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Zusammenfassung

Planetensysteme wie das Sonnensystem entstehen aus protoplanetaren Scheiben. Diese
zirkumstellaren Scheiben enthalten große Mengen an Gas und Staub; insbesondere letz-
terer stellt das Material für das Wachstum von Planetesimalen und schließlich Planeten
zur Verfügung. Der zeitliche Rahmen für die Planetenentstehung ist allerdings durch die
Auflösung der Scheibe begrenzt. Photoevaporative Winde, angetrieben von vom Stern
emittierter Röntgen- und extrem ultravioletter (zusammen: XEUV-) Strahlung, sind even-
tuell die hauptsächlichen Antriebskräfte hinter dieser Auflösung; ein eindeutiger Nachweis
solcher Winde mittels Emissionslinienspektroskopie ist jedoch weiterhin schwierig.

Das Ziel dieser Arbeit ist eine quantitative Abschätzung der Mitnahme µm-großer
Staubteilchen im von XEUV-Winden angetriebenen Gasausfluss, um so eine alternative
Nachweismethode zu schaffen. Mit den ermittelten Staubdichten können Vorhersagen für
bildgebende Beobachtungen – zum Abgleich mit tatsächlichen Daten – sowie für astro-
chemische Modelle notwendige Opazitätsverteilungen erstellt werden.

Hierfür wurde die Bewegung von Staubteilchen in der Windregion von im Fließgleichge-
wicht befindlichen, XEUV-bestrahlten Gasmodellen von Primordial- und Übergangsschei-
ben simuliert. Zur Berechnung der Staubdichten wurden die daraus abgeleiteten Staub-
verteilungen mit zwei verschiedenen Modellen für die Staubdichte zwischen Mittelebene
und Oberfläche der Scheiben kombiniert – im ersten wurde eine vollständige Kopplung
der Gas- und Staubdichten angenommen, im zweiten eine vertikale Sedimentierung des
Staubs. Mit den ermittelten Dichten für den Staubausfluss wurden per Strahlungstrans-
portsberechnungen Bilder erstellt und hieraus Beobachtungen in Streu- und polarisiertem
Licht synthetisiert.

Im von einem T-Tauri-Stern mit relativ hoher Röntgen-Intensität angetriebenen Wind
werden Staubkörner von bis zu zirka zehn µm weggetragen. Da größere Teilchen in der
Scheibe verbleiben und außerdem die kleinsten Partikelarten am meisten zum Staub-
ausfluss beitragen, ergeben sich Masseverlustraten, die deutlich kleiner sind, als was von
den zugehörigen Gas-Ausflussraten in Verbindung mit einem normalen Staub-zu-Gas-
Masseverhältnis zu erwarten wäre. Besonders bei größeren Neigungswinkeln weisen die
Modelle alle eine trichter- bzw. kaminförmige Ausflusssignatur auf; für die Übergangs-
scheiben ist diese ausgeprägter. In Streulich ist sie im Vergleich zur Scheibe nicht sehr
hell; aber mit modernsten Geräten wie zum Beispiel JWST könnte sie mittels korono-
graphischer Aufnahmen entdeckt werden. In polarisiertem Licht ist der Staub im Wind
besser zu erkennen; er dürfte mit modernen Teleskopen wie VLT SPHERE unter optima-
len Bedingungen oder mittels einer Analyse der Spektralindizes nachweisbar sein.

Zusammenfassend sollte der Staubeinschluss von von XEUV-Strahlung angetriebenen
Winden besonders bei Übergangsscheiben beobachtbar sein. Die in dieser Arbeit erstellten
künstlichen Aufnahmen können zum Vergleich mit entsprechenden Beobachungsreihen
und zur Weiterentwicklung von Windmodellen verwendet werden.
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Abstract

Planetary systems such as the solar system form from protoplanetary disks. These circum-
stellar disks contain large masses of gas and dust; especially the latter supplies material
for the growth of planetesimals and ultimately planets. However, the timeframe for planet
formation is limited by the dispersal of the disk. Photoevaporative winds driven by X-
ray and extreme ultraviolet (together: XEUV) radiation from the host star may be the
main driver behind this dispersal; yet this remains difficult to observationally prove via
emission line spectroscopy.

This work aims to quantify the entrainment of small µm-sized dust grains by the
gas in XEUV-driven winds, in order to provide an alternative observational tracer. The
determination of dust densities allows for imaging predictions to be benchmarked by
actual data, as well as the computation of opacity maps needed to refine astrochemical
models.

To this end, dust trajectories were simulated in the wind regions of steady-state gas
models of XEUV-irradiated primordial and transitional disks. They were subsequently
converted into dust population maps, and combined with two different density prescrip-
tions for the region from the disk midplane up to the disk-wind interface – one assuming
the dust to be fully coupled to the gas, and one imposing vertical settling on the dust
– in order to retrieve the dust densities in the wind. With those, radiative-transfer im-
ages of the dusty outflow were computed, and synthesised into observational responses in
scattered and polarised light.

