two extended discs studied by
Banzatti et al. (2023). This stems from the fact that we see a water excess in our results
only in discs where the substructures are caused by internal photoevaporation. However,
the two extended discs studied by Banzatti et al. (2023) show no water excess.
Grant et al. (2023) have shown that the disc around the T Tauri star GW Lup is very abun-
dant in CO2, using observations from the JWST-MIRI programme: MIRI Mid-Infrared
Disk Survey (MINDS). As a possible explanation, they proposed among other scenarios
an inner cavity between the H2O and CO2 ice lines. With our model, we are now able to
identify the cause of this possible gap. Using our arguments above, a high abundance in
CO2 points strongly towards a planet in this inner cavity, rather than the gap being formed
by internal photoevaporation. Although GW Lup has a stellar mass of M? = 0:46 M � (Al-
calá et al. 2017; Andrews et al. 2018a), the main trend of our study for solar-mass stars,
namely a clear compositional di�erence of the inner disc depending on which scenario is
the main cause for the gap-opening, will still be valid in this mass regime. The reason
is that here the exact positions of the ice lines do not matter, but instead their relative
locations.
Measured CO2 abundances of Grant et al. (2023) are higher than what we �nd is possible
to achieve in discs with active internal photoevaporation. However, GW Lup has a lower
stellar mass than the stars in our simulations. Studies of Mah et al. (2023) for discs with-
out active internal photoevaporation have shown that less massive stars achieve supersolar
C/O ratios in the inner disc faster since all of the ice lines are closer to the host star.
Furthermore, the work of Picogna et al. (2021) for discs with active internal photoevapo-
ration points out that inner disc lifetimes increase for less massive stars, indicating that
more carbon-rich gas can move to the inner disc. The combination of those two factors
might then allow for higher C/O ratios in photoevaporative discs around low-mass stars
compared to those around solar-like stars.
The lifetimes of the discs studied by Banzatti et al. (2023) and Grant et al. (2023) are
shorter than the timescale in our model that is necessary to achieve a supersolar C/O
ratio in the inner disc. However, our standard disc, with which we compare here, is mod-
elled using a small value for the turbulence parameter � and has therefore a low viscosity.
Changing the disc's viscosity directly impacts the timescale for the evaporation of molecules
and the subsequent enrichment of the gas with vapour. Larger viscosities result in smaller
formation timescales of supersolar C/O ratios (see Figure A.3 and also Mah et al. 2023),
making them again comparable to the disc lifetimes in Banzatti et al. (2023) and Grant
et al. (2023).
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3.4.2.2 Planetary compositions

From the work done in this chapter, we can infer implications for the atmospheric compo-
sition of planets forming in discs with active internal photoevaporation.
If a planet forms in the inner disc, it will accrete its atmosphere from the volatile content
present there. One would naively assume that such a planet in our model will have a
low atmospheric C/O ratio and a high water abundance. However, we have to distinguish
between di�erent formation timescales.
On the one hand, when a planet forms early on, it might stay in the inner disc for a longer
time. Due to the existence of the water equilibrium cycle and the water thus being present
there for a long time as well, the planet could accrete a high amount of water, possibly
forming a very water-rich planet. This is supported by observational data from PDS 70
showing that there are indeed systems with water being abundant in the inner disc (Perotti
et al. 2023). However, the presence of a planet in the inner disc will most likely perturb
the water equilibrium cycle. With the planet accreting part of the water vapour, less water
remains to go through the equilibrium cycle, thus reducing it. In this case, the planet will
most likely end up with a less water-abundant atmosphere than in the previously discussed
case. On the other hand, a late-forming planet might therefore have better chances to ac-
crete a water-rich atmosphere. The reason is that the water equilibrium cycle has not been
perturbed yet, giving it more time to keep the water in the inner disc. To conclude, the
composition of planetary atmospheres is strongly dependent on the point in time when the
planet starts to accrete gas e�ciently.
In addition to the formation timescale, the formation position and migration of a planet
are additional factors that play a major role in the planet's ability to accrete certain
molecular species. This makes it overall very di�cult to precisely predict the planet's �nal
atmospheric composition in a disc with active internal photoevaporation.

3.4.2.3 Debris discs

Our simulations show that a disc with active internal photoevaporation still has material
left in the region outside of the gap carved by photoevaporative winds at the end of its
lifetime. However, the total remaining dust mass of 1:3 MEarth in the outer disc, when
converted to planetesimals, is not enough to account for debris discs, for which several
tens of Earth masses are needed.

3.5 Summary and conclusions

We performed 1D semi-analytical simulations of protoplanetary discs with active internal
photoevaporation due to X-rays for solar-like stars. The model we used includes pebble
drift and evaporation. Combining a pebble drift and evaporation model with internal pho-
toevaporation opens up new perspectives for understanding the composition of inner discs.
We compare our results to discs that evolved purely viscously without photoevaporation.
Our results clearly indicate that internal photoevaporation has signi�cant e�ects on the
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evolution of protoplanetary discs and their chemical composition. The consequential open-
ing of gaps strongly in�uences the distribution of gas and dust in such discs. Due to the
di�usion of gas into these gaps �which is then carried away by photoevaporative winds�
and the consecutive blocking of pebbles by the gaps themselves, it is impossible to have
solar or even supersolar C/O ratios in the inner disc. Additionally, the present equilibrium
water cycle allows the formation of very water-rich inner disc regions. Potential planets
forming in these areas could therefore easily have large water abundances in their atmo-
spheres.
The above-mentioned gaps due to internal photoevaporation are very di�erent from those
caused by planets forming in protoplanetary discs. The latter block only the pebble �ow
and not the gas, leading to a disc evolution similar to that of a pure viscous disc and
resulting in a supersolar C/O ratio for the inner disc region. Future observations could
therefore easily infer the root cause of a gap structure when observing the C/O ratio in
the inner regions of protoplanetary discs with gaps. As these structures are equally seen
in the gas and dust phases in our simulations, observations are not limited to one or the
other.
We conclude that future simulations designed to study the evolution of protoplanetary discs
should never neglect internal photoevaporation, as it appears to have a signi�cant impact
on the evolution and chemical composition of the discs, and therefore on the composition
of the planets forming in them.



Chapter 4

Photoevaporative winds in discs
around low-mass stars

This chapter is based on the paper "Changing disc compositions via internal photoevapora-
tion II. M dwarf systems" (Lienert et al. 2025), published in Astronomy & Astrophysics in
August 2025. The paper has been adapted to match the format of this thesis. As the lead-
ing author of this article, I ran and analysed the simulations myself, after discussing the
initial setup for the protoplanetary discs with my co-authors Bertram Bitsch and Thomas
Henning. The co-authors of this work also contributed to the interpretation of the results.
I wrote the text of the article with suggestions from both co-authors.

In summary...

The chemical evolution of the inner regions of protoplanetary discs is a complex process
in�uenced by several factors, including the inward drift and evaporation of volatile-rich
pebbles, which can enrich the inner disc with vapour. During the evolution of the disc,
its inner part is �rst enriched with evaporating water-ice, resulting in a low C/O ratio.
Subsequently, carbon-rich gas from the outer disc, originating from the evaporation of CO,
CO2, and CH4 ice, is viscously transported inwards, while the supply of water-rich pebbles
ceases and the water vapour in the inner disc is accreted onto the star. Consequently, the
C/O ratio of the inner disc increases again after 2 Myr. Previously, we studied how internal
photoevaporation in�uences the chemical composition and evolution of discs around Sun-
like stars by carrying away gas and opening gaps that block inward drifting pebbles. We
now extend our study to lower-mass stars (M? = 0:1 � 0:5 M � ), where the time evolution
of the disc's C/O ratio is di�erent due to the closer-in position of the evaporation fronts
and di�erences in disc mass, size, and structure. Our simulations were carried out with a
semi-analytical 1D disc model. The code chemcomp includes viscous evolution and heating,
pebble growth and drift, pebble evaporation and condensation, as well as a simple chemical
partitioning model for the disc. We show that internal photoevaporation plays a major role
in the evolution of protoplanetary discs and their chemical composition: As for solar-mass
stars, photoevaporation opens a gap, which stops the inward drift of pebbles. As a result,
they can no longer contribute to the volatile content of the gas in the inner disc. In addition,
volatile-rich gas from the outer disc, originating from evaporated CO, CO2, or CH4 ice, is
carried away by the photoevaporative winds. Consequently, the C/O ratio in the inner disc
remains low, contradicting observations of the composition of discs around low-mass stars.
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Our model implies that inner discs at young ages (< 2 Myr) should be oxygen-rich and
carbon-poor, while older discs (> 2 Myr) should be carbon-rich. The survival of discs to
this age can be attributed to lower photoevaporation rates. These lower rates could either
originate from the large spread of observed X-ray luminosities or from the photoevaporation
model used in this study, which likely overestimates the photoevaporation e�ciency at a
given X-ray luminosity, leading to discrepancies with the observed C/O ratios in discs
around low-mass stars. A reduction of the photoevaporation rate brings the calculated
elemental abundances into better agreement with observations.

4.1 Context

In recent years, signi�cant observational progress has been made in detecting and charac-
terising exoplanets. It is well known that planetary systems exhibit a large diversity in
their architectures and planetary properties. However, the exact pathways leading to the
observed �nal states are still under investigation (for a review, see Drazkowska et al. 2022).
Since only a few observations of systems with forming planets exist (Keppler et al. 2018;
Müller et al. 2018), it is crucial to study their formation environments through simulations.
This approach allows us to gain greater insight into the structure and composition of pro-
toplanetary discs and therefore helps us constrain the properties and formation pathways
of planets.
Planetary cores are believed to form via solid accretion in the so-called core accretion
scenario. The solids can either be accreted in the form of planetesimals (Ida and Lin
2004; Guilera et al. 2014; Mordasini 2018; Miguel et al. 2019; Emsenhuber et al. 2021)
or pebbles (Ormel and Klahr 2010; Lambrechts and Johansen 2012; Bitsch et al. 2015b
2019; Ndugu et al. 2018; Lambrechts et al. 2019; Liu et al. 2019; Izidoro et al. 2021), with
pebble accretion being more e�cient than planetesimal accretion in the outer disc regions
(e.g. Johansen and Bitsch 2019). Many population synthesis studies have used the core
accretion scenario in order to reproduce observed masses and orbital distances of exoplan-
ets. To further constrain planet formation models, we can now also use newly measured
atmospheric abundances (e.g. Mollière et al. 2020; Line et al. 2021; Pelletier et al. 2021;
August et al. 2023). This has been done in recent theoretical studies by Mordasini et al.
(2016), Booth et al. (2017), Schneider and Bitsch (2021a b), Bitsch et al. (2022), Mollière
et al. (2022), and Penzlin et al. (2024).
The �nal composition of a planet depends crucially on the composition of the disc. There-
fore, simulations of protoplanetary discs need to include the full evolution of the disc's
structure and chemical composition. Many factors play a role in determining the latter,
such as disc temperature and density, radiation �elds, and the position of evaporation lines
of di�erent species (see e.g. Cuzzi and Zahnle 2004; Öberg et al. 2011; Henning and Se-
menov 2013; Schneider and Bitsch 2021a; Eistrup and Henning 2022; Mollière et al. 2022).
The structure of the disc is in�uenced by pressure bumps that can block inward drifting
pebbles (e.g. Pinilla et al. 2012), where the latter again plays a role in the time evolution of
the disc's composition. Indeed, JWST observations by Banzatti et al. (2023), Grant et al.
(2023), Tabone et al. (2023), and Gasman et al. (2025) have shown that pressure bumps
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in�uence the chemical composition of inner protoplanetary discs. This e�ect is also seen
in simulations, as demonstrated in works by Bitsch et al. (2021), Kalyaan et al. (2023),
and Mah et al. (2024).
One possible mechanism for causing these pressure bumps is a planet reaching its peb-
ble isolation mass and creating a gap in the protoplanetary disc (e.g. Paardekooper and
Mellema 2006; Lambrechts et al. 2014; Ataiee et al. 2018; Bitsch et al. 2018). Two other
mechanisms that signi�cantly in�uence the composition and evolution of protoplanetary
discs are MHD winds (for a review, see Lesur et al. 2023) or photoevaporation (for a re-
view, see Pascucci et al. 2022). Both of these processes carry away disc material, with
photoevaporation carving deep gaps into the disc. Since photoevaporation determines the
�nal stages of disc evolution (e.g. Ercolano et al. 2009; Pascucci and Sterzik 2009; Ercolano
and Clarke 2010; Owen et al. 2012 2013), it is especially important, given that observa-
tions indicate that discs on average only live for a few million years (Mamajek et al. 2009;
Fedele et al. 2010) and therefore require a disc dissolving mechanism. The speci�c lifetime
of discs, however, can vary signi�cantly depending on the properties of the central star of
the system (e.g. Michel et al. 2021; Pfalzner et al. 2022).
The process of photoevaporation describes the transfer of energy from high-energy photons
to gas particles in the disc, causing the latter to increase their velocities to the point that
they escape the system. Depending on the source of the energetic radiation, we either re-
fer to the evaporation process as external photoevaporation (for a review, see Winter and
Haworth 2022), when the radiation comes from nearby stars outside the studied system, or
internal photoevaporation (for a review, see Pascucci et al. 2022), when the radiation's ori-
gin is the host star of the studied system. After enough gas has escaped the protoplanetary
disc, a gap opens, resulting in a pressure bump in the disc. The gap blocks inward-moving
pebbles and, at the same time, cuts o� the inner regions from their gas supply from the
outer disc as the photoevaporative winds continuously carry the gas away.
This work is a follow-up on Chapter 3, where we combined a viscous disc evolution model,
including pebble drift and evaporation, with a model of internal photoevaporation and
studied protoplanetary discs around solar-mass stars. Here, we extend this study to discs
around lower-mass stars (M? = 0:1 � 0:5 M � ), especially focusing on the in�uence of the
photoevaporative mass loss rate on the evolution of the elemental composition of the inner
disc, which occurs on faster timescales compared to Sun-like stars (e.g. Mah et al. 2023).
Here, and for the rest of the chapter, the `inner disc' is de�ned as the part of the disc
close to the star, separated from the disc's outer parts by the photoevaporative gap. The
gap's inner edge, which de�nes the outer boundary of the inner disc, is generally located
between 0:7 � 3 AU, depending on the stellar mass and the photoevaporation rate.
This chapter is structured as follows: Section 4.2 includes a summary of our model. The
obtained results are shown in Section 4.3, with their implications discussed in Section 4.4,
before we conclude with Section 4.5.
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4.2 Methods

Our numerical simulations were carried out with the code chemcomp, as described in Schnei-
der and Bitsch (2021a), with added internal photoevaporation using the model of Picogna
et al. (2021). Chemcomp is a 1D, semi-analytical model of protoplanetary discs combined
with a planetary growth model. For more details on the planet formation model, we refer
to Schneider and Bitsch (2021a). In this study, we mostly used the disc module of the code,
where the disc evolution follows a classic viscous evolution model (see e.g. Lynden-Bell and
Pringle 1974), using the �-viscosity description of Shakura and Sunyaev (1973).
Dust grains in the disc can grow into pebbles, with their evolution being modelled by the
two-population approach developed by Birnstiel et al. (2012). This approach was origi-
nally calibrated for solar-mass stars (Birnstiel et al. 2012, see also the discussion in Pfeil
et al. 2024). Without the calibration, our model might harbour small uncertainties in
the grain growth and drift routine for lower-mass stars. The drift timescale of particles is
directly dependent on their size. The particle's size, in turn, depends on the fragmentation
velocity and the disc's viscosity. Both these parameters have large parameter ranges, with
the fragmentation velocity being constrained to 1 � 10 m/s by experiments (Gundlach and
Blum 2014), while the turbulence parameter �, which directly in�uences the viscosity, has
a parameter range of � = 10 �4 � 10 �2 in usual disc settings (see e.g. Dullemond et al.
2018 for the observational side, or Flock et al. 2015 for the theory perspective). Therefore,
the uncertainty in the combination of those two parameters easily exceeds the uncertainty
coming from the calibration to a di�erent stellar mass in the two-population approach by
Birnstiel et al. (2012).
The growth of the dust grains in the disc is limited by drift, fragmentation, and drift-
induced fragmentation. The relative ratio between large and small grains changes depend-
ing on the growth-limiting mechanism. It is f = 0:75 for the fragmentation limit and
f = 0:97 for the drift limit. The grains are then advected with the average velocity of
the two components weighted by their relative fractions. Enrichment of the disc occurs
through evaporating volatiles from inward drifting pebbles at the particular ice lines of
each species (Schneider and Bitsch 2021a).