For a T-Tauri star with a relatively high X-ray luminosity, grains of up to about ten
µm are picked up by the wind. Because larger grains remain in the disk and moreover, the
smallest grain sizes contribute the most to the overall dust outflow, dust mass-loss rates
are significantly lower than what would be expected from the corresponding gas mass-
loss rates in combination with standard dust-to-gas ratios. All models exhibit a cone-
or chimney-shaped outflow pattern especially at higher inclinations; it is more prominent
for the transitional disks. The scattered-light features of the dusty wind are rather dim
relative to the disk; but they may be picked up via coronagraphic imaging using state-
of-the art instruments like JWST. In polarised light, the dusty wind is slightly brighter;
it may be observable with modern instruments such as VLT SPHERE under optimal
conditions, or noticeable from the analysis of spectral indices.

In conclusion, dusty outflows driven by XEUV winds should be detectable especially
for transition disks; the synthetic images produced in this work may be employed as
benchmarks for according observational campaigns, and as a basis for refined models of
dusty disk winds.
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Chapter 1

Introduction

There are many pieces to the puzzle of human existence. While the concept of self-awareness necessitates
the question ‘Who am I?’, the exploration of the present in turn leads to questions about the past and
the future – ‘Where do I come from?’ and ‘Where am I going?’. Both of these are intrinsically related to
‘Why am I?’.

Since ancient times, philosophers as well as religions have attempted to find and provide answers to
these deceptively simple questions. However, as the saying goes, quot homines tot sententiae – there are
as many opinions as there are people. Fundamentally, every person may have their own mental construct
for a given topic, and even assuming that said construct is the same for two individuals, they may still
arrive at different interpretations. Throughout the history of human civilization, these differing world
views – held by different individuals, or groups of individuals – have led to countless conflicts and wars.
From a purely pragmatic point of view, these may even have been reasonable; when (usually not if)
one side wins, its world view prevails, while the one of the opposing side perishes. The justification for
the (from a humanitarian or moral point of view) inhumane nature of war is the promise that it shall
prevent any and all future conflict. Whether it achieves its goal is a very different story; from a historian’s
perspective, the answer may well be ‘No’.

Enter the natural sciences. Their promise is to provide answers based solely on verifiable facts; and
since facts are facts, this should quell any possibility for a conflict to arise. For instance, there simply is
no philosophical argument that can make Newton’s famous apple not fall onto the ground, but instead
towards the sky; so there cannot be any disagreement as to its motion, and any dispute is futile. While in
principle, this may seem like the best, perhaps even only, way to prevent disagreements, it is not entirely
flawless either.

Firstly, all parties must agree to respect the scientific process and its results; Archimedes’s noli
turbare circulos meos (do not disturb my circles), as well as the still ongoing debate on climate change
showcase just two examples that this is not always a given. Nonetheless, this was the motivation behind
Kant proclaiming (Horace’s) sapere aude! (‘dare to know!’, Kant, 1784), which became one of the guiding
principles of Enlightenment. Likewise, Goethe’s Faust is driven by a very like-minded motivation (Goethe,
1808; Goethe & Taylor, 1872):

Daß ich erkenne, was die Welt // Im Innersten zusammenhält
That I may detect the inmost force // Which binds the world, and guides its course

Secondly, it raises the question of how something is proven. Evaluating the case of the apple in terms
of a more rigorous approach, one single apple falling downwards certainly demonstrates the possibility
that an apple can fall downwards; but it is not necessarily proof that all apples must fall downwards.
However, observing every single apple is impossible.(1) So how does one proceed? – The established
answer is provided by the scientific method, one version of which is sketched in Fig. 1.1.(2)

The real world leads to observations (or ideas), which can be formulated in terms of a hypothesis
(e.g. ‘If I let go of an apple, it will fall downwards.’). After doing experiments to verify this hypothesis
(e.g. ‘I’ve dropped a hundred apples, and all of them have fallen downwards.’), one can then formulate a
theory or model (e.g. ‘Apples fall downwards.’, or rather F⃗ = m a⃗, see Newton, 1687). This theory can
then lead to new ideas (and thus hypotheses) for experiments (e.g. ‘Oranges behave like apples.’), which
will have to be tested for further refinement.

(1)Unobserved apples might even stick to their branches forever, if Schroedinger’s cat has any say in this.
(2)Note, however, that even for this ‘established answer’, an internet search yields far more than one version (although

the underlying concepts are similar).
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Figure 1.1: The scientific method (adapted from Demtröder, 2006). The objective reality informs
subjective views, which can then be converted into testable hypotheses. The outcome of the testing
determines whether the hypothesis is upheld as a theory (or integrated into one), or refined. Thus,
a circular process evolves (but the derived model of reality has no back-reaction on reality).