4.2.1 Viscous evolution

The disc's viscous evolution is described by the viscous disc equation, which is given as the
time evolution of the gas surface density �gas and can be derived from the conservation of
mass and angular momentum (Pringle 1981; Armitage 2013),
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� is the disc's viscosity, and _� Y denotes the source term of the molecular species Y . For a
full list of molecules included in the code, we refer to Table 2.1 and Schneider and Bitsch
(2021a). The source term results from the evaporation and condensation of pebbles and is
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Table 4.1: Fit parameters for the photoevaporative gas surface density pro�le.
M ? [M � ] a b c d e f g _M w [10�8 M � yr �1 ] L X [1029 erg s�1 ]

1:0 �0:6344 6:3587 �26:1445 56:4477 � 67:7403 43:9212 �13:2316 3:86446 20:42
0:5 �1:2320 10:8505 �38:6939 71:2489 � 71:4279 37:8707 � 9:3508 1:90460 7:02
0:3 �1:3206 13:0475 �53:6990 117:6027 �144:3769 94:7854 �26:7363 1:17156 3:20
0:1 �3:8337 22:9100 �55:1282 67:8919 � 45:0138 16:2977 � 3:5426 0:37588 0:59

Note: Fit parameters taken from Picogna et al. (2021). The _M w values here are referred to as `nominal
values' and represent the _M w (M ? ; L X,soft ) from equation 4.6. Additionally shown are the X-ray luminosities
for the di�erent stellar masses, calculated with equation 4.7.

given by

_� Y =
� _� evap

Y r < r ice,Y
_� cond

Y r � r ice,Y :
(4.2)

Here, _� evap
Y and _� cond

Y are the source terms for evaporation and condensation of species Y .
They originate from the evaporation and condensation of volatiles of molecule Y at the
respective ice line, rice,Y .
The viscosity, �, in equation 4.1 is given by

� = �
c2

s


 K
; (4.3)

where � describes the strength of the turbulence, cs is the isothermal sound speed and


 K =
q

GM ?
r 3 is the Keplerian angular frequency. Here, M? denotes the mass of the host

star and r the radial distance to it. The dimensionless turbulence parameter � is kept �xed
in time and has a radially constant value of � = 10 �4 . The speed of sound can be linked
to the mid-plane temperature of the disc, which does not evolve in time for simplicity and
is thus calculated only at the initialisation of the simulation via an equilibrium between
viscous and stellar heating with radiative cooling.
One has to keep in mind that in reality, low-mass stars (M? = 0:1 � 0:5 M � ) experience a
decrease in their luminosity over time, leading to lower irradiation temperatures (Bara�e
et al. 2015). As a result, the evaporation lines for di�erent molecules move inwards. How-
ever, the innermost evaporation lines might not be a�ected as their position is determined
by viscous heating, which evolves slowly if the viscosity is low (� = 10�4 ). In addition, the
inward �ux of pebbles occurs on much faster timescales than the luminosity evolution of
the host star (Brauer et al. 2008). This means that the pebbles have already reached the
inner disc and evaporated their volatile content before the shift in the evaporation lines
would a�ect their evaporation. Therefore, keeping the mid-plane temperature constant in
time is a reasonable assumption for our simulations, where we used a small turbulence
parameter of � = 10 �4 , which results in a slow viscous evolution.

4.2.2 Internal photoevaporation

For the simulations in this chapter, the viscous disc is subject to internal photoevaporation.
In this case, an additional term _� w, describing the photoevaporative loss rate of the gas
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Figure 4.1: Photoevaporative gas surface density loss rate as a function of disc radius for
di�erent stellar masses, as given in equation 4.5, adopted from Picogna et al. (2021). Here,
the nominal values for the photoevaporative mass loss rate, as given in Table 4.1, are used.

surface density, is subtracted from the right-hand side of the viscous disc equation 4.1,
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This additional term acts on the total gas surface density, not separately on each included
molecule. The description we employed for photoevaporation due to X-rays follows the
work of Picogna et al. (2019 2021) and Ercolano et al. (2021). Only the soft X-ray regime
was used, as it has shown to be the most e�cient part of the X-ray spectrum.
The photoevaporative gas surface density loss rate is given by

_� w =
�

6a ln(r) 5

r ln(10) 6 +
5b ln(r)4

r ln(10) 5 +
4c ln(r) 3

r ln(10) 4 +
3d ln(r) 2

r ln(10) 3 (4.5)

+
2e ln(r)
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r ln(10)
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2�r

_M w(r) [M � AU �2 yr �1 ];

with a mass loss rate of

_M w(r) = 10 a log10 (r) 6+b log 10 (r) 5+c log 10 (r) 4+d log 10 (r) 3
(4.6)

�10e log10 (r) 2+f log 10 (r)+g � _M w(M ?; L X,soft ) [M � yr �1 ];

where the �t parameters a � g for our stellar sample are presented in Table 4.1. LX,soft

denotes the soft part of the X-ray luminosity of the star.
Equation 4.5 is visualised in Figure 4.1, with the photoevaporative gas surface density loss
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rates plotted as a function of disc radius and stellar mass. The mass loss peaks between
1 AU and 10 AU, depending on the mass of the central star, with the general trend of a
shift in the peak location towards larger radii with increasing stellar mass. The disc mass
is generally lost between 0:7 AU and 300 AU, enabling the opening of a gap in this disc
region. Similar to the trend of the peak location, the gap position moves to larger disc
radii as a function of stellar mass.
An exception from both these trends is seen for the 0:3 M� star. The reason is that the
photoevaporation rates result from a combination of two changes, namely the stellar mass
and the X-ray luminosity. A change in stellar mass results in a di�erent gravitational
potential, which is responsible for keeping the gas close to the host star. The X-ray
luminosity, on the other hand, is responsible for the repulsion of the gas. Changing it
a�ects the internal physics of the underlying photoevaporation model. A lower X-ray
luminosity, as in the case of the 0:3 M� star, is associated with a harder spectrum in the
soft X-ray regime, which leads to a shift of the peak location towards larger radii (Picogna
et al. 2021). Additionally, the X-ray luminosity a�ects the thermal structure of the disc.
Here, lower X-ray luminosities lead to a larger �aring of the disc, which allows mass removal
from a larger region (Ercolano et al. 2021). Combining all these e�ects leads to the non-
uniform dependence of the photoevaporative gas surface density loss rates on the stellar
mass that we see in Figure 4.1, because a change in stellar mass is always accompanied
by a change in X-ray luminosity. A linear trend for both the peak and gap position of
the photoevaporation rates is observed when �xing the X-ray luminosity across the stellar
sample; see �gure 9 from Picogna et al. (2021), where the mass loss rate as a function of
distance is then just dependent on the star's gravitational potential.
As we see from Figure 4.1, the photoevaporation rates vary in radius but are constant in
time, leading to the same amount of disc material being taken away in each time step of
the simulations. The evolution of other disc areas una�ected by photoevaporation is then
solely determined by the viscous transport of gas.
The photoevaporative mass loss rate_M w(M ?; L X,soft ) in equation 4.6 depends on the stellar
mass and X-ray luminosity. According to Güdel et al. (2007), the X-ray luminosity LX of
a star can be calculated from its mass by using the following relation,

log10 (L X ) = (1:54 � 0:12) log 10(M ?) + (30:31 � 0:06) [erg s �1 ]; (4.7)

where the stellar mass has to be given in multiples of the solar mass M� . Employing
equation 4.7, we obtain the X-ray luminosities for our stellar sample, as given in the right
column of Table 4.1 (see also table 1 in Picogna et al. 2021).
Since only the soft part of the X-ray spectrum (0:1 � 1 keV) is important for photoevap-
oration, we used the following scaling relation to calculate the soft X-ray luminosity from
the full X-ray luminosity,

log10 (L X,soft ) = 0:95 log10 (L X ) + 1:19 [erg s�1 ]: (4.8)

This relation is a result of interpolating the values of table 4 in Ercolano et al. (2021).
The photoevaporative mass loss rate_M w(M ?; L X,soft ) in equation 4.6 consists of two parts.
One is its stellar mass-dependent part and the other is its X-ray-dependent part. To
calculate the �rst, stellar mass-dependent part, we employed equation (5) from Picogna
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et al. (2021),
_M(M ?) = 3:93 � 10�8 M ? [M � =yr]: (4.9)

The second, X-ray-dependent part was taken from Ercolano et al. (2021),

log10

�
_M(L X,soft )

�
= A exp

 
(ln (log 10 (L X,soft )) � B) 2

C

!

+ D [M � =yr]: (4.10)

The parameters are given as A = �1:947 � 1017, B = �1:572 � 10 �4 , C = �2:866 � 10 �1 ,
D = �6:694.
The combined mass loss rate is then given by a scaling relation because the stellar mass
dependence needs to be rescaled by the di�erence in the soft X-ray component adopted
with respect to the mean X-ray luminosity for a given stellar mass,

_M(M ?; L X,soft ) = _M(M ?)
_M(L X,soft )

_M(L X,soft,mean )
[M � =yr]: (4.11)

Here, LX,soft is the soft part of the observed X-ray luminosity of any given input star, with
the observational value taken from Figure 4.2 and the soft part calculated via equation 4.8.
To obtain L X,soft,mean , we used the mass of our input star and calculate its mean X-ray
luminosity by employing equation 4.7. The soft part of that mean X-ray luminosity was
then calculated once more using equation 4.8.
Since there is a large spread in X-ray luminosities for one speci�c stellar mass, the actual
X-ray luminosity of a star can di�er massively from the mean value calculated with equa-
tion 4.7; see Figure 4.2. This results in a spread in the photoevaporative mass loss rates as
well, which might change the lifetimes of the protoplanetary discs. To investigate how and
to what extent the disc lifetimes change, we reduced the X-ray luminosities by a factor of
[5:0; 3:5; 2:2] compared to the mean values for our stellar sample of [0:5; 0:3; 0:1] M� ; see
Table 4.2. These reduced X-ray luminosities are well within the spread of the observed
X-ray luminosities of Güdel et al. (2007); see simulation data in Figure 4.2. The decrease
in stellar X-ray luminosity leads to a reduction of the photoevaporative mass loss rates
by a factor of 3 � 4 compared to the nominal values. A decrease in the strength of inter-
nal photoevaporation prolongs the lifetimes of the protoplanetary discs, which is more in
agreement with observations.
The simulations by Sellek et al. (2024) show lower photoevaporation rates compared to
Picogna et al. (2021) due to the inclusion of additional cooling processes. However, these
studies have so far only been applied to solar-type stars. We thus probed reduced photo-
evaporation rates in discs around lower-mass stars by changing the X-ray luminosity, as
explained above.
An additional factor not considered here is the time variability of X-ray luminosities. A
star's luminosity is not constant over its lifetime, leading to a time-dependent photoevap-
orative mass loss rate. Furthermore, assuming a di�erent disc structure, i.e. a pu�ed-up
inner part, results in the extinction of X-ray radiation, hindering internal photoevapo-
ration. The pu�-up is a result of viscous heating, which is accounted for in our model
chemcomp, but not in the photoevaporation models by Picogna et al. (2019), who only in-
corporate stellar heating. Therefore, we cannot study how much photoevaporation would
be hindered by pu�ed-up discs.
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Figure 4.2: X-ray luminosity, derived from the measured X-ray �ux, as a function of
stellar mass for all detected XMM-Newton Extended Survey of the Taurus Molecular Cloud
(XEST) sources, re-plotted from Güdel et al. (2007) using their original data. The distance
to Taurus is estimated at 140 pc, although we note that Taurus consists of subgroups with
varying distances (Galli et al. 2019). The �ux of stars with more than one measurement is
averaged to retrieve only one data point for the plot. The circle, star, and diamond symbols
indicate the stellar class, as de�ned for XEST sources; and the straight line gives a linear
regression for the logarithmic values, as described by the following equation, log(LX ) =
1:54 log(M?) + 30:31. Synthetic values from our simulations from sections 4.3.2 and 4.3.3
are added as purple-coloured squares, with the colour indicating the gap opening time of
the disc, tgap.

Table 4.2: Reduced photoevaporative mass loss rates with their corresponding reduction
factors for our stellar sample.

M ? [M � ] Reduction factor for LX _M w [10�8 M � yr �1 ]

0:5 5:0 0:51324
0:3 3:5 0:32733
0:1 2:2 0:10368

Note: The photoevaporation rates (right column) are reduced by a factor of 3-4 compared to the nominal
values in Table 4.1. They result from the reduction of the X-ray luminosity, with the reduction factor given
in the middle column.
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4.2.3 Pebble evaporation and chemistry model

Protoplanetary discs in our model consist of gas and dust grains. The grains can grow to
pebbles with sizes ranging from millimetres to centimetres. Drift, turbulent fragmentation,
and drift-induced fragmentation limit their growth (Brauer et al. 2008). Both gas and dust
move inwards through the disc, with the dust pebbles drifting faster due to gas drag in
smooth discs without substructures (Mah et al. 2024). In discs containing pressure bumps,
pebbles move towards pressure maxima. On their inward journey through the disc, they
cross several ice lines of di�erent molecular species and evaporate their respective volatile
content. Consequently, the inner disc is enriched with the evaporated material. When gas
gets closer to the central star, it will eventually be accreted onto it. On the other hand,
re-condensation at evaporation fronts is also possible for gaseous species when they are
moving outwards rather than inwards (Ros and Johansen 2013). This can lead to large
enhancements of solids compared to the solar composition (e.g. Aguichine et al. 2021;
Mousis et al. 2022; Mah and Bitsch 2023). Inward drifting pebbles are self-consistently
stopped at pressure bumps.
For the initial composition of the disc, we assumed solar abundances. The exact values can
be found in Table 2.2 and are taken from Asplund et al. (2009). The elements were then
distributed into volatile and refractory molecules, with CO, CO2, and CH4 as the main
carbon-bearing species and water as the main oxygen-bearer. We note that C2H2 may be
an important molecular carrier of carbon in the gas phase as well (Grant et al. 2025), but
is currently not included in our model. The distribution of elements X into molecules Y
follows a simple chemical partitioning model from Schneider and Bitsch (2021a), which is
based on Bitsch and Battistini (2020). The disc composition is dependent on the disc radius
since the disc temperature varies with the orbital distance from the central star. Depending
on their condensation temperature and position in the disc, molecules from a certain species
Y are then either present in gaseous or solid form. The orbital distance where the disc's
mid-plane temperature is equal to the evaporation (condensation) temperature of a certain
species is called the evaporation (ice) line of that species.
The number ratio of two elemental species X1 and X2 is de�ned via

X 1=X2 =
mX 1

mX 2

� X 2

� X 1

; (4.12)

where mX 1 and mX 2 are the mass fractions of the two elements and �X 1 and � X 2 are their
atomic masses. In this chapter, this de�nition is used to calculate the C/O, C/H, O/H,
and N/H ratios.