In this process, Popper (1935) states, it is important to choose experimental setups that are actually
able to falsify the current model, and to treat the results in an unbiased manner, because it is the process
of objective verification as well as falsification and refinement that drives the development of the theory,
and thus scientific progress. After all, the theory is shaped by reality, but it does not shape reality; Fig.
1.1 does not contain any arrow from any stage of the scientific process to reality (see also Heng, 2014). So
while, in astronomical terms, there are for instance data indicating a mean filament width of 0.1 pc, this
may well just be a measurement bias (see e.g. Panopoulou et al., 2017, 2022), in which case the observed
filaments will not change their actual widths to comply. Alternatively, highly accurate measurements of
the Hubble constant indicate that it is likely constant (see e.g. Planck Collaboration et al., 2020), but
these measurements do not make it a (global) constant, even if theorists like the author would prefer it
to be (see e.g. Riess et al., 2019; Dainotti et al., 2021). Similarly, while it would be a very reasonable
first hypothesis to assume that a parallel universe – if existent – follows the same laws as this one, this
is not a necessity (Carroll, 2019).

Returning to the question at hand, that is how something is proven, the answer may seem unwelcome:
All we we can do is find models that work for all test cases tested; so their primary value is heuristic (see
e.g. Oreskes et al., 1994). However, this could also be considered an incredibly exciting finding – the next
phenomenal discovery might be just around the corner, in a place where nobody has cared to look yet.

A topic that should also be discussed in this regard is what exactly we actually consider to be
proof. In relation to climate change (or in other words, a change in the atmospheric composition of the
simplest-to-observe planetary atmosphere, on a comparatively short timescale), a possible heating effect
from CO2 was reported already by Foote (1856); subsequent investigations by, for example, Arrhenius
(1897) and Callendar (1938) pointed in the same direction, but were often considered not scientifically
rigorous enough to be taken seriously. The development of the Keeling curve (Keeling, 1960) commenced
a gradual change of that perspective, but it took until 2021 to establish a (still almost) unanimous
(scientific) consensus that climate change is indeed happening, and is caused by humans (Lynas et al.,
2021). This showcases an interesting example of when a theory is generally accepted. While a purely
scientific approach might prefer to let climate change play out so that it can be studied and evaluated a
posteriori, taking early results more seriously – even if not entirely believing them – may have helped to
significantly speed up the development of new models (and, in this case, countermeasures). This course
of action may of course be met with resistance, considering that a falsification of the original claim of
global warming would have meant the efforts spent would have been wasted; yet nonetheless, they may
have yielded interesting ideas that could have been transferrable to other areas of research, and thus been
worthwhile regardless.
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Likewise, while already Bruno (1584) speculated on the existence of planets around stars other than
the Sun, it took the work of Mayor & Queloz (1995) to fully convince the community that other Sun-like
systems can indeed host planets; earlier observational campaigns had resulted in either more tentative
statements (Campbell et al., 1988), or a confirmation of planets around non-solar objects (Wolszczan &
Frail, 1992). The theoretical modelling for the formation of such planets (or at the very least the solar
system), which had been going on already for some time, could successively be used as the basis for a
vast new field of research.

Thirdly, a topic that may appear entirely unscientific, but is nonetheless necessitated by the human
nature of the researchers, is the concept of ethics. Does Faust’s intent to understand the world justify
all of his actions? Moreover, does a scientist have the responsibility to ascertain that the knowledge
they attain and share will not be used for evil purposes? And in this context, what is ‘evil’, and what
is ‘good’? Are the societal thought experiments of Brave New World (Huxley, 1932) and 1984 (Orwell,
1949) desirable, considering that they, on average, improve living conditions, and prevent conflict and
thus lots of premature deaths? – The author is neither literate nor fatuous enough to claim to have
answers to these questions; yet they should at least be asked.(1)

In the end, one may conclude, as Plato alleges Socrates once did, that I know that I know nothing –
or rather, as several authors claim, I think that I know nothing, because else the ‘I’ would indeed know
something. Of course, this approach has its own flaws – just like an emergency doctor has a much better
chance of saving a patient when starting the treatment without first questioning it, an astrophysicist
would not make much progress if they started each day by re-deriving Kepler’s laws. So this short
discussion is not in the least meant to discourage from the participation in the scientific process and
the discovery of the countless mysteries of the Universe; it is intended merely as a word of caution to
thoroughly investigate an area or subject of research before making a strong statement about it, and to
continue to be open to new data and ideas even after that.

1.1 The research question
Returning to the very beginning of this introduction, one of the questions relating to ‘Where do I come
from?’ is that of the origin of life, and in that context, the formation of the solar system and of planet
Earth. This entails the question of how planets – and before that, planetesimals – are formed in general,
an area of research that has been active for quite some time (see e.g. Goldreich & Ward, 1973; Raymond
& Morbidelli, 2020, and sources therein). Due to the scale of the problem and the rather long time
frames needed for planet formation (see e.g. Drążkowska & Dullemond, 2018), laboratory experiments
seem impractical; thus, in the spirit of the scientific method discussed above, theoretical models are
developed in order to run simulations which in turn are benchmarked by, and reworked in accordance
with, observational data (see e.g. Ercolano & Pascucci, 2017).

While having just a few processes which dominate the process of planet formation – or at least
certain phases thereof –, would considerably simplify matters, it is questionable – and has repeatedly
been questioned (see e.g. Avenhaus et al., 2018; Bate, 2018; Stamatellos & Inutsuka, 2018; van der Marel
et al., 2021) – whether all planetary systems have been created equal, rendering the modelling quite
intricate. Planets, on the other hand, are formed from, and shaped by, their host disks; so in order to
better understand their creation and early evolution, a thorough understanding of their host system(s)
is required (see e.g. Morbidelli & Raymond, 2016).

From a naive point of view, planets are big clumps of gravitationally bound material that have not
reached the mass and hence internal pressure needed for initiating nuclear fusion, and therefore are
not stars (see e.g. Prialnik, 2010). The material for their formation must be supplied from the parent
molecular cloud and/or the circumstellar disk; so once the disk is gone, planet formation will necessarily
stall (see e.g. Alexander et al., 2014). Hence it is fundamentally important to understand the processes
behind disk dispersal.

One of these processes is mass loss due to gas and dust outflows caused by protostellar winds; these
can (for instance) be driven by highly energetic radiation from the accreting host star (see e.g. Hollenbach
et al., 1994; Clarke et al., 2001). While models for these so-called photoevaporative winds are already
quite developed from a theoretical perspective (see e.g. Clarke & Alexander, 2016; Picogna et al., 2019;
Ercolano et al., 2021; Sellek et al., 2021), verifying them observationally is an ongoing challenge. Typically,
shifts and broadening of various molecular lines are used to benchmark simulations (see e.g. Ercolano &

(1)Admittedly, moral considerations are more relevant for the fields of, for instance, genetic modification or artificial
intelligence than for astronomy.
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Pascucci, 2017); however, they have not yet resolved the question of which process is the main force behind
the wind-driven, gaseous outflow.(1) A different approach was tried by Owen et al. (2011a), who used
a simplified model of dust entrainment in photoevaporative winds to produce observational predictions
that could be tested via imaging campaigns; this could then be used for an observational verification (or
falsification) of the model (in accordance with Fig. 1.1). The goal of this work is to produce a slightly
more intricate model for the entrainment of small dust grains in X-ray-enhanced photoevaporative winds,
which should allow for more detailed synthetic images. Furthermore, estimating the dust densities in the
wind region of the disk allows for the computation of opacity maps to be used in astrochemical models
(such as Grassi et al., 2017), which would further help to refine our understanding of the process of planet
formation (see e.g. Testi et al., 2014; Ercolano & Pascucci, 2017).

1.2 Outline of this thesis
This thesis is organised as follows:

Chap. 2: A brief overview over the various processes involved in the formation of a new stellar system
is provided. In addition, current models of disk evolution and dispersal are summarised.(2)(3)

Chap. 3: A model of a steady-state primordial gas disk irradiated by high-energy photons emitted
from its central T-Tauri star is used to model the trajectories of small Lagrangian dust grains in the
gaseous outflow; the X-ray luminosity of the star is chosen to be quite high, in order to provide a
scenario with a strong photoevaporative wind. This yields a first understanding of what grain sizes can
be entrained (depending on their internal density) – especially in comparison to wind models without an
X-ray component, and MHD winds –, and how they behave in the wind. This allows us to compile a
list of potentially identifying characteristics of dusty photoevaporative outflows, which will be tested in
Chaps. 4 and 5.(4)

Chap. 4: With the dust grain trajectories modelled in Chap. 3, the dust content in the wind is computed
for a set of grain sizes. To this end, the dust motions in the wind are converted into density maps, and
combined with two different prescriptions for the dust densities at the disk-wind interface. The resulting
dust densities are then used to create radiative-transfer images in scattered and polarised light, as well
as synthesised observations for two current instruments.(5)

Chap. 5: The methods developed in Chaps. 3 and 4 are refined to work with models of transition
disks; they are then employed to compute dust trajectories and densities for two steady-state gas models
of disks with inner holes of 20 and 30 AU in order to offer a direct comparison between dusty winds
from primordial and transition disks. As in Chap. 4, radiative-transfer images and synthetic observations
for two current instruments are produced, and analysed with respect to the observability of the dust
entrained in the outflows.(6)

Chap. 6: The results of Chaps. 3, 4, and 5 are summarised. Furthermore, an outlook towards possible
future projects on the basis of this work is provided, regarding both simulations and observations.

(1)The review of Ercolano & Pascucci (2017) may be seen as the motivation behind the DFG-funded research unit
‘Transition Disks’, a sub-project of which funded this research.