4.2.4 Initial conditions

Our standard simulations were carried out using host star masses of M? = [0:5; 0:3; 0:1] M� .
The corresponding stellar luminosities were retrieved from the stellar evolution models of
Bara�e et al. (2015); for this work, we chose the luminosities at 2:5 Myr to be consistent
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Table 4.3: List of parameters used for our standard simulations.

Simulation parameter Value

Stellar mass M? [0:5; 0:3; 0:1] M�

Stellar luminosity L ? [0:34; 0:17; 0:03] L�
Viscous parameter � 10�4

Initial disc mass Mdisc [0:05; 0:03; 0:01] M�

Initial disc radius R disc [95; 65; 30] AU
Initial dust-to-gas ratio 2%

with Chapter 3. The resulting values for the luminosities are L? = [0:34; 0:17; 0:03] L� 1.
The initial disc in our standard simulations is characterised by a turbulence parameter of
� = 10 �4 , an initial disc mass of Mdisc = [0:05; 0:03; 0:01] M� , an initial disc radius of
Rdisc = [95; 65; 30] AU, and an initial dust-to-gas ratio of 2%, as listed in Table 4.3. The
initial disc mass was �xed at 10% stellar mass under the assumption that our simulated
systems began to evolve at an earlier stage when the disc is thought to be more massive
than what is seen in observations. The values for the initial disc radius were obtained
using the scaling relation of Mah et al. (2023) based on Andrews et al. (2018b), where
Rdisc = 50 AU (M ?=0:1 M� )0:7. To match the parameters from Chapter 3, we scaled down
the ones calculated with the above-mentioned relation to arrive at the ones listed before.
The initial disc radius is generally de�ned as the point in the disc where the exponential
cut-o� of the initial gas surface density sets in. The latter is described by a pro�le with an
exponential decay in the outer disc regions, starting at Rdisc; see Appendix B.1 for the gas
surface density evolution of a purely viscous disc. We ran all our simulations for 10 Myr
with a time step of 10 yr. The disc composition was retrieved every 0:1 Myr.

4.3 Results

In this work, we studied the in�uence of internal photoevaporation on the (chemical)
evolution of discs around low-mass stars, i.e. stars with masses of M? = 0:1 � 0:5 M � . We
present our results in this section, focusing mainly on the contrast between the nominal
values for photoevaporative mass loss from Picogna et al. (2021) and reduced mass loss
rates. The results for the nominal values are found in Section 4.3.1, whereas the results
for the reduced rates are presented in Section 4.3.2. Section 4.3 closes with comparing the
disc lifetimes for di�erent photoevaporation rates in Section 4.3.3.
For comparison, the appendices contain additional material on non-photoevaporative discs;
see Appendix B.1 for the case of a purely viscously evolving disc or Appendix B.2 for a
disc with a giant planet forming in it. Additionally, we provide more information on
photoevaporative discs in Appendix B.3, where we study a reduction factor of 10 in the

1https://perso.ens-lyon.fr/isabelle.bara�e/BHAC15dir/BHAC15_tr-acks+structure, retrieved on March
22, 2024
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Figure 4.3: Disc evolution for a viscous disc with internal photoevaporation due to X-rays,
using the nominal photoevaporative mass loss rates from Table 4.1. The host star masses
vary from 0:5 M� (on the left) to 0:1 M � (on the right). Top: Gas surface density as a
function of disc radius, time evolution is shown in colour - from black, which corresponds
to 0 Myr, to dark red, which corresponds to 10 Myr. Bottom: Gaseous C/O ratio as a
function of disc radius and time (colour-coded). The evaporation lines for the di�erent
molecules are given as dashed grey lines. Note that the C/O ratio is calculated from
number densities and that, by de�nition, we have no speci�ed C/O ratio in the gas phase
beyond the CO evaporation front. We use our standard parameters for this simulation, as
given in Table 4.3.

photoevaporative mass loss, as well as a photoevaporative disc with a viscosity increased
by a factor of 10.

4.3.1 Nominal values for photoevaporative mass loss

4.3.1.1 Disc evolution

All results shown in this subsection are obtained using the standard simulation parameters
as described in Section 4.2.4 and shown in Table 4.3. For the photoevaporative mass loss
rates, we use the nominal values given in Table 4.1.
Figure 4.3 shows the gas surface density in the top row and the gaseous C/O ratio in
the bottom row, both as a function of disc radius, for a viscous disc with active internal
photoevaporation. Stellar masses are varied across the di�erent columns, with the mass
decreasing from M? = 0:5 M � on the left to M ? = 0:1 M � on the right. The time evolution
spans over 10 Myr, indicated via colour coding. The C/O ratio is calculated from number
densities.
Our results for the gas surface density align with those from Chapter 3, where a similar
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study was conducted for solar-mass stars. The gas surface density decreases over time in
the inner disc due to viscous accretion of disc material onto the host star. In the outer disc
regions, viscous spreading is the dominating mechanism. Both of these processes occur on
relatively long timescales as the viscous parameter � is small, � = 10�4 .
Additionally, internal photoevaporation opens a gap between 1 � 2 Myr. Its inner edge
moves inwards with time for all host star masses shown here. The exact gap size and
position depend on the particular shape of the gas surface density loss rate; see Figure 4.1.
Photoevaporation does not necessarily have the strongest visible e�ect at the position of
the peak of the photoevaporative mass loss rate. Since the disc's surface density decays
exponentially in its outer regions, it is important to check the relative strength of photoe-
vaporation compared to the disc's gas surface density.
In comparison to Chapter 3, the inner disc's gas surface density decreases faster for lower-
mass stars, especially for the star with M? = 0:1 M � . This is a direct result of the lower
initial disc masses.

4.3.1.2 Evolution of the C/O ratio

The gap opened by photoevaporation has a large impact on the inner disc's chemical
evolution. It blocks the pebbles from the outer disc regions, and at the same time, pho-
toevaporative winds carry away inward-moving gas. The direct results of this mechanism
are seen in the C/O ratio; see the lower panels of Figure 4.3.
The initial C/O ratio in Figure 4.3 shows the classical step-like behaviour (e.g. Öberg et al.
2011; Mollière et al. 2022), with the di�erent volatiles evaporating at di�erent distances.
These positions in the disc are determined by the disc temperature. The result is either an
increase in the C/O ratio at the evaporation lines of carbon-rich molecules or a decrease
in the C/O ratio at those of oxygen-rich molecules.
As the disc starts to evolve, a rapid drop in the C/O ratio in the inner disc, interior to
the water-ice line, is seen during the �rst one million years for all host star masses shown
here. The C/O ratio then continues to stay subsolar for the rest of the time evolution, in
contrast to the cases of a purely viscously evolving disc or a disc hosting a giant planet,
where the C/O ratio reaches supersolar values at the end of the time evolution (see Ap-
pendices B.1, B.2 and the study by Mah et al. 2023). However, apart from the C/O ratio
generally being subsolar for all host star masses in the case of the photoevaporative discs
that we investigate here, the rest of the time evolution di�ers between the three di�erent
central star masses.
M ? = 0:5 M � : In this case, the C/O ratio continues to decrease after the initial rapid drop.
Its behaviour is a direct consequence of pebble drift and evaporation. The position of the
water evaporation line, marked with number 2 in Figure 4.3, is at a smaller disc radius
than those of the carbon-bearing molecules CO2, CH4, and CO (marked with 4, 5, and
6). Consequently, pebbles from outer disc regions �rst reach the evaporation lines of the
carbon-bearing species before crossing the water-ice line when moving inwards. Therefore,
the carbon-rich vapour is created farther out in the disc than the water vapour. Addition-
ally, pebbles move much faster than gas, resulting in water-ice pebbles reaching the inner
disc much earlier than the carbon-rich gas. As a result, the inner disc is �rst enriched with
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water vapour, leading to the rapid drop in the C/O ratio in the �rst one million years
due to the large amount of oxygen contained in water. With time, the carbon-rich gas
that formed in the outer disc regions enters the inner parts. At the same time, inner disc
material is accreted onto the host star. Before a visible e�ect of these processes can occur,
a gap opens in the disc between 1 Myr and 2 Myr. The aforementioned processes stop
since neither pebbles nor gas can pass the deep gap carved by photoevaporation. Instead,
another mechanism comes into play.
After the gap is fully opened, the �ux of carbon vapour from the outer disc is blocked. On
the other hand, the gas already present in the inner disc is accreted onto the host star,
but with one exception. This is due to the occurrence of a water equilibrium cycle at the
water evaporation front (see also Chapter 3 for more details). Since the water-ice line lies
at the outer edge of the inner disc (see gas surface density in the upper left panel of Figure
4.3), water vapour di�uses outwards due to the strong pressure gradient caused by the
photoevaporative gap. It can then recondense at the water evaporation front and form
water-ice pebbles. These then drift inwards and evaporate again. This process enables
water to stay in the inner disc on much longer timescales than carbon-bearing species that
have their evaporation lines farther out and not within the inner disc (for comparison see
the position of the CO2 ice line in the gas surface density plot in the upper left panel of
Figure 4.3). Carbon-bearing molecules instead are either accreted onto the central star
or removed via outward di�usion into the photoevaporative gap. As a result, the C/O
ratio decreases over time as oxygen remains very abundant in the inner disc but carbon
continues to be removed.
M ? = 0:3 M � : In this case, the C/O ratio increases after the initial rapid drop and contin-
ues to do so for the rest of the time evolution until it reaches a value of 0:5. Whereas the
explanation for the initial drop is the same as for the 0:5 M� star, the following increase
di�ers in its behaviour and explanation. Instead of the water equilibrium cycle, the 0:3 M�

star has a CO2 equilibrium cycle since the CO2 evaporation front instead of the water-ice
line now lies at the outer edge of the inner disc (see upper middle panel of Figure 4.3),
where a strong pressure gradient leads to the outward di�usion of material. Due to its
position closer to the photoevaporative gap, the CO2 equilibrium cycle is dominating over
the equilibrium cycle for water, which does not exist in this case. Therefore, the CO2 is
kept in the inner disc, leading to a continuous increase in the C/O ratio in this region.
With time, all other molecules except CO2 are accreted onto the host star, leading to a
�nal value of 0:5 for the C/O ratio. This value is a direct consequence of the distribution
of atoms in the CO2 molecule.
It should be noted that the CO2 equilibrium cycle, although essential in keeping the carbon
in the inner disc over longer time periods, is very sensitive to the relative position of the
inner edge of the photoevaporative gap and the evaporation lines. Changing, for example,
the disc's viscosity, as done in Appendix B.3.2, shifts the CO2 evaporation line for the
M ? = 0:3 M � star into the gap, leading to the non-existence of the CO2 equilibrium cycle.
The gap position itself is, in turn, dependent on the photoevaporation model, as seen in
Figure 4.1. Another important factor is the disc's thermal structure, which depends on
viscous heating and the evolution of the stellar luminosity, and which also a�ects the po-
sitions of the evaporation lines.
M ? = 0:1 M � : In this case, the C/O ratio increases to super-solar values after the initial
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Figure 4.4: Di�erent element ratios in the gas phase as a function of disc radius and
time for a viscous disc with internal photoevaporation due to X-rays, using the nominal
photoevaporative mass loss rates from Table 4.1. The host star masses vary from 0:5 M�

(on the left) to 0:1 M � (on the right). Top: Carbon over hydrogen. Middle: Oxygen
over hydrogen. Bottom: Nitrogen over hydrogen. Colour coding, plotting, and simulation
parameters are indicated as in Figure 4.3.

drop, where the initial drop is again a result of the inner disc �rst being enriched with
water vapour. The following increase is a consequence of carbon-rich vapour being carried
into the inner disc. This happens faster in comparison to the other stellar masses because
the evaporation lines for the 0:1 M� star are closer to the host star. Additionally, between
2 Myr and 3 Myr, the existence of a CO2 equilibrium cycle ensures that carbon-rich gas
stays in the inner disc. At the same time, carbon-rich gas from the outer disc can no
longer reach the inner disc because the gap is already fully opened. After 3 Myr, the CO2
equilibrium cycle ceases to exist. The reason is the inward movement of the inner edge of
the gap, shifting the CO2 ice line from the inner disc to inside the widened gap. In turn,
the water-ice line now lies at the outer edge of the inner disc and a water equilibrium cycle
occurs as in the case of the 0:5 M� star. As a result, the C/O ratio decreases rapidly after
3 Myr.
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4.3.1.3 C/H, O/H, and N/H

In addition to the C/O ratio, we similarly investigate the C/H, O/H, and N/H abundances
in the inner disc; see the top, middle, and bottom rows of Figure 4.4. As for the C/O
ratio, we show the time evolution of these element ratios as a function of disc radius for
di�erent stellar masses, indicated at the top of each column.
As expected, there is not much carbon and nitrogen in the case of the 0:5 M� and 0:1 M�

stars, but a lot of oxygen in their inner discs at the end of the time evolution. However,
the 0:1 M� star initially has a CO2 and an NH3 equilibrium cycle, resulting in an elevated
C/H and N/H ratio after 3 Myr compared to the C/H and N/H ratios at the same time
for the 0:5 M� star. These equilibrium cycles, however, stop once the inner edge of the
photoevaporative gap reaches the position of their ice lines, resulting in a decrease in the
C/H and N/H ratio. For the 0:3 M � star, the carbon and nitrogen fractions are generally
much higher, which is in agreement with our results for the C/O ratio and the position
of the CO2 and the NH3 ice line. In contrast to the 0:5 M� and 0:1 M� stars, these two
ice lines in the case of the 0:3 M� star keep their position in the inner disc throughout
the full time evolution. Due to their position at the outer edge of the inner disc and
the consequential existence of equilibrium cycles for both molecules, we end up with an
elevated carbon and nitrogen content in the inner disc.