(2)Due to the colossal amount of literature on these topics, this overview is necessarily incomplete, but should suffice as
a basis for the investigations to follow. The topic of winds in particular is addressed in Sect. 2.3, with Sect. 2.3.3 dedicated
to photoevaporative winds, the main focus of this work.

(3)The interested reader is furthermore referred to the soon-to-be published proceedings of Protostars and Planets VII,
which will convey a much broader and much more in-depth (re)view of the status of current research.

(4)A dedicated summary of the results is given at the beginning of Chap. 3 itself.
(5)A dedicated summary of the results is given at the beginning of Chap. 4 itself.
(6)A dedicated summary of the results is given at the beginning of Chap. 5 itself.
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Chapter 2

Stars, disks, and winds

2.1 The birth of stars
Stars are born in regions of enhanced gas density in the interstellar medium (ISM) of galaxies, which
themselves are regions of enhanced matter density compared to their surroundings. These density vari-
ations can be driven by supernovae (SNe), the collisions of clouds, or by differential motion in magnetic
fields, but are most likely due to gravitational instabilities (see e.g. McKee & Ostriker, 2007; Prialnik,
2010, and references therein), giving way to a top-down formation of objects (as theorised by Hoyle,
1953). The resulting regions of enhanced density are commonly referred to as giant molecular clouds
(GMCs); this expression already hints at their usual extent of several to several hundred parsec (see e.g.
Larson, 1981). Once a part of a GMC – typically a filament (see e.g. André et al., 2014) – becomes
massive enough that locally, gravity outweighs its internal pressure, it collapses (Jeans, 1902).

Hydrostatic equilibrium, that is a balance between the force from the internal pressure P of a system
and the gravitational force counteracting it, demands (see e.g. Prialnik, 2010)(1)

P (r + dr) dS − P (r) dS
!= −G M

r2 ϱ dS dr (2.1)

for dV = dS · dr a volume element, G the gravitational constant, ϱ the mass density, and

M =
∫ r

0
ϱ · 4 π r′2 dr′ (2.2)

the mass enclosed within r. Eq. (2.1) can be rearranged to

dP

dr
= −ϱ · G M

r2 ; (2.3)

multiplication by V and integration leads to the virial theorem,(2)

2 Ekin = −Egrav , (2.4)

where Ekin stands for the internal or kinetic energy of the (stable) system, and Egrav for its potential
energy. The kinetic energy for an ideal gas (with three degrees of freedom) is (see e.g. Demtröder, 2006)

Ekin = 3
2 N kB T , (2.5)

with N the amount of gas particles, kB the Boltzmann constant, and T its temperature. The gravitational
energy of a sphere can be computed by bringing a series of particles of infinitesimal mass dM from infinity
to r,

Egrav =
∫ M

0

(∫ r

∞
−G M ′ dM ′

r′2 dr′
)

= (2.6)

=
∫ M

0

G M ′

r
dM ′ . (2.7)

(1)The notation used in this thesis is (r, ϑ, φ) for spherical coordinates, and (R, φ, z) for cylindrical coordinates; this is
noted in App. A alongside a list of the constants, abbreviations, and symbols used.

(2)For a detailed derivation, see for instance Prialnik (2010), or Landau & Lifschitz (2007) for a more general approach.
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In the remaining integral, M depends on r; assuming ϱ to be uniform allows us to integrate Eq. (2.2) to

M = 4 π

3 ϱ r3 ; (2.8)

hence, with dM/dr = 4 π r2 from Eq. (2.2),

Egrav = −
∫ r

0

G

r′ · 4 π

3 ϱ r′ 3 · 4 π ϱ r′ 2 dr′ = (2.9)

= −16 π2

15 G ϱ2 r5 . (2.10)

Inserting Eqs. (2.5) and (2.10) into Eq. (2.4) yields

3 N kB T = 16 π2

15 G ϱ2 r5 , (2.11)

with
N = M

µ mH
(2.12)

the number of particles, and µ mH the mean mass of one gas particle. Using Eq. (2.8), we can solve Eq.
(2.11) for r:

rJeans =

√
15
4 π

· kB

G mH
· T

µ ϱ
, (2.13)

∝

√
T

µ ϱ
(2.14)

Eq. (2.13) specifies the commonly found formula for the Jeans length, a more intricate definition for
which was originally derived by Jeans (1902). It characterises the minimum volume that can contain
material of mean density ϱ and temperature T without collapsing; so if T becomes too small or

ϱ = n µ mH (2.15)

too big, the region is no longer stable and collapses. For T = 10 K, n = 10/cm3 (typical values for a
GMC environment, see Blitz, 1993),(1) and µ = 2.3, Eq. (2.13) gives r ≈ 4 pc ≃ 8 · 105 AU.(2)

Similarly, solving Eq. (2.11) for M (again using Eqs. 2.8 and 2.12) yields the Jeans mass (see e.g.
Karttunen et al., 2007)

MJeans =

√(
5 kB T

G mH µ

)3
·
(

3
4 π ϱ

)
, (2.16)

∝

√
T 3

µ3 ϱ
, (2.17)

that is the maximum (cloud) mass stable against collapse. With the same values as above, we obtain
M ≈ 1.7 · 102 M⊙ (M ≈ 5.5 · 103 M⊙ for T = 100 K). Hence the gravitational collapse of (or within)
a GMC impacts a large region, leading to the formation of many stars relatively close to each other (a
stellar cluster, see e.g. Lada & Lada, 2003; Getman et al., 2006); this process is likely hierarchical (Hoyle,
1953), but not necessarily fully coeval (Herbig, 1962). Furthermore, winds emitted from the newly formed
objects may change ϱ and thus limit star formation (see e.g. Shu et al., 1987, and references therein).

The stellar masses in these clusters can be described by the initial mass function (IMF), first formu-
lated by Salpeter (1955) for 0.4 ≤ M∗ [M⊙] ≤ 1.0 :

ξ(M∗) ∝ M−1.35
∗ (2.18)

(1)Lada & Lada (2003) give larger values of n = 104...105/cm3 for the core regions of a GMC, but for a basic order-
of-magnitude estimate, the value used above should be sufficient. Alternatively, Karttunen et al. (2007) give values of
T = 100 K and n = 1/cm3, yet also specify a rough length scale of 10 pc for a collapsing cloud.

(2)Both ‘AU’ and ‘au’ as abbreviations for ‘astronomical unit’ are encountered in literature; in this thesis, we use the
former merely because it corresponds to the standard setting of astropy (thus simplifying automated unit specifications in
plots).
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Many studies have since worked to refine this IMF and extend it to a larger range of M∗ (see e.g. Kroupa,
2001; Villaume et al., 2017); there is however an undisputed trend of low-mass stars being more frequent
than high-mass ones, as indicated by the negative exponent in Eq. (2.18) (see also e.g. Offner et al., 2014).

While stellar clusters may disperse after star formation, the initial material composition within one
cluster is supposedly quite similar, and the initial evolution of the individual stellar systems happens in
close vicinity to each other (see e.g. Parker et al., 2021b); yet it is not necessarily the same even within
one and the same cluster (see e.g. Armitage, 2010). Furthermore, the individual systems may (often)
consist of more than one star (see e.g. Duchêne & Kraus, 2013; Parker, 2020), but for this work, we will
limit ourselves to investigating single-star systems.

On a per-system level, the gravitational collapse of material leads to the formation of a protostar (see
e.g. Larson, 1969; Penston, 1969; Shu, 1977): The (gravitational) energy released from the dynamical
infall of material is radiated away until the accreting core grows dense and hot enough to be opaque to
its own radiation (see e.g. Prialnik, 2010). Once this core reaches hydrostatic equilibrium (see Eq. 2.3), it
has become a protostar (see e.g. Karttunen et al., 2007; Prialnik, 2010). In this stage, there are two main
groups of objects: Firstly, (low-mass) T-Tauri stars with M∗ < 2 M⊙, and secondly, (intermediate-mass)
Herbig Ae/Be stars with 2 ≲ M∗ [M⊙] < 8 (see e.g. Perez & Grady, 1997; Montesinos et al., 2009).
This thesis will focus on T-Tauri stars because they are both more common (see Eq. 2.18) and more
comparable to the solar system.

The protostar then contracts further during its pre-main-sequence phase; finally, when the core
reaches a pressure high enough to start hydrogen fusion, the star enters the main sequence (MS) on
the Hertzsprung-Russell (HR) diagram (Hertzsprung, 1911; Russell, 1914a,b).

2.2 Protoplanetary disks
During the formation of a protostar, the overall angular momentum

L = R2 M Ω (2.19)

of its parent cloud (or rather filament, see André et al., 2014) must be conserved, with Ω the angular
velocity of the material of mass M . So as the material is gravitationally pulled towards the star, its
rotation becomes faster or angular momentum must be redistributed outwards. Furthermore, there is
one dominating direction ⟨L̂⟩ for the angular momentum, which results from uniform rotation being the
motion of least energy (Lynden-Bell & Pringle, 1974). Consequently, infall towards the star along ⟨L̂⟩ is
less hindered. This leads to an initially spherical cloud flattening perpendicular to ⟨L̂⟩ (see e.g. Terebey
et al., 1984; Armitage, 2010; Owen, 2016; Andrews, 2020), with most of the angular momentum being
stored in the less massive far-out regions of the disk (see Lynden-Bell & Pringle, 1974, and Sect. 2.2.2.3).
Thus, a protoplanetary disk is formed (also multiple systems may form, see e.g. Matsumoto & Hanawa,
2003), at least in the traditional picture; as summarised by Li et al. (2014), a magnetised (and not merely
viscous) environment may significantly complicate this process (see also e.g. Li et al., 2011; Zhao et al.,
2016).