4.3.2 Reduced photoevaporation rate

4.3.2.1 Gas surface density and C/O ratio

The results shown in this subsection are obtained using the standard simulation parame-
ters as described in Section 4.2.4 and shown in Table 4.3. For the photoevaporative mass
loss rates, we do not use the nominal values, as in the previous subsection, but reduced
rates as given in Table 4.2, with a reduction factor of 3 � 4. A description of how these
are obtained can be found in Section 4.2.2.
Figure 4.5 shows the gas surface density in the top row and the gaseous C/O ratio in
the bottom row, both as a function of disc radius, for discs with less e�ective internal
photoevaporation. As in Figure 4.3, time evolution is indicated via colour coding and the
di�erent host star masses are given at the top of each column.
The gas surface density generally behaves similarly to that shown in the previous subsec-
tion, where nominal values are used for the photoevaporative mass loss. We see a decrease
in the inner disc due to accretion onto the central star and viscous spreading in the outer
disc regions over time. However, the gap opened by photoevaporation occurs much later,
at around 5 � 6 Myr. Again, the 0:1 M � star is the one with the highest mass loss in the
inner disc.
The delayed gap opening directly impacts the C/O ratio; see the lower panels of Figure
4.5. As before, the initial phase is dominated by water-rich pebbles reaching the inner disc
�rst, resulting in an excess of water vapour and therefore oxygen, which leads to a low
C/O ratio. This phase is followed by carbon-rich vapour moving inwards, elevating the
C/O ratio again. Since the gap opening is delayed in these simulations, the second phase is



Section 4.3 � Results 73

Figure 4.5: Disc evolution for a viscous disc with internal photoevaporation due to X-
rays, but with mass loss rates reduced by a factor of 3-4. For the exact values, see Table
4.2. The reduced rates result in later gap opening and therefore longer disc lifetimes. Host
star masses vary from 0:5 M� (on the left) to 0:1 M � (on the right). Top: Gas surface
density as a function of disc radius and time. Bottom: Gaseous C/O ratio as a function
of disc radius and time. Colour coding, plotting, and simulation parameters are indicated
as in Figure 4.3.

much longer than in the nominal case, resulting in much larger C/O ratios. The evolution
of the C/O ratio during this phase follows that of a purely viscous disc; see Figure B.1.
After the gap has fully opened, the behaviour of the C/O ratio switches from following
that of a purely viscous disc to that described in the previous subsection. In the case of the
0:5 M� and 0:1 M� stars, the inner disc is dominated by the water equilibrium cycle. As
a result, their C/O ratios drop again quickly after gap opening. However, the drop of the
C/O ratio is not as extreme as for the case of higher photoevaporation rates, compare the
bottom row of Figure 4.5 for the reduced photoevaporation rates with that of Figure 4.3
for the nominal values. The reason for this is that, in the case of reduced photoevaporative
mass loss rates, the disc has more time to evolve without gap opening, resulting in a decay
of the water content of the inner disc due to accretion onto the host star. Consequently,
the e�ect of the water equilibrium cycle is not as strong as for our nominal simulations;
see Figure 4.3. For the 0:3 M� star, on the other hand, the inner disc is dominated by a
CO2 equilibrium cycle after the gap is fully opened. The C/O ratio in this case decreases
very slowly, approaching a value of 0:5.
Simulations of discs around low-mass stars that follow a pure viscous evolution (see Mah
et al. 2023) and observations of such systems (see e.g. Kanwar et al. 2024a) indicate high
C/O ratios of C/O > 1 for the inner disc, which is not in agreement with the low C/O
ratios we obtain from our simulations using the nominal photoevaporation rates from Sec-
tion 4.3.1. However, already the reduction of the photoevaporative mass loss rates by a
factor of 3 � 4, as studied in this subsection, results in C/O ratios that align much better
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Figure 4.6: Gaseous C/O ratios as a function of disc radius and time for discs with
internal photoevaporation due to X-rays and a host star mass of 0:5 M� . This plot shows a
comparison between di�erent � values and di�erent photoevaporation rates, with the left
column depicting � = 10 �4 , the right column depicting � = 10 �3 , the top row showing our
nominal photoevaporation rate of _M w = 1:90460 � 10�8 M � yr �1 (see also Table 4.1), and
the bottom row showing a reduced photoevaporation rate of _M w = 0:51324 � 10�8 M � yr �1

(see also Table 4.2). Colour coding, plotting, and remaining simulation parameters are
indicated as in Figure 4.3.

with the observational values. Kanwar et al. (2024a) �nd a C/O ratio > 1 for the system
Sz 28, which has a host star mass of M? = 0:12 M � . This result is in very good agreement
with the C/O ratio we obtain for the inner disc of the 0:1 M � star between 2 � 6 Myr of
its evolution; see the lower right panel of Figure 4.5. From this, we conclude that a pho-
toevaporation rate reduced by a factor of 3 � 4 can already solve the discrepancy between
models and observations of discs around low-mass stars.

4.3.2.2 In�uence of photoevaporation rate versus disc viscosity on the
C/O ratio

In Figure 4.6, we plot exemplarily the C/O ratio for the 0:5 M � star for di�erent scenarios
to study the e�ects of the di�erent photoevaporation strengths in comparison with the
in�uence of the turbulence parameter � or the disc's viscosity, respectively. The left column
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Table 4.4: Fit parameters for di�erent stellar masses for the reciprocal �t function.

M ? [M � ] a [10�2 M � ] b [Myr]

1:0 5:44 0:81
0:5 2:67 �0:10
0:3 1:92 �0:23
0:1 0:55 0:33

Note: The reciprocal �t function, f (x) = a
x + b, �ts the simulation data points of the gap opening time as

a function of photoevaporation rate, as shown in Figure 4.7.

shows the C/O ratio for a disc with a viscous parameter of � = 10�4 , which is the nominal
value, and the right column depicts the same disc but with an � parameter of � = 10 �3 .
Nominal values of the photoevaporation rate are used for the top row, whereas the bottom
row is simulated with the aforementioned reduced photoevaporation rates.
The comparison shows that higher disc viscosities and higher photoevaporation rates lead
to lower C/O ratios in the later evolution stages of the inner disc. For higher disc viscosities,
the low C/O ratio is a result of the evaporation lines being shifted outwards in the disc
due to enhanced viscous heating. Consequently, no water equilibrium cycle occurs as the
water-ice line is now lying in the gap instead of in the inner disc; see Figure B.5 for more
details on the photoevaporative disc with a higher viscosity. Additionally, the inner disc is
accreted much faster onto the host star as compared to the low-viscosity case. Therefore,
the C/O ratio remains low after gap opening. For higher photoevaporation rates, the C/O
ratio is low due to a di�erent reason. In this case, photoevaporative gaps open fast, leaving
no time for carbon-rich vapour to reach the inner disc to enhance the C/O ratio. A reduced
photoevaporative mass loss rate, in combination with a viscous parameter of � = 10�4 ,
and the subsequent delayed opening of gaps is therefore the only case where an elevated
C/O ratio in the later disc evolution stages is possible; see the lower left panel of Figure
4.6.

4.3.3 Disc lifetimes

For a more sophisticated analysis and comparison of the gap opening times depending on
the photoevaporative mass loss rates, we added simulations to our dataset with general
reduction factors of 2, 5, and 10 compared to the nominal values. In Figure 4.7, we show
these together with the nominal values from Section 4.3.1 and the individual reduced mass
loss rates from Section 4.3.2 for our stellar sample of low-mass stars studied in this chapter
as well as the solar-mass star from Chapter 3. However, only four data points instead of
the expected �ve are visible in Figure 4.7 for each stellar mass because a reduction of the
photoevaporative mass loss rates by a factor of 10 results in discs that do not show any
signs of a photoevaporative gap. Therefore, they are not included in this �gure.
We de�ne the gap opening time as the time when the gas surface density drops below a
speci�c threshold of � thresh = 10 �8 g/cm2 in the area between 0:1 AU and the position
of the CO ice line of the respective disc. Figure 4.7 depicts a comparison between the
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Figure 4.7: Gap opening time versus photoevaporation rate for the low-mass stars studied
in this chapter as well as the solar-mass star from Chapter 3 (colour coded). Plotted are
data points from our simulations, both from nominal (rightmost point of each line) and
reduced photoevaporative mass loss rates with reduction factors of 2, 3 � 4, and 5, and a
reciprocal �t through those points. The �t parameters for each stellar mass are listed in
Table 4.4.
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di�erent host star masses, which are indicated via colour coding. The gap opening times
are plotted as a function of the photoevaporation rate, and disc lifetimes can be inferred
from the gap opening times. Our simulation results are shown as data points in the �gure.
Additionally, we plot a reciprocal �t function through the data points for each stellar mass.
The corresponding �t parameters can be found in Table 4.4.
In Figure 4.2, we added the nominal photoevaporation rates and the ones with reduction
factors of 2, 3 �4, 5, and 10 to the observational data, after converting these rates to X-ray
luminosities. The gap opening times for each case are highlighted with colour.
It becomes evident that the photoevaporation rate is a critical parameter as the gap opening
time varies between around 1�8 Myr when changing said photoevaporation rate, depending
on the host star mass. The gap opening time then directly in�uences the chemical evolution
of the inner disc, resulting in di�erent C/O ratios, with a later gap opening resulting in
higher C/O ratios of the inner disc.

4.4 Discussion

4.4.1 Dependence on model assumptions

As seen in sections 4.3.1 and 4.3.2, the results of our simulations strongly depend on the
photoevaporative mass loss rate. However, this is not the only parameter that in�uences
the outcome of our simulations. In this section, we qualitatively discuss the dependence
of some of our model assumptions. For more details, we refer to the discussion in Chapter
3.

4.4.1.1 Photoevaporation rate

The comparison of our results in Section 4.3.1, where we use the nominal values from
Picogna et al. (2021) for the photoevaporative mass loss, to our results in Section 4.3.2,
where the photoevaporative mass loss is reduced by a factor of 3 �4, already demonstrates
how sensitive the inner disc's chemistry is to this parameter. The reduction of the photoe-
vaporation rate is motivated by a large spread in the X-ray luminosity of stars, as indicated
by observations; see Figure 4.2. A result of the lower photoevaporation rates is a delay
in the gap opening time, leading to higher C/O ratios in the inner disc. This is essential
because the nominal photoevaporation rates overestimate the mass loss, resulting in lower
C/O ratios that are not in agreement with observations of discs around low-mass stars (see
e.g. Tabone et al. 2023; Kanwar et al. 2024a).

In addition to the indication by observations, simulations by Sellek et al. (2024) show that
lower photoevaporation rates should be favoured over those by, for example, Picogna et al.
(2021). Lower photoevaporative mass loss rates in the simulations of Sellek et al. (2024)
result from additional cooling processes, which are not considered in the model of Picogna
et al. (2021).
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The sensitivity of the inner disc's chemistry to the photoevaporative mass loss rates be-
comes even more evident when examining the simulation results of a disc with a photoe-
vaporation rate reduced by a factor of 10; see Appendix B.3. We observe that a reduction
factor of 10 already reduces the photoevaporation rates so much that we do not observe
a signi�cant variation in the disc structure during our studied evolution of 10 Myr. The
discs in these simulations do not show any signs of gap opening, with the results therefore
looking almost identical to those of purely viscously evolving discs, compare Figure B.4 to
Figure B.1.

4.4.1.2 Photoevaporation of di�erent molecules

Internal photoevaporation is implemented in our code chemcomp in a way that it acts
uniformly on all molecules present in the code. As a result, all species are evaporated
equally and leave the disc via photoevaporative winds on the same timescales. However,
in reality, it is physically more accurate that lighter molecules are removed more e�ciently
than molecules with a larger mass, for example, it is easier for a photoevaporative wind to
blow away H2 rather than H2O. This results in di�erent disc leaving timescales for di�erent
molecules. However, it is very di�cult to assess how this change in timescales would a�ect
the evolution of the inner disc chemistry. To evaluate this, a detailed calculation of the
disc leaving timescales for the di�erent molecules present in chemcomp would be needed.

4.4.1.3 Refractory carbon grains

Refractory carbon is not included in the molecule list used for the simulations done in
this chapter. Its inclusion might, however, impact the C/O ratio of the inner disc. One
possibility to take refractory carbon into account is the existence of a so-called soot line
(~ 300 K), where carbon grains then sublimate at much lower temperatures than the actual
sublimation temperature of carbon (2000 K). This has been proposed by Van 'T Ho�
et al. (2020) in their work. However, the soot line requires heavily modi�ed carbonaceous
material normally occurring in meteoritic parent bodies and does not re�ect the state of
carbonaceous grains in discs. A second possibility is the destruction of carbon grains via
pyrolysis and oxidation, releasing carbon into the gas phase at lower temperatures as well
(Lee et al. 2010; Gail and Trielo� 2017; Wei et al. 2019). The third possibility is the
reaction of carbon grains with hydrogen to form small molecules such as CH4 or C2H2,
which would also occur at lower temperatures (Nakano et al. 2003; Li et al. 2021; Kanwar
et al. 2024b; Raul et al. 2025). Lenzuni et al. (1995) and Borderies et al. (2025) have shown
that the latter is the most e�cient of these processes. In the �rst two cases of a soot line
and carbon destruction via pyrolysis and oxidation, the freed carbon will also react with
hydrogen. The formation of molecules such as CH4 or C2H2 might hinder the appearance
of an equilibrium cycle for water or CO2. On the other hand, including refractory carbon
via one of the above-mentioned processes might lead to an elevation of the C/O ratio of
the inner disc as more carbon is then available via CH4 and C2H2 (Houge et al. 2025).
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4.4.1.4 Initial disc radius

Banzatti et al. (2023) indicate that the water abundance in the inner disc depends on
the outer radius of the disc, which is de�ned by the location of the outermost gap. For
this study, they analyse the spectra of four discs observed with the JWST MIRI: two are
compact discs (10 � 20 AU), and two are large discs (100 � 150 AU) with multiple gaps.
The two compact discs show a water excess in comparison to the extended discs.
On the other hand, di�erent JWST observations reveal a large water reservoir in an ex-
tended disc with substructures (Gasman et al. 2023), which may be an indication that
gap structures play a more dominant role in creating water reservoirs than the disc radius
(for a discussion of an extended set of sources, see Gasman et al. 2025). As discussed in
Chapter 3 for solar-mass stars, our simulations support the latter claim. This is also true
for low-mass stars. On the one hand, we �nd in the simulations done in this chapter that
the disc radius does not a�ect the evolution of the gas surface density and the C/O ratio of
lower-mass stars; see Appendix B.1 and compare Figure B.1 with Figure B.2. On the other
hand, pebbles in the outer areas of extended discs generally grow more slowly and reach
the inner disc later than those in discs with smaller radii. The inner disc of an extended
disc is therefore enriched with less water vapour over a longer period in comparison to the
inner region of a compact disc. Smaller discs have in turn a higher water content over a
shorter period because the pebbles grow faster in the outer disc regions due to a higher
density and then have an enhanced drifting speed towards the inner disc. However, in both
cases, the inner disc is enriched with water vapour, contradicting the argument that the
disc radius is the sole indicator of a water-rich disc. Far more important for the chemical
evolution of the inner disc is the presence of gaps and their opening timescales as shown
in sections 4.3.1 and 4.3.2.