2.2.1 Observations
Since reality should inform any modelling efforts (see Chap. 1), it is instructive to first consider the
observationally determined properties of circumstellar disks. The first direct images, taken with the
Hubble Space Telescope (HST), were presented by O’Dell et al. (1993) and O’Dell & Wen (1994).(1) At
least since then, the community has been highly interested in gathering data about circumstellar disks;
new instruments such as the Atacama Large Millimeter/submillimeter Array (ALMA) and the Very Large
Telescope (VLT) have considerably facilitated that, for instance by providing first high-resolution images
of disks (e.g. HL Tauri, see ALMA Partnership et al., 2015, reproduced in Fig. 2.1) or even a disk within
a disk (e.g. the circumplanetary disk of PDS 70c, see Isella et al., 2019; Benisty et al., 2021). Before the
arrival of these instruments, spectral energy distributions (SEDs), showing the wavelength-dependent flux
λ Fλ, had been the main tracer for the presence of disks; a circumstellar disk and the resulting extinction
change the shape of the curve for λ Fλ (see e.g. the review by Andrews, 2015). Furthermore, studies had
inferred disks from molecular lines (see e.g. Edwards et al., 1987; Basri & Bertout, 1993).

(1)Earlier data had already suggested the presence of a circumstellar mass distribution, but suffered from low resolution
(see e.g. Beckwith et al., 1984; Beckwith & Sargent, 1993).
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Figure 2.1: ALMA image of HL Tauri (HL Tau) at 1.28 mm (ALMA Partnership et al., 2015).
The high resolution reveals a tremendous amount of substructure within the circumstellar disk,
especially in comparison to previous HST images (see e.g. O’Dell et al., 1993).
Image credit: ALMA (ESO/NAOJ/NRAO)

2.2.1.1 Classification

While observations cannot track the evolution of individual systems due to the time frames involved, they
allow for their classification; this can then be used to inform modelling efforts. A common classification
scheme is based on the infrared (IR) luminosities of young stellar objects (see e.g. Greene et al., 1994);
since temperatures vary along the radial extent of the disk, their structures can already be investigated
via unresolved spectra (see e.g. Williams & Cieza, 2011).

Historically, a first classification of low-mass (T-Tauri) stars was proposed by Lada (1987), based on
the spectral index α of an object,

α := d log (λ Fλ)
d log (λ) , (2.20)

with Fλ the flux density at wavelength λ. Three categories were then defined according to IR α (αIR)
values as (I) 0 < αIR ≲ +3, (II) −2 ≲ αIR ≤ 0, and (III) −3 < αIR ≲ −2 (Lada, 1987).(1) This initially
purely data-driven model has since been refined by various works (see e.g. Williams & Cieza, 2011, and
references therein); and based on observations of a young protostar, an additional class (0) was suggested
by Andre et al. (1993). Kenyon & Hartmann (1995) confirmed the hypothesis of an underlying evolution

(1)Lada (1987) give the λ-range as 1 ≤ λ [µm] ≤ 20. Armitage (2010) and Williams & Cieza (2011) refine that to
2 ≤ λ [µm] ≲ 25.
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of protostars through these classes. Furthermore, theoretical models of how the individual stages are
interlinked were soon developed (see e.g. Adams et al., 1987).(1) Armitage (2010) and Williams & Cieza
(2011) summarise the current understanding as follows:

Class 0: no features in αIR
The protostar is deeply embedded in its surrounding local cloud, which is more massive than the star,
which in turn is more massive than the forming disk (Mcloud > M∗ > Mdisk). This corresponds to the
phase of gravitational collapse, which Evans et al. (2009a) estimate a lifetime of 0.1...0.16 Myr for.

Class I: αIR > −0.3
The star is still obscured by its enveloping cloud, but the mass ratio has shifted to M∗ > Mcloud ≈ Mdisk,
that is the star has gained a significant amount of mass. High-velocity outflows may be present, and the
disk may start to be detectable.

Greene et al. (1994) introduced an additional (sub-)category of flat-spectrum sources; these cover
−0.3 < αIR < 0.3, with αIR > 0.3 then indicating ‘true’ class-I objects. The flat-spectrum sources
mark the transition from class-I to class-II objects. Evans et al. (2009a) estimated a median timeframe of
about 0.44...0.54 Myr for the ‘original’ class-I stage, and an additional 0.35...0.40 Myr for the flat-spectrum
phase.

Class II: −1.6 < αIR < −0.3
The envelope has been mostly accreted (Mcloud ≈ 0), while the circumstellar disk still remains (and
causes an IR excess), with Mdisk a fraction of M∗ (see Sect. 2.2.1.3). The star is clearly visible. Accretion
from the disk onto the star induces an excess in Hα and ultraviolet (UV) emission.(2)

Class III: αIR < −1.6
The circumstellar disk has mostly disappeared (Mdisk ≪ M∗), and accretion has (mostly) ceased. Hence
the IR excess is minuscule; the object can still be differentiated from ‘normal’ (MS) stars by stronger
X-ray emission. Furthermore, a debris disk may still be present.