4.4.2 Implications of our results

JWST observations of the MINDS collaboration of the system Sz 28 (M? = 0:12 M � )
suggest a high gaseous C/O ratio of C/O > 1 for the inner disc; see Kanwar et al. (2024a).
Constraining the C/O ratio in the inner disc of PDS 70 (M ? = 0:76 M � ) also predicts a
super-stellar C/O ratio; see Portilla Revelo (2023). Other papers on low-mass stars, see
Tabone et al. (2023) or Arabhavi et al. (2024), show results going in the same direction
although these do not include detailed thermochemical calculations. ALMA observations
on the other hand mostly give estimates on the C/O ratio of the outer disc (> 10 AU)
(see e.g. Bosman et al. 2021; Le Gal et al. 2021). For most discs, there is no ALMA data
available probing the gas in the inner disc (< 10 AU).
These observational results imply that our nominal values for the photoevaporative mass
loss are indeed overestimating the actual mass loss, leading to C/O ratios in the inner disc
that are too low to match observations; see Section 4.3.1. The reduced rates discussed in
Section 4.3.2 on the other hand �t the observational values much better. Especially, the
supersolar C/O ratio of the 0:1 M� star between 2 � 6 Myr matches very well the observed
values for the system Sz 28 (Kanwar et al. 2024a).
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4.5 Summary and conclusions

In this chapter, we performed 1D semi-analytical simulations of protoplanetary discs
around low-mass stars, with masses ranging from 0:1 M� to 0:5 M� . Our model includes
pebble drift and evaporation. Additionally, internal photoevaporation due to X-rays is
active. Combining both these mechanisms opens up new perspectives for understanding
the composition and evolution of inner discs. We compared our results, where we used
nominal values for the photoevaporative mass loss from Picogna et al. (2021), to discs with
less e�ective photoevaporation.
Our results clearly indicate that internal photoevaporation strongly a�ects the evolution
and chemical composition of protoplanetary discs. Due to the consequential gap opening,
gas di�using into such gaps is carried away by photoevaporative winds and pebbles from
the outer regions are blocked in their inward motion.
For the nominal photoevaporation rates, this results in early gap opening and a low C/O
ratio in the inner disc, where the latter contrasts with the observations of discs around
low-mass stars. Our model can naturally explain the observed high C/O ratios of C/O > 1
when using photoevaporative mass loss rates reduced by a factor of 3 � 4, which lead to
delayed gap opening times. Using the nominal mass loss rates, on the other hand, results
in the removal of the discs after 1 � 2 Myr, which is in agreement with the observations of
stars that have already lost their discs at such a young age (Pfalzner et al. 2022).
This dichotomy leads to the following implications for low-mass stars: Our model pre-
dicts that the inner discs of young low-mass stars (< 2 Myr) should be oxygen-rich and
carbon-poor, while the older discs (> 2 Myr) should be carbon-rich. The latter require
lower photoevaporation rates, which can originate from either the large spread in observed
X-ray luminosities or from the photoevaporation model used in this study (Picogna et al.
2021). This model likely overestimates the photoevaporative mass loss at a given X-ray
luminosity, leading to a mismatch between the calculated and the observed C/O ratios
in discs around low-mass stars. A reduction of the photoevaporation rate by a factor of
3 � 4 brings the elemental abundances from our simulations into better agreement with
observations.



Chapter 5

MHD winds in discs around solar-
and low-mass stars

This chapter is based on the paper "Changing disc compositions via MHD winds" (Lienert
et al. 2026), an article in preparation. The paper has been adapted to match the format
of this thesis. As the leading author of this article, I ran and analysed the simulations
myself, after discussing the initial setup for the protoplanetary discs with my co-authors
Bertram Bitsch and Thomas Henning. The co-authors of this work also contributed to
the interpretation of the results. I wrote the text of the article with suggestions from both
co-authors.

In summary...

The chemical evolution of protoplanetary discs is in�uenced by a variety of processes,
including the inward drift of volatile-rich pebbles. Their evaporation enriches the inner
disc with vapour. What complicates our understanding of disc evolution even more is the
unclear nature of key processes in�uencing disc evolution, such as mass loss and angular
momentum transport. The traditional picture, which uses viscosity as an explanation, is
nowadays challenged by the MHD wind paradigm. In this work, we aim to investigate how
MHD winds in�uence the chemical composition and evolution of discs that are dominated
by drifting and evaporating pebbles. For this purpose, we carry out simulations for a stellar
mass range of M? = 0:1�1:0 M � using the semi-analytical 1D disc evolution code chemcomp,
combined with a prescription for MHD winds. Included in our model are viscous evolution
and heating, pebble growth and drift, pebble evaporation and condensation, as well as
a simple chemical partitioning model. We show that MHD winds do not have a strong
impact on the chemical evolution of the inner disc. However, using a parametrisation,
where either the wind parameter �DW is time-dependent, or minimising the value of the
wind parameter � DW , results in the creation of pressure bumps in the disc, which leads
to a change of the C/O ratio and water enrichment in the inner disc. We conclude that
incorporating MHD winds into disc evolution models is an important step towards gaining
a better understanding of the birthplaces of planets.
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5.1 Context

As a consequence of the major observational advances over the past decades, a large number
of exoplanets is known today. Their characterisation has revealed that planetary systems
span a wide range of architectures and the planets themselves exhibit a variety of com-
positions. What remains unclear, however, are the exact formation pathways that lead to
these observed �nal states (for a review, see Drazkowska et al. 2022). Since observations
mainly probe the beginning and end stages of planet formation, but only very few sys-
tems are observed during the formation process itself (Keppler et al. 2018; Müller et al.
2018), studying not only the formation process but also the formation environment via
simulations is crucial. This approach improves our understanding of the structure and
composition of protoplanetary discs, the birthplaces of planets, and thereby constrains the
formation pathways and properties of the formed planets.
One stage in the planet formation process is the formation of a planetary core. Current
models suggest that it grows via solid accretion in the so-called core accretion scenario,
where the solids can either be planetesimals (Ida and Lin 2004; Guilera et al. 2014; Mor-
dasini 2018; Miguel et al. 2019; Emsenhuber et al. 2021) or pebbles (Ormel and Klahr 2010;
Lambrechts and Johansen 2012; Bitsch et al. 2015b 2019; Ndugu et al. 2018; Lambrechts
et al. 2019; Liu et al. 2019; Izidoro et al. 2021). In the outer disc, pebble accretion is
thought to be more e�cient than planetesimal accretion (e.g., Johansen and Bitsch 2019).
In the past, population synthesis studies have used the core accretion scenario to constrain
planet formation models by reproducing observed planetary masses and orbital distances.
Nowadays, additional measurements of atmospheric abundances (e.g., Mollière et al. 2020;
Line et al. 2021; Pelletier et al. 2021; August et al. 2023) allow us to further reduce ambi-
guities in the models. Recent simulations by Mordasini et al. (2016), Booth et al. (2017),
Schneider and Bitsch (2021a b), Bitsch et al. (2022), Mollière et al. (2022), and Penzlin
et al. (2024) have included the latter.
The atmospheric abundances of planets, and more generally their �nal composition, de-
pend on the composition of the disc they form in, which is in turn in�uenced by the disc's
structure and evolution. Simulations of protoplanetary discs therefore need to include a
full evolution of both the chemical composition and the structure of the disc. Usually,
this means that some simpli�cations have to be made because including the full physics
picture is too computationally expensive. To determine the disc's chemical composition,
the models have to include factors such as disc temperature and density, radiation �elds,
and the location of the ice lines of di�erent molecules (see e.g., Cuzzi and Zahnle 2004;
Öberg et al. 2011; Henning and Semenov 2013; Schneider and Bitsch 2021a; Eistrup and
Henning 2022; Mollière et al. 2022). Additionally, pressure bumps not only in�uence the
structure of protoplanetary discs, but have an indirect impact on the disc composition as
well. Inward-drifting pebbles can be trapped in these pressure bumps (e.g., Pinilla et al.
2012), which changes the time evolution of the inner disc chemistry. This e�ect is seen in
both observations by the JWST (e.g., Banzatti et al. 2023; Grant et al. 2023; Tabone et al.
2023; Gasman et al. 2025) and simulations (e.g., Bitsch et al. 2021; Kalyaan et al. 2023;
Mah et al. 2024).
Pressure bumps can be caused by di�erent mechanisms, one of them being a planet reaching
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its pebble isolation mass, which causes the creation of a gap in the disc (e.g., Paardekooper
and Mellema 2006; Lambrechts et al. 2014; Ataiee et al. 2018; Bitsch et al. 2018). On the
other hand, mass-loss processes that remove disc material can also lead to the creation of
pressure bumps. Such winds are either the result of photoevaporation (for a review, see
Pascucci et al. 2022) or are driven by MHD processes (for a review, see Lesur et al. 2023).
The latter are of particular interest because the main driver for accretion in protoplanetary
discs remains debated, with accretion being a common phenomenon that is observed in
nearly all known discs (see Hartmann et al. 2016, and references therein). The two main
contestants for being the leading cause for accretion are the aforementioned MHD winds
and viscosity.
In the classical picture, accretion is a result of turbulence, where the latter is seen as an
e�ective viscosity that redistributes angular momentum within the disc (Shakura and Sun-
yaev 1973; Lynden-Bell and Pringle 1974). The angular momentum is then transported
outwards along with a small fraction of the disc mass in a process called viscous spreading.
This allows the remaining disc material to move inwards and eventually accrete onto the
host star. However, the actual strength of disc turbulence remains uncertain (for a review,
see Turner et al. 2014). Proposed candidates causing the turbulence include the MRI
(Balbus and Hawley 1991), often considered to be most promising, though it is unclear if
the associated turbulence is strong enough to account for observed accretion rates. Alter-
natives are the GI (Kratter and Lodato 2016) or the VSI (Nelson et al. 2013). To avoid
committing to a speci�c instability, models of protoplanetary discs typically employ the
dimensionless turbulence parameter �visc, which was introduced by Shakura and Sunyaev
(1973). The alternative to the classical viscous paradigm is the idea of angular momentum
removal by MHD winds. In this scenario, a magnetic �eld in the disc initiates the MHD
wind, which leads to the vertical extraction of angular momentum (Blandford and Payne
1982; Lesur et al. 2023). This results in the exertion of a torque on the protoplanetary
disc, which leads to inward transport of disc material (Ferreira 1996). Since angular mo-
mentum is removed rather than transported outwards, viscous spreading does not occur.
Most importantly, the MHD wind scenario does not require the existence of turbulence in
the disc.
This work follows up on Chapters 3 and 4. In those studies, we incorporated a model of
internal photoevaporation into our viscous disc evolution model to study protoplanetary
discs around solar-mass stars (Chapter 3) as well as lower-mass stars (M? = 0:1 � 0:5 M � )
(Chapter 4). Our main focus was on the e�ect of photoevaporation on the elemental com-
position of the inner disc. Here, we extend this framework by conducting a similar study,
but now with MHD instead of photoevaporative winds, which provides a direct comparison
to the results of Chapters 3 and 4.
This chapter is organised as follows: A summary of our model can be found in Section 5.2,
the simulation results of the MHD wind study are presented in Section 5.3 and discussed
in Section 5.4, before we end with the conclusions in Section 5.5.
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5.2 Methods

The numerical calculations were performed using the code chemcomp, introduced by Schnei-
der and Bitsch (2021a), and extended here to include MHD winds following the prescription
of Tabone et al. (2022). Chemcomp is a 1D, semi-analytical framework that couples pro-
toplanetary disc evolution with a planet growth model. A full description of the planet
formation component can be found in Schneider and Bitsch (2021a). In the present work,
we exclusively relied on the disc evolution module, which models the disc using the stan-
dard viscous evolution paradigm (see e.g., Lynden-Bell and Pringle 1974) and adopts the
�-viscosity formalism of Shakura and Sunyaev (1973).

5.2.1 Viscous evolution

The disc's viscous evolution follows from the viscous disc equation, which describes the time
evolution of the gas surface density �gas and is derived from mass and angular momentum
conservation (Pringle 1981; Armitage 2013),
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Here, � denotes the disc's viscosity, and _� Y is the source term of the molecular species
Y . A full list of molecules available in chemcomp can be found in Table 2.1 and Schneider
and Bitsch (2021a). The source term originates from the evaporation and condensation of
pebbles and is given by
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The evaporation and condensation of species Y are described by the two respective source
terms, _� evap

Y and _� cond
Y . These source terms follow from the evaporation and condensation

of volatiles of molecule Y at the respective ice line, rice,Y .
The viscosity of the disc, �, from equation 5.1 is given by
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where � visc measures the strength of disc turbulence, cs denotes the isothermal sound

speed, and 
K =
q

GM ?
r 3 is the Keplerian angular frequency. Here, M? is the stellar mass

and r the radial distance from the star. The dimensionless turbulence parameter �visc

is �xed in time and radius at a value of 10�3=10 , depending on the simulation scenario.
The sound speed is set by the disc's mid-plane temperature, which is assumed to be time-
independent for simplicity, and is therefore computed only at simulation start from an
equilibrium between viscous and stellar heating with radiative cooling.
In reality, the low-mass stars in our stellar sample (M? = 0:1�0:5 M � ) undergo a decline in
their luminosity during their lifetimes, which leads to lower disc temperatures (Bara�e et al.
2015). This results in an inward shift of the evaporation lines of the di�erent molecules
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present in the disc. However, pebble drift timescales in the disc are much shorter than that
of the luminosity evolution of the host star (Brauer et al. 2008), which means that by the
time the inward shift of the evaporation lines would a�ect pebble evaporation, they have
already reached the inner disc and evaporated their volatile content. Therefore, assuming
a time-independent mid-plane temperature is reasonable for our simulations.

5.2.2 MHD winds

In the simulations in this chapter, the viscous disc is in�uenced by MHD winds. Their e�ect
is included in equation 5.1 by adding an extra term, _� DW , to the right-hand side, which
accounts for both angular momentum extraction by the wind as well as the associated
mass loss,
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The additional term _� DW does not act separately on each molecule included in the code,
but on the total gas surface density.
We employed the description for MHD winds following the work of Tabone et al. (2022),
where the gas surface density terms of the wind are given as
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Here, � DW determines the amount of angular momentum removed by the wind, and �DW

is the so-called lever arm parameter, which quanti�es the mass loss rate of the MHD wind.
Both parameters are assumed to be constant in space and time. For a subset of simulations,
a time-dependent � DW is subsequently adopted.
Comparing the second term on the left-hand side of equation 5.4, which describes the
turbulence-driven accretion of the disc, to the �rst term on the right-hand side of equation
5.5, which explains the wind-driven accretion, a main di�erence between these two scenarios
becomes clear: The wind-driven accretion is represented by a �rst order di�erential term
in space, which corresponds to an advection term.

5.2.3 Pebble growth and evaporation

In our model, protoplanetary discs are made of gas and dust grains. The grains can
grow into pebbles with sizes ranging from millimetres to centimetres, following the two-
population approach of Birnstiel et al. (2012). Since this model was originally calibrated for
solar-mass stars (Birnstiel et al. 2012, see also the discussion in Pfeil et al. 2024), applying
it to the low-mass stars in our stellar sample might introduce small uncertainties in the
grain growth and drift routine. However, a particle's drift timescale depends primarily
on its size, which is set by the fragmentation velocity and the viscosity of the disc. Both
parameters are poorly constrained: The fragmentation velocity is limited to 1 � 10 m/s
by laboratory experiments (Gundlach and Blum 2014), while the turbulence parameter
� visc, which controls the viscosity, spans a wide range of �visc = 10 �4 � 10 �2 in typical



86 Chapter 5 � MHD winds in discs around solar- and low-mass stars

disc settings (see e.g., Dullemond et al. 2018 for the observational side, or Flock et al.
2015 for the theory perspective). The resulting uncertainty therefore outweighs any error
introduced by calibrating the two-population model of Birnstiel et al. (2012) to the low-
mass stars in our sample.
Dust growth in the disc is limited by drift, turbulent fragmentation, and drift-induced
fragmentation (Brauer et al. 2008). Depending on the growth-limiting mechanism, the
relative ratio between large and small grains varies. In the drift limit, it is f = 0:97, and
in the fragmentation limit, it is f = 0:75. Grains are advected with the fraction-weighted
mean velocity of the two components.
Both dust and gas migrate inwards through the disc, with dust drifting faster due to
gas drag. The latter is only true in smooth discs that do not contain any substructures
(Mah et al. 2024). On the other hand, in discs with pressure bumps, the dust pebbles
drift towards the pressure maxima, where they are self-consistently trapped if the pressure
bump is strong enough. During their inward journey through the disc, pebbles cross
multiple evaporation lines of di�erent molecular species, where their volatile components
are evaporated and lead to an enrichment of the disc. Inward-moving gas eventually gets
close enough to the host star and is then accreted onto it. Outward-�owing gas, on the
other hand, can recondense at the ice lines (Ros and Johansen 2013), producing large
enhancements of solids compared to solar abundances (e.g., Aguichine et al. 2021; Mousis
et al. 2022; Mah and Bitsch 2023).

5.2.4 Chemistry model

The initial disc composition is assumed to be solar, with the abundances taken from As-
plund et al. (2009) (the exact values can be found in Table 2.2). Elements are distributed
into volatile and refractory species, with CO, CO2, and CH4 as the main carbon-bearing
sources and water as the main oxygen carrier. We note that although C2H2 may play an
important role as a gaseous carbon reservoir as well (Grant et al. 2025), it is currently
not included in our model. The elements of species X are distributed into molecules of
species Y following the simpli�ed chemical partitioning scheme of Schneider and Bitsch
(2021a), which is based on Bitsch and Battistini (2020). Since the disc temperature de-
creases with distance from the central star, the disc composition varies with radius. As a
result, molecules are either present in gaseous or solid form, depending on their condensa-
tion temperature and location in the disc. The radius where the mid-plane temperature
of the disc equals the condensation (evaporation) temperature of a species is called the ice
(evaporation) line of that species.
We de�ne the number ratio of two elemental species X1 and X2 as

X 1=X2 =
mX 1

mX 2

� X 2

� X 1

; (5.6)

where mX 1 and mX 2 are the mass fractions of the two elements and �X 1 and � X 2 are their
respective atomic masses. In this chapter, equation 5.6 is used to calculate the C/O, C/H,
and O/H ratios.
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Table 5.1: List of parameters used for our standard simulations.

Simulation parameter Value

Stellar mass M? [1:0; 0:5; 0:3; 0:1] M�

Stellar luminosity L ? [1:00; 0:34; 0:17; 0:03] L�
Initial disc mass Mdisc [0:1; 0:05; 0:03; 0:01] M�
Initial disc radius R disc [150; 95; 65; 30] AU
Initial dust-to-gas ratio 2%

Viscous turbulence parameter �visc 10�3 =10�10

MHD turbulence parameter � DW 10�2 =� DW (t)
Magnetic lever arm parameter �DW 3:0=1:5

Table 5.2: Overview of the di�erent disc scenarios studied in this work.

Scenario �visc � DW � DW

Viscous disc 10�3 0:0 0:0
MHD wind disc 10�10 10�2 3:0
Hybrid disc 1 10�3 10�2 3:0
Hybrid disc 2 10�3 10�2 1:5
Hybrid disc 3 10�3 � DW (t) 3:0
Hybrid disc 4 10�3 � DW (t) 1:5

5.2.5 Initial conditions

The simulations for this work were carried out using host star masses of M? = [1:0; 0:5; 0:3;
0:1] M� . Corresponding stellar luminosities were chosen as L? = [1:00; 0:34; 0:17; 0:03] L�
to remain consistent with Chapters 3 and 4; these values correspond to the stellar luminosi-
ties at 2:5 Myr from the stellar evolution models of Bara�e et al. (2015). We initialise the
disc in our standard simulations with an initial disc mass of Mdisc = [0:1; 0:05; 0:03; 0:01] M� ,
an initial disc radius of Rdisc = [150; 95; 65; 30] AU, and an initial dust-to-gas ratio of 2%,
as listed in Table 5.1. Assuming that our simulations begin to evolve at an earlier stage,
when the protoplanetary disc is thought to be more massive than observed disc masses, the
initial disc mass was �xed at 10% stellar mass. The initial disc radius was chosen to match
the parameters from Chapters 3 and 4. In general, it is de�ned as the location where the
exponential cut-o� in the initial gas surface sets in. The pro�le of the latter exhibits an
exponential decay in the outer disc, starting at Rdisc. All simulations were run for 10 Myr
using a time step of 10 yr, with the disc composition being recorded at intervals of 0:1 Myr.
The simulation setup consists of six di�erent disc scenarios, as listed in Table 5.2 with their
corresponding parameters. These scenarios are described in more detail below:

1. Viscous disc: The disc is dominated by viscous accretion, with no MHD winds being
active.

2. MHD wind disc: The disc is dominated by MHD winds, with no active viscous
accretion. Opposite to case 1.
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3. Hybrid disc 1: Both viscous accretion and MHD winds act on the disc simultaneously.

4. Hybrid disc 2: Same as case 3, but with �DW = 1:5 instead of � DW = 3:0.

5. Hybrid disc 3: Same as case 3, but with a time-dependent �DW instead of a constant
value. The time-dependent �DW is de�ned as:

� DW (t) = min
�

10�3
�

�
� 0

� �0:66
; 10�2

�

6. Hybrid disc 4: Same as case 5, but with �DW = 1:5 instead of � DW = 3:0.

Each of the chosen host star masses with their corresponding luminosities, as well as initial
disc masses and radii, is simulated in the above-listed six disc setups, with the results being
presented in Section 5.3.

5.3 Results

In this chapter, we investigate if and what in�uence MHD winds have on the (chem-
ical) evolution of discs around solar-mass and low-mass stars, i.e. stars with masses
M ? = 1:0 � 0:1 M � . Our results are presented in this section, focusing on the two most
extreme stellar mass cases of our sample, Sun-like stars with M? = 1:0 M � and M dwarfs
with M ? = 0:1 M � . Additional material on the other two low-mass stars with masses of
M ? = 0:5=0:3 M� can be found in Appendix C.1.
The stellar and initial disc parameters are the same throughout all the di�erent disc evo-
lution scenarios and can be found in Table 5.1. The disc evolution scenarios themselves
are listed in Table 5.2 and described at the end of Section 5.2.5. For all six scenarios, we
compare the evolution of the gas surface densities in Section 5.3.1, study the evolution of
the total dust mass in the discs in Section 5.3.2, investigate the in�uence of MHD winds
on the C/O ratios in Section 5.3.3, and show the C/H and O/H ratios in Section 5.3.4.

5.3.1 Disc evolution

In this section, we study the disc evolution via the gas surface density for stars with masses
M ? = 1:0 M � and M? = 0:1 M � .

5.3.1.1 M ? = 1:0 M �

Figure 5.1 shows an overview of the gas surface densities for Sun-like stars (M? = 1:0 M � )
for the six di�erent disc scenarios listed in Table 5.2 and described at the end of Section
5.2.5. Each plot shows the gas surface density of one of these scenarios as a function of the
disc's radius. The disc's time evolution spans over 10 Myr, which is indicated in the plots
via colour coding.
In all six scenarios, the inner disc's gas surface density decreases with time, with the
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Figure 5.1: Gas surface density of a 1:0 M� star, depicted as a function of disc radius.
The time evolution is shown in colour - from black, which corresponds to 0 Myr, to dark
red, which corresponds to 10 Myr. The di�erent panels correspond to the di�erent disc
scenarios listed in Table 5.2 and described in Section 5.2.5. We use our standard parameters
for these simulations, as given in Table 5.1.
Top left: Purely viscously evolving disc (scenario 1). Bottom left: Pure MHD wind-
driven disc (scenario 2). Top middle: Hybrid disc, standard case (scenario 3). Bottom
middle: Hybrid disc, same as scenario 3 but with an increased mass loss rate due to MHD
winds (� DW = 1:5 instead of � DW = 3:0) (scenario 4). Top right: Hybrid disc, same
as scenario 3 but with a time-dependent �DW (scenario 5). Bottom right: Hybrid disc,
same as scenario 5 but with an increased mass loss rate due to MHD winds (�DW = 1:5
instead of � DW = 3:0) (scenario 6).
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strength of this decrease depending on the chosen scenario. The outer disc either experi-
ences an increase or a decrease in the radius.
The two left panels of Figure 5.1 contrast the two most extreme disc evolution scenarios
presented in our sample, where the disc is either solely dominated by viscous evolution (top
panel) or by MHD disc winds (bottom panel). In the viscous case, material of the inner
disc is accreted onto the host star via viscous accretion. The outer disc is dominated by
viscous spreading. Both of these results align with our results from Chapter 3, where we
also studied the discs around solar-mass stars, but under the in�uence of photoevaporative
winds. In contrast, the disc dominated by MHD winds shows a mass loss that is much
more constant throughout the whole disc. The gaseous disc material in this case is eroded
uniformly over the full radius range. As a consequence, the disc's outer radius decreases
with time because viscous spreading does not exist. Additionally, we see small spikes in
the evolution of the gas surface density. Their position corresponds to the location of the
evaporation lines of the di�erent molecules present in the disc. Due to the lack of viscous
evolution, gas from evaporated pebbles remains at the evaporation front where it is created
instead of being transported inward. This results in a spike at that location.
The two middle panels of Figure 5.1 show two di�erent hybrid discs, with the word 'hybrid'
referring to the fact that both viscous evolution and MHD winds simultaneously in�uence
the disc's evolution. As a result, the overall evolution of the gas surface density is a com-
bination of the behaviours seen in the two left panels of Figure 5.1. As a consequence, the
disc's mass loss is stronger than in the pure viscous disc or in the pure MHD wind disc alone
because the hybrid discs experience mass loss from both viscous and MHD wind evolution.
Another consequence is the reduced viscous spreading in the outer disc compared to the
viscous disc in the top left panel. In the hybrid discs in the two middle panels, viscous
spreading in the outer disc, which results from the outwards transport of angular momen-
tum due to viscosity, is counterbalanced by the MHD winds removing angular momentum
vertically.
A comparison between the top and bottom middle panel of Figure 5.1 shows that a reduc-
tion of the value of � DW from 3:0 (top) to 1:5 (bottom) strengthens the mass loss due to
MHD winds. Additionally, the shape of the gas surface density in the case of �DW = 1:5
might hint towards a pressure bump existing in this disc.
The two right panels of Figure 5.1 again show two hybrid discs. The only di�erence to the
middle panels is that � DW is now time-dependent. Its value is calculated via the equation

� DW (t) = min
�

10�3
�

�
� 0

� �0:66
; 10�2

�
. This means that the value of � DW (t) in each time

step depends on the ratio of the actual gas surface density at that moment with respect
to the initial gas surface density. Using this equation, �DW (t) could easily reach very
large values towards the end of the time evolution. To avoid this, its value is capped at
� DW (t) = 10 �2 . The gas surface density in these hybrid discs behaves similarly to that
of the hybrid discs with a constant � DW , see middle panels of Figure 5.1, although in the
time-dependent case, less disc mass is lost. Again, a reduction of the value of �DW from 3:0
(top) to 1:5 (bottom) might hint towards a pressure bump in the disc, although even the
� DW = 3:0 case shows some signs pointing towards a change in the pressure gradient.
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Figure 5.2: Gas surface density of a 0:1 M� star, depicted as a function of disc radius
and time (colour-coded). Disc scenarios, simulation parameters, and colour coding are
indicated as in Figure 5.1.

5.3.1.2 M ? = 0:1 M �

Figure 5.2 shows an overview of the gas surface densities of the same disc scenarios that
we discussed for solar-mass stars in the previous section, but now for low-mass stars with
M ? = 0:1 M � . A list of these scenarios with their corresponding parameter con�gurations
can be found in Table 5.2; they are described in more detail in Section 5.2.5. Each panel
in Figure 5.2 shows the gas surface density of one disc evolution scenario as a function of
the disc's radius and time.
The overall behaviour of the gas surface densities for low-mass stars is similar to that of
solar-mass stars. However, low-mass stars experience a stronger and faster mass loss than
their higher-mass counterparts. This is a direct consequence of their lower initial disc
masses. As a result, the gas surface density in some cases drops so fast that only a part of
the full time evolution (10 Myr) is visible in the plots.
Another di�erence to solar-mass stars is that the gas surface densities of the hybrid discs
of low-mass stars seem to hint towards a pressure bump in all four cases, see the middle
and the right column of Figure 5.2.

5.3.2 Evolution of the dust mass

To gain a better understanding of the chemical evolution of a protoplanetary disc in the
gas phase, it is also useful to study the behaviour of the dust in the disc. Figure 5.3
shows the dust mass as a function of time for our six di�erent disc scenarios for both the
M ? = 1:0 M � star (top panel) and the M? = 0:1 M � star (bottom panel). The purely
viscous disc is shown as a black line, the pure MHD wind disc is depicted as a red line,
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Figure 5.3: Evolution of the total dust mass for the six di�erent disc con�gurations listed
in Table 5.2 and described in Section 5.2.5. The viscous disc is shown as a black line, the
MHD wind disc is shown as a red line, the hybrid discs with a constant value of �DW are
plotted in green, and the hybrid discs with a time-dependent value of �DW are plotted
in blue. To di�erentiate between � DW = 3:0 (solid) and � DW = 1:5 (dashed), di�erent
line styles are used. Simulation parameters are indicated as in Figure 5.1. Note that for
the 0:1 M� star some lines end earlier than 10 Myr because the discs in these cases do not
have a full time evolution. Top: Time evolution of the dust mass for a M? = 1:0 M � star.
Bottom: Time evolution of the dust mass for a M ? = 0:1 M � star.
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the hybrid cases with constant � DW are coloured in green, and the hybrid discs with time-
dependent � DW are plotted in blue. To di�erentiate between di�erent values for � DW in
the four hybrid discs, the line style is varied. Solid lines are used for �DW = 3:0 and dashed
ones for �DW = 1:5.
Independent of the stellar mass, Figure 5.3 shows that the behaviour of the dust mass
depends on the chosen disc scenario. For both host star masses investigated here, the disc
dominated by MHD winds experiences the least mass loss in dust. Additionally, the MHD
wind curve (red) shows the smallest initial decrease in dust mass and the �attest overall
slope. The MHD wind curve is followed by the viscous disc (black), the hybrid discs with a
time-dependent � DW (blue), and the hybrid discs with a constant � DW (green). For both
these hybrid cases, the discs with �DW = 1:5 (dashed) exhibit a stronger and faster mass
loss than their � DW = 3:0 (solid) counterparts.
The behaviour of the dust in the pure MHD wind disc (red line in Figure 5.3) can be
explained as follows: The value of �visc is very small in this disc, � visc = 10 �10 , which
results in very large pebbles since the size of dust particles is anti proportional to �visc.
A particle's velocity depends on its size and the Stokes number. As a result, the larger
pebbles in this disc that have a Stokes number < 1 drift through the disc fast and reach the
inner disc very early in the time evolution. This is seen as the small initial dip in the red
curve in Figure 5.3. A large fraction of the dust is, however, stored in the largest particles.
These pebbles have a Stokes number > 1, leading to a small drift velocity. They seem to
drift so slowly that they do not reach the inner disc, which results in the dust mass not
changing over time.
The behaviour of the other curves can be explained as follows: The �atter a line in Figure
5.3 gets, the smaller is the pebble loss rate of this disc. This means that the hybrid discs
(blue and green lines) have a higher pebble loss rate over a longer period of time than the
viscous disc (black line). Since the pebbles are lost in the inner disc due to evaporation
and accretion onto the host star, a high pebble loss rate over a longer period of time, as
in the case of the hybrid discs, corresponds to a continued pebble �ux to the inner disc
during that time. The viscous disc, on the other hand, has a smaller pebble �ux to the
inner disc. A reason for the delayed pebble �ux in the hybrid discs might be the existence
of a pressure bump, slowing down or hindering pebbles from moving inward.
The two di�erent stellar masses compared in the top (M? = 1:0 M � ) and bottom (M ? =
0:1 M� ) panel of Figure 5.3 di�er in their initial dust masses, the solar-mass star (top) has
a much more massive dust reservoir at the beginning of the time evolution. As a result,
the M ? = 0:1 M � star (bottom) loses its dust mass much faster, independent of the disc
scenario.

5.3.3 Evolution of the C/O ratio

In this section, we study the evolution of the gaseous C/O ratio for stars with masses
M ? = 1:0 M � and M? = 0:1 M � .
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Figure 5.4: Gaseous C/O ratio for a M ? = 1:0 M � star, depicted as a function of disc
radius and time (colour-coded). The evaporation lines for di�erent molecules are shown
as grey dashed lines. Note that we, by de�nition, have no speci�ed C/O ratio in the gas
phase beyond the CO ice line. Disc scenarios, simulation parameters, and colour coding
are indicated as in Figure 5.1.

5.3.3.1 M ? = 1:0 M �

Figure 5.4 shows an overview of the C/O ratios for solar-mass stars (M? = 1:0 M � ) for the
six di�erent disc scenarios listed in Table 5.2 and described at the end of Section 5.2.5.
In each panel, we show the C/O ratio of one of these scenarios as a function of the disc
radius. The disc's time evolution spans over 10 Myr, which is indicated in the plots via
colour coding.
The initial C/O ratio of all discs follows the classical step-like picture of Öberg et al.
(2011) or Mollière et al. (2022). The steps result from the di�erent volatiles evaporating
at di�erent locations, with the positions of these evaporation fronts being determined by
the disc temperature. Inside the evaporation lines of carbon-rich molecules, the C/O ratio
is elevated, whereas it decreases inside those of oxygen-rich molecules.
In the viscous scenario, which is depicted in the top left panel of Figure 5.4, the C/O
ratio in the inner disc, interior to the water-ice line, decreases during the �rst one million
years. Between 1 � 2 Myr, it increases again, followed by a slight decrease that lasts until
the end of the time evolution. In the end, the C/O ratio in the inner disc is larger than
its initial value (see also Mah et al. 2023). This behaviour is a direct consequence of
both the disc's viscous evolution and the drift and evaporation of pebbles. Due to the
positions of the ice lines in the disc, inward-drifting pebbles from the outer disc �rst cross
the CO, CO2 and CH4 evaporation fronts and release their carbon before their water ice
sublimates. As a consequence, water vapour is produced closer to the star than carbon-
rich vapour. Additionally, pebbles drift much faster than gas, so water-ice pebbles reach
the inner disc earlier than the carbon-rich gas, which formed in the outer disc. After the
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water-rich pebbles have evaporated their water ice, the inner disc is �rst enriched with
water vapour. The high oxygen content of water results in a low C/O ratio during the
�rst one million years. Over time, carbon-rich gas gradually enters the inner disc, which
leads to an increase in the C/O ratio. At the same time, disc material is viscously accreted
onto the host star. Due to the high viscosity of the disc, �visc = 10 �3 , all of the described
processes happen on relatively short timescales. In contrast to lower viscosity discs (see
Chapters 3 and 4), the water-rich phase in the inner disc for �visc = 10 �3 does not last
very long because the carbon-rich gas is transported inwards quickly. Additionally, viscous
accretion onto the host star leads to a quick loss of the water-rich gas. After 2 Myr, most of
the carbon-rich gas has already reached the inner disc. Therefore, the C/O ratio remains
relatively unchanged after that.
In contrast to the viscous disc, shown in the top left panel of Figure 5.4, the C/O ratio of
the disc dominated by MHD winds, shown in the bottom left panel of Figure 5.4, behaves
very di�erently. Throughout the whole time evolution, it follows the initial step function.
The only exceptions are the spikes that occur at the evaporation lines of either carbon-
or oxygen-rich molecules. These spikes are caused by the disc's lack of viscosity. Pebbles
moving through the MHD wind-dominated disc evaporate their ices at the respective ice
lines, as described before. However, in contrast to the viscous disc, the gas in the MHD wind
disc that is created inside an ice line now just stays there and is not transported inwards,
thus creating a spike. The spike is then either pointing upwards at the evaporation lines
of carbon-rich species or downwards at those of oxygen-rich species.
The two hybrid discs, shown in the top panels of the middle and right columns of Figure
5.4, correspond to cases 3 and 5 of our disc evolution scenarios described in Section 5.2.5.
Their C/O ratio is quite similar to that of the viscous disc in the top left panel. The main
di�erence is that the resulting value of the C/O ratio of the hybrid discs is lower than that
of the viscous disc, not depending on whether �DW is constant (middle) or time-dependent
(right). The smaller C/O ratio is a direct consequence of these discs not only being subject
to one but two mass loss processes. Material of the inner disc is accreted onto the host
star due to the viscous evolution. At the same time, MHD winds lead to a uniform loss
of gas throughout the whole disc, leaving less carbon-rich gas in the disc that could reach
the inner disc and balance the initial water-rich phase. This results in an overall slightly
lower C/O ratio.
The di�erences from the pure viscous disc become more prominent when studying the C/O
ratio of the two hybrid discs with a smaller value of � DW . We show them in the bottom
panels of the middle and right columns of Figure 5.4, their value of �DW = 1:5 corresponds
to a higher mass loss rate due to MHD winds. The C/O ratio in these two cases also
experiences an initial decrease due to water-rich pebbles arriving in the inner disc �rst.
However, the following increase leads to a much smaller C/O ratio than in the viscous
disc (top left panel) or the hybrid discs with � DW = 3:0 (top panels of middle and right
columns). After that, the C/O ratio decreases again, with the decrease being stronger than
in the aforementioned cases. Overall, the C/O in the inner disc is generally much smaller.
The existence of a pressure bump could explain this behaviour. A pressure bump in the
disc slows down the pebble �ux from the outer disc, making it possible to maintain an
in�ux of water-rich pebbles to the inner disc for a longer period of time, resulting in a low
C/O ratio. This is also in agreement with our results for the evolution of the dust mass
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Figure 5.5: Gaseous C/O ratio for a M ? = 0:1 M � star, depicted as a function of disc
radius and time (colour-coded). Disc scenarios, simulation parameters, and colour coding
are indicated as in Figure 5.1.

in Section 5.3.2, where we have seen that a value of �DW = 1:5 corresponds to a higher
pebble loss rate over a longer time period and therefore an extended pebble in�ux to the
inner disc, compared to �DW = 3:0.

5.3.3.2 M ? = 0:1 M �

Figure 5.5 shows an overview of the C/O ratios of the same disc scenarios that we dis-
cussed for M? = 1:0 M � stars in the previous section, but now for low-mass stars with
M ? = 0:1 M � . A list of these scenarios and their corresponding parameter con�gurations
can be found in Table 5.2; they are described in more detail in Section 5.2.5. Again, each
panel of Figure 5.5 shows the C/O ratio of one speci�c disc scenario as a function of disc
radius and time, where the latter is indicated via colour coding.
The overall behaviour of the C/O ratios for the M ? = 0:1 M � star is similar to that of
the M ? = 1:0 M � star. The similarities include the spikes in the C/O ratio of the pure
MHD wind disc (bottom left panel of Figure 5.5), the hybrid discs with � DW = 3:0 being
similar to the viscous case (compare the top panels of the middle and right columns to the
top panel of the left column of Figure 5.5), and the hybrid discs with �DW = 1:5 having
a generally much lower value of the C/O ratio in the inner disc than their � DW = 3:0
counterparts (compare the bottom panels of the middle and right columns to the top ones
in the same columns in Figure 5.5).
However, low-mass stars have smaller and less massive discs than their higher-mass coun-
terparts. This leads to a faster disc evolution and mass loss. In some cases, the disc mass
is lost so fast that the simulations already stop before their anticipated end at 10 Myr.
This can already be seen in the evolution of the gas surface densities for the cases of a



Section 5.3 � Results 97

pure MHD wind disc (bottom left panel) and the hybrid discs with constant � DW (middle
column) in Figure 5.2. Regarding the C/O ratio, this means that we do not see much of an
evolution in these cases because the time evolution is so short. Another result of the faster
disc evolution is that the discs around low-mass stars seem to miss an initial water-rich
phase in the inner disc. This is a consequence of the water enrichment happening so early
that it is not visible in the plots. Additionally, the behaviour of the C/O ratio in general
does not seem to change much over time because not only is the water-rich phase short,
but also the phase of inward transport of carbon-rich gas.

5.3.4 C/H and O/H

In addition to the C/O ratio, which we present in Section 5.3.3, we similarly investigate
the gaseous C/H and O/H ratios for solar-mass stars (M? = 1:0 M � ) and their low-mass
counterparts (M? = 0:1 M � ) in this section. As for the C/O ratio, we show the time
evolution of these element ratios as a function of disc radius for the six di�erent disc
scenarios listed in Table 5.2 and described at the end of Section 5.2.5.

5.3.4.1 M ? = 1:0 M �

We show the C/H ratio in the discs around solar-mass stars in Figure 5.6a. The di�erent
disc evolution scenarios all show a similar behaviour in C/H, except for the disc that is
dominated by MHD winds, depicted in the bottom left panel. As we have already seen for
the C/O ratio, the C/H ratio of the pure MHD wind disc follows its initial step function
and has spikes at the evaporation lines. The viscous disc (top left panel) and the four
hybrid discs (middle and right columns), on the other hand, show a rise in C/H in the
�rst one million years, which is followed by a decline for the rest of the time evolution.
The strength of this decrease and the resulting C/H value then depend on the exact disc
evolution scenario. The viscous disc in the top left panel of Figure 5.6a ends up with the
highest value for C/H, whereas the hybrid disc with a time-dependent �DW and � DW = 1:5
has the lowest C/H ratio at the end of the time evolution (see bottom right panel of Figure
5.6a).
Figure 5.6b shows the O/H ratio, again in discs around solar-mass stars. As for C/H, the
di�erent disc evolution scenarios all show a similar evolution, with the exception of the disc
dominated by MHD winds. In this case, the O/H ratio exhibits the spikes that are typical
for this type of disc con�guration. The remaining discs have an increasing O/H ratio in
the inner disc in the �rst one million years, followed by a decrease for the rest of the time
evolution. As for the C/H ratio, the strength of the decrease and the resulting O/H value
depend on the disc parameters. In contrast to Figure 5.6a, the viscous disc in the top left
panel now ends up with a small value for O/H, whereas the hybrid discs with �DW = 1:5
have a larger value (see bottom panels of middle and right columns). The results for both
the C/H and the O/H ratio are in good agreement with our results for the C/O ratio of
solar-mass stars, see Section 5.3.3.1.
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(a) Gaseous C/H ratio for a M ? = 1:0 M � star for di�erent disc scenarios.

(b) Gaseous O/H ratio for a M ? = 1:0 M � star for di�erent disc scenarios.

Figure 5.6: Element ratios of C/H (a) and O/H (b) in the gas phase for a M ? = 1:0 M �

star, shown as a function of disc radius and time (colour-coded). Disc scenarios, simulation
parameters, and colour coding are indicated as in Figure 5.1.
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5.3.4.2 M ? = 0:1 M �

Figure 5.7 depicts the C/H (top) and O/H (bottom) ratios of our di�erent disc evolution
scenarios for a low-mass star with M? = 0:1 M � . In comparison to the solar-mass stars in
Section 5.3.4.1, the C/H and O/H ratios for low-mass stars are much lower. The highest
values at the end of the time evolution are observed for the hybrid discs with a time-
dependent � DW parameter (see right columns of �gures 5.7a and 5.7b). The pure MHD
wind disc in the bottom left panel again exhibits the known spikes, both for C/H and
O/H.



100 Chapter 5 � MHD winds in discs around solar- and low-mass stars

(a) Gaseous C/H ratio for a M ? = 0:1 M � star for di�erent disc scenarios.

(b) Gaseous O/H ratio for a M ? = 0:1 M � star for di�erent disc scenarios.

Figure 5.7: Element ratios of C/H (a) and O/H (b) in the gas phase for a M ? = 0:1 M �

star, shown as a function of disc radius and time (colour-coded). Disc scenarios, simulation
parameters, and colour coding are indicated as in Figure 5.1.
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5.4 Discussion

We have seen in Section 5.3 that the outcome of our simulations depends on the ratio
between � visc and � DW - or in other words: if viscosity or MHD winds dominate the disc
- as well as on the strength of MHD mass loss, given by the value of �DW . From the study
of the gas surface densities, it seems that the introduction of a time-dependent value for
� DW already results in pressure bumps in the respective discs, compare the right columns
to the middle columns in �gures 5.1 and 5.2 for a M? = 1:0 M � star and a M? = 0:1 M �

star, respectively. However, taking a closer look at the C/O ratio of the same discs, see
the middle and right columns of �gures 5.4 and 5.5, more e�ective than a time-dependent
� DW is actually the reduction of the value of � DW from 3:0 to 1:5. This reduction in � DW

leads to a change in the C/O ratio and therefore a change in the composition of the inner
disc, which is very likely caused by the existence of a pressure bump.
A comparison between the di�erent disc scenarios is also shown in Figure 5.8. This �gure
summarises our results - for each of the six di�erent disc scenarios, as listed in Section
5.2.5, it shows the time evolution of the inner disc's composition. Water-rich phases are
marked in blue, whereas carbon-rich phases are highlighted in orange. As we have also
seen in Section 5.3.3, the hybrid discs with �DW = 3:0 (scenarios 3 and 5) evolve similarly
to the viscous disc (scenario 1). The hybrid discs with �DW = 1:5 (scenarios 4 and 6), on
the other hand, exhibit a water-dominated evolution, which di�ers from that of the other
hybrid discs and the viscous disc.
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Figure 5.8: Evolution of the inner disc's composition for a M ? = 1:0 M � star. Each
colour bar on the right shows the time evolution from 0 Myr to 10 Myr for one of the six
disc scenarios listed on the left, with water-rich phases in the C/O ratio plotted in blue,
and carbon-rich phases in the C/O ratio plotted in orange. The three main disc evolution
scenarios are depicted in three little comics, where viscous evolution is shown as horizontal
arrows, which depict the movement of gas in the disc, and mass loss via MHD winds is
shown with diagonal arrows. The measurement of the elemental ratios was taken between
the Fe3O4 and H2O ice lines.
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5.5 Summary and conclusions

In this chapter, we used a 1D semi-analytical model to study protoplanetary discs around
solar- and low-mass stars (M? = 1:0�0:1 M � ). Our model not only includes pebble growth,
drift, and evaporation, but also a prescription for MHD disc winds. A combination of these
processes allows us to investigate new pathways in order to understand and constrain the
composition and evolution of protoplanetary discs better.
For a better overview and the possibility to compare di�erent scenarios, we conducted a
parameter study where we investigated six di�erent disc evolution scenarios for our range
of chosen stellar masses. These included a purely viscously evolving disc, a disc dominated
by MHD winds, and four hybrid discs, where both viscous evolution and disc winds were
active. The hybrid discs varied in their value of � DW (constant or time-dependent) and
� DW .
Our results indicate that MHD winds do in�uence the inner disc's C/O ratio if pressure
bumps are generated in the disc. The emergence of a pressure bump is more likely in discs
with a time-dependent � DW and/or a small value of � DW .





Chapter 6

Summary and outlook

The goal of this thesis was to study how di�erent types of disc winds, namely photoevap-
orative and MHD winds, in�uence the evolution and composition of protoplanetary discs,
and especially their inner regions. A summary of the obtained results is presented in this
chapter (Section 6.1), together with an outlook on possible future studies (Section 6.2).

6.1 Summary

To answer the question of how di�erent disc winds in�uence the evolution and composition
of protoplanetary discs, I, with the help of my collaborators, performed 1D semi-analytical
simulations of such discs using the code chemcomp. The code includes viscous evolution
and heating, pebble growth and drift, pebble evaporation and condensation, and a simple
chemical partitioning model for the disc, and was extended within this thesis to include
photoevaporation and MHD winds, as described in Section 2.2.5.

ˆ In Chapter 3, we investigated the in�uence of internal photoevaporation due to X-
rays on discs around solar-mass stars (M? = 1:0 M � ). We compared the results of
photoevaporative discs to i) purely viscously evolving discs and ii) discs with a grow-
ing planet.
Compared to a purely viscous evolution, our simulations showed that internal photoe-
vaporation opens gaps in protoplanetary discs, thus in�uencing both the distribution
of gas and dust. Gas di�uses into these gaps and is then carried away by the pho-
toevaporative winds, whereas pebbles are blocked in their inward motion due to the
pressure bump resulting from the gap. As a consequence, the C/O ratio in the inner
disc remains subsolar. Additionally, a water equilibrium cycle in the inner disc en-
sures that this region is water-rich, opening up the possibility that planets forming
there might accrete large water abundances into their atmospheres.
Comparing a disc in�uenced by photoevaporative winds to a disc with a forming
planet, we saw that both mechanisms lead to the opening of gaps. However, gaps
caused by planets only block inward-moving pebbles, but let the gas pass. This re-
sults in a disc evolution similar to that of a pure viscous disc with a supersolar C/O
ratio in the inner disc. Photoevaporative gaps, on the other hand, hinder both gas
and dust from moving towards the inner disc, which results in subsolar C/O ratios.
Future observations could therefore identify the cause of gaps in protoplanetary discs
by measuring the C/O ratio of the inner disc.
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ˆ In Chapter 4, we studied the e�ect of internal photoevaporation due to X-rays on
discs around M dwarfs (M? = 0:5 � 0:1 M � ). We compared our results to discs with
lower photoevaporation rates.
As for solar-mass stars, internal photoevaporation in discs around low-mass stars
leads to gap opening as well. Gas that di�uses into the gap is carried away by
photoevaporative winds, while pebbles pile up at the outer border of the gap, blocked
from moving inwards.
Using the nominal photoevaporation rates of our study, gap opening happens early,
and the discs are removed after 1 � 2 Myr, which is in agreement with observations
of stars that have already lost their discs at a young age. However, the resulting
C/O ratio of the inner disc is low, contradicting observations of discs around low-
mass stars. The observed high C/O ratios of C/O > 1 can be explained when using
photoevaporative mass loss rates reduced by a factor of 3 � 4, which is a natural
consequence of the delayed gap opening times.
We concluded from this dichotomy that our model predicts inner discs of young
low-mass stars (< 2 Myr) to be oxygen-rich and carbon-poor, while the older discs
(> 2 Myr) should be carbon-rich. Reduced photoevaporation rates are required for
the latter. A reduction could either result from the large spread in observed X-ray
luminosities used to calculate photoevaporation rates or from the photoevaporation
model used in this study. The model used in our simulations probably overestimates
the photoevaporative mass loss at a given X-ray luminosity, leading to the di�erence
between calculated and observed C/O ratios in discs around low-mass stars.

ˆ In Chapter 5, we analysed how MHD winds impact the composition and evolution of
discs around solar- and low-mass stars (M? = 1:0 � 0:1 M � ). We compared di�erent
disc evolution scenarios: a purely viscously evolving disc, a disc dominated by MHD
winds with suppressed viscous evolution, and four hybrid discs, where both viscosity
and MHD winds are active. The hybrid scenarios di�ered in their MHD mass loss
rate, as determined by the value of the parameter �DW , and in the time dependence
of the parameter � DW (constant vs. time-dependent).
Our results showed that the presence of MHD winds does not necessarily in�uence
the composition and evolution of protoplanetary discs. However, a pressure bump
can emerge in MHD wind discs when �DW is time-dependent and/or � DW is small,
resulting in lower C/O ratios compared to a purely viscous disc because the pressure
bump blocks inward-drifting pebbles.

We conclude that future simulations designed to study the evolution of protoplanetary discs
should include both internal photoevaporation and MHD winds, as these winds appear to
have a signi�cant impact on the evolution and chemical composition of the discs, and
therefore on the composition of the planets forming in them.
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6.2 Outlook

Although we already have a good understanding of how and where planets form, backed up
by plenty of observations of the initial (protoplanetary discs) and end (exoplanets) stages
of the process, there is still a lot more work to be done and knowledge to be gained. This
thesis aimed to contribute to this �eld of open questions by gaining a better understanding
of how protoplanetary discs evolve under the in�uence of photoevaporative and MHD disc
winds. Understanding the evolution and composition of the birth environment of planets,
namely the discs, is crucial for getting a more comprehensive view of planetary evolution
and a planet's �nal composition. However, there are several things in our model which can
still be improved or further explored in future studies.

A very obvious and interesting idea for further exploration is to let a planetary seed grow
and evolve in the discs with active disc winds. For the photoevaporative winds, we have
already qualitatively discussed such a scenario in Section 3.4.2.2. The �nal composition of
such a planet is di�cult to predict because it depends not only on its formation timescale
but also on the formation location and how much it migrates through the disc. Sheehan
et al. (2026) (in prep.) have conducted a study exploring the growth and evolution of a
planetary seed placed in the inner disc of a disc a�ected by internal photoevaporation.
They found that the planet in the photoevaporative disc ends up with a lower �nal mass
than a comparable one evolving in a pure viscous disc, which is a direct result of the
photoevaporative gap hindering material from the outer disc from moving inwards. Inter-
estingly, the planet in the photoevaporative disc is enriched in water in comparison to the
planet growing in a viscous disc. It is very likely that the water enrichment follows from
the existence of a water equilibrium cycle in the photoevaporative case. However, further
investigations and an exploration of the parameter space (placing the planetary seed at
di�erent locations, time of placement, etc.) are necessary to obtain a more rounded, com-
prehensive picture of how internal photoevaporation in�uences the growth and composition
of planets. A similar study needs to be conducted for planets growing in discs that are
subject to MHD winds.

Another direction that was not explored in this thesis is the simultaneous existence of both
kinds of disc winds. Photoevaporation alone is already strong enough to open gaps in the
discs quickly. Additional mass loss due to MHD winds will most likely result in even faster
disc dispersal. Due to the photoevaporative gap and the resulting blocking of inward-
moving material, the inner disc's C/O ratio will be low. However, a water equilibrium
cycle, like in the case of a photoevaporation-only disc, seems unlikely in a disc where both
types of winds are active, as the inner disc probably dissolves fast. We therefore do not
expect water enrichment of the inner disc at the late stages of disc evolution.
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Appendix A

Appendix to Chapter 3

A.1 Side-by-side comparison of the three discs presented in
Section 3.3.1

Figure A.1 shows a side-by-side comparison of the three disc versions that are discussed in
detail in Section 3.3.1. The solid line represents the purely viscous disc, the dashed line
the viscous disc with internal photoevaporation via X-rays and the dotted line the viscous
disc with a forming planet. In the left and right panels, the gas surface density and the
C/O ratio are plotted for the time of 5 Myr, respectively.

Figure A.1: State of the disc at 5 Myr for the three di�erent scenarios studied in Chapter
3: a viscous disc (solid line), a viscous disc with internal photoevaporation due to X-rays
(dashed line), and a viscous disc with a planet sitting at 3 AU (dotted line). Top: Gas
surface density as a function of disc radius. Bottom: Gaseous C/O ratio as a function of
disc radius. Plotting and simulation parameters as in Figure 3.2.

A.2 Parameter study of the viscous case

We present here the results of a parameter study of a purely viscously evolving disc.
An analogous analysis for a viscous disc with additional internal photoevaporation is
done in Section 3.3.2. Investigated here is a range of alpha parameters, initial disc
masses and radii. We use � = f10�4 ; 10�3 ; 10�2 g, Mdisc = f0:01 M � ; 0:1 M� g and
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Figure A.2: Gas surface density for a viscous disc without internal photoevaporation.
The gas surface density is shown as a function of disc radius and time. We vary the disc
parameters as in Figure 3.5. Colour coding, plotting and stellar mass as in Figure 3.2.
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Figure A.3: Gaseous C/O ratio for a viscous disc without internal photoevaporation. The
C/O ratio is shown as a function of disc radius and time. We vary the disc parameters as
in Figure 3.5. Colour coding, plotting and stellar mass as in Figure 3.2.
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Rdisc = f75 AU; 150 AUg, the stellar mass in all simulations remains M? = 1 M � .
In Figure A.2, we plot the gas surface density as a function of disc radius for all the param-
eters mentioned above. � is increased along the x-axis of the grid. Each row corresponds
to a speci�c combination of initial disc mass and radius, as depicted in the �rst panel of
each row, respectively. Our standard parameter case, as presented in Section 3.3.1.1, is
shown in the third panel of the �rst column.
We note that the largest visible di�erence between the plots is seen with varying �. Its
in�uence is strongest in the inner disc and the very outer parts. The larger � is, the faster
the accretion of inner disc material onto the host star. Additionally, a stronger viscous
spreading in the outer disc is seen for bigger values of �.
An impact of the initial disc mass on the simulations is seen in the accretion of inner disc
material onto the host star. For larger initial disc masses of Mdisc = 0:1 M � , disc material
seems to be accreted slightly faster than in the Mdisc = 0:01 M � case. The reason is that
the accretion rate correlates with the initial disc mass.
The e�ect of the initial disc radius on our simulations seems rather small because it changes
the initial gas surface density and the corresponding accretion rate just by a factor of 2.
However, comparing the �rst with the second and the third with the fourth row of Figure
A.2, we see a slight di�erence in the viscous spreading in the outer disc with varying initial
disc radius. For larger initial radii, the viscous spreading is less dominant. This is because
the initial disc radius is de�ned as the location where the exponential cut-o� in the initial
gas surface density sets in. Discs with larger initial radii therefore have their cut-o� further
out in the disc, and can therefore better balance the e�ect of viscous spreading in the outer
parts due to more gas being present, leading to less viscous spreading.
Figure A.3 shows the C/O ratio as a function of disc radius for a disc that evolves purely
viscously. The parameter grid used here is the same as in Figure A.2.
We see again that varying the � parameter has the largest visible e�ect on our results. For
� = 10 �4 , the C/O ratio behaves similarly to our standard case, which is depicted in the
third panel of the �rst column (see also Section 3.3.1.1). However, for larger values of �,
the initial drop of the C/O ratio is not as high as in the low-viscosity case. Additionally, it
increases very rapidly to supersolar values from one time step to the next, only to decrease
again, but very slowly this time, until the end of the time evolution. As in the low-viscosity
case, pebbles drift faster than gas and therefore, water-rich pebbles reach the inner disc
�rst before carbon-rich gas arrives. They evaporate their water content, enriching the inner
disc with oxygen, which leads to an initial decrease in C/O. However, gas is transported
faster through the disc due to the higher viscosity. Carbon-rich gas therefore arrives only
shortly after, the decrease is not as big as in the low-viscosity case, meaning less water
vapour needs to be balanced. As more and more carbon-rich gas arrives quickly, the C/O
ratio increases. With still evaporating water-rich pebbles, it balances out over time but
stays supersolar.
Varying the initial disc mass and radius seems to have only a minor in�uence on the C/O
ratio in the inner disc. In general, all parameter con�gurations show similar behaviour,
with supersolar C/O ratios in the inner disc regions at the end of the time evolution.
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Appendix to Chapter 4

B.1 Additional material: Pure viscous disc

B.1.1 Nominal case

The results for the pure viscous disc are obtained using the standard simulation parameters
as described in Section 4.2.4 and shown in Table 4.3. In this case, internal photoevapo-
ration is switched o� to have a comparison disc, which is dominated solely by viscous
evolution.
In Figure B.1, we show the gas surface density in the top row and the C/O ratio in the
bottom row, both as a function of disc radius and time. The data are generated and
plotted as in the case with photoevaporation; see Section 4.3.1 for a detailed description.
Variation in stellar mass is indicated at the top of each column, with the masses decreasing
from 0:5 M� on the left to 0:1 M� on the right.
Our results for the gas surface density in the top row of Figure B.1 do not show a sig-
ni�cant di�erence between the di�erent host star masses. We see a decrease in the gas
surface density in the inner disc for all three cases, resulting from the viscous accretion of
disc material onto the central star. Additionally, the outer disc is dominated by viscous
spreading. These two e�ects increase in their intensity with decreasing host star mass and
happen on relatively long timescales as the viscous parameter � is small, � = 10�4 . The
results obtained for the gas surface density align with those from Chapter 3, where we
studied solar-mass stars.
The C/O ratio, depicted in the bottom row of Figure B.1, also shows similar behaviour
to that of the inner discs around solar-mass stars, except for the 0:1 M� star. For all
three host star masses studied here, the C/O ratio drops during the �rst one million years,
followed by an increase. In the case of the 0:5 M� and 0:3 M� stars, this rise in the C/O
ratio continues until the end of the time evolution. For the 0:1 M� star, however, this rise
is followed by a very slow decrease, leading to a more or less constant C/O ratio over time.
As in the case of a photoevaporative disc, see Section 4.3.1, the behaviour of the C/O ratio
is a direct consequence of pebble drift and evaporation. Due to the water-ice line being
closer to the star and the fact that pebbles drift much faster through the disc than gas, the
inner disc is �rst enriched with water vapour. This results in high amounts of oxygen be-
ing present in the beginning, leading to a low C/O ratio. With carbon-rich vapour, which
forms in the outer disc, arriving later in the inner regions, this trend is slowly reversed.
As a result, the C/O ratio increases, reaching super-solar values after a few million years.
However, in the case of the 0:1 M� star, the C/O ratio decreases again after around 4 Myr
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