Williams & Cieza (2011) do however point out that on its own, this classification may produce
misleading results; for instance, when seen edge-on, the disk of a class-II object would obscure the
protostar, hence giving the impression of a class-I object. And indeed, it seems that fewer disks appear
edge-on (i.e. highly inclined) than expected from purely geometrical considerations (Wolff et al., 2017).

Concurrently, there is the notion of classical T-Tauri stars (CTTS) and weak-lined T-Tauri stars
(WTTS); for instance, according to Telleschi et al. (2007) and Williams & Cieza (2011), the former have
strong Hα and UV emission, indicating ongoing accretion from the disk onto the star, while the latter
do not. Accordingly, although they do not necessarily fully overlap, the terms ‘CTTS’ and ‘class II’ are
often used interchangably, as well as ‘WTTS’ and ‘class III’ (see e.g. Alexander et al., 2014).

2.2.1.2 Sizes

A recent review by Andrews (2020) gives (dust) disk sizes of 10 ≲ Rdisk, dust [AU] ≲ 500 from mm-
observations of Tripathi et al. (2017), Andrews et al. (2018a), and Hendler et al. (2020); these values
represent the radius encircling 90% of the observed luminosity (an approach which may be slightly skewed,
see Rosotti et al., 2019; Tazzari et al., 2021). Different birth environments have different mean values
for Rdisk, dust (see e.g. Hendler et al., 2020), underlining that no two GMC environments are identical.
Furthermore, µm observations suggest potentially larger disk sizes at smaller wavelengths (i.e. dust sizes,
see Andrews, 2020).

From (gas-tracing) CO line emissions, Ansdell et al. (2018) extracted 70 ≲ Rdisk, gas [AU] ≲ 500
(similar to the values of Dutrey et al., 2007, for instance); their data may be limited by the instrumentation
available (Andrews, 2020). Yet in all their cases, Rdisk, dust < Rdisk, gas, with Andrews (2020) and Sanchis
et al. (2021) finding a (tentative) linear relation between Rdisk, dust and Rdisk, gas. While Andrews et al.

(1)The terminology seems to have caused some confusion due to various interpretations, resulting in the release of a
‘diskionary’ (Evans et al., 2009b).

(2)Hα emission, corresponding to λ ≃ 656.3 nm, is the Balmer-α line, that is the transition of a hydrogen atom’s electron
from its third- to second-lowest energy level (3 → 2); it is used to trace (hot) hydrogen (i.e. gas) distributions (see e.g.
Karttunen et al., 2007).
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(2018a) have furthermore reported a positive correlation between Rdisk, dust and M∗, the results of Hendler
et al. (2020) indicate that this may be limited to some select star-forming regions.

In terms of vertical extent, typical gas disk scale heights (for the definition, see Sect. 2.2.2.2) are
estimated at 5 ≲ Hgas [AU] ≲ 17 at R = 100 AU (see e.g. Burrows et al., 1996; Stapelfeldt et al., 1998,
2003; Glauser et al., 2008; Wolff et al., 2017, 2021; Zhang et al., 2021, and Sect. 2.2.1.7).

2.2.1.3 Masses

The gas and dust masses of a disk (Mdisk, gas and Mdisk, dust, respectively) can be taken as a first indication
of its potential to form planets. Yet these quantities cannot be measured directly; research into how to
most reliably determine them from observational data is still ongoing (see e.g. Franceschi et al., 2022).
Dust disk masses are computed from Fλ in the millimeter region via (see e.g. Bergin & Williams, 2018)

Mdisk, dust = Fλ d2

κλ Bλ(Tdust)
, (2.21)

with d the distance of the object from the observer, κλ the opacity at wavelength λ, and Bλ(Tdust) the
Planck spectral radiance, (see e.g. Karttunen et al., 2007)

Bλ(T ) = 2 h c2

λ5 · 1
exp

(
h c

λ kB T

)
− 1

, (2.22)

with h the Planck constant, and c the speed of light.(1) Despite the various uncertainties in the quantities
in Eq. (2.21), Mdisk, dust is simpler to derive than its gas counterpart (see e.g. Bergin & Williams, 2018;
Veronesi et al., 2019). But the gas dominates the total disk mass budget (see e.g. Ansdell et al., 2016),
so an additional conversion factor from Mdisk, dust to Mdisk, gas ≈ Mdisk is needed, suitably labelled the
dust-to-gas ratio

εdtg := Mdisk, dust

Mdisk, gas
. (2.23)

Commonly, εdtg is estimated at 0.01 (see e.g. Wyatt, 2008; Andrews et al., 2009; Bergin et al., 2013;
Manara et al., 2016; Owen, 2016; Miotello et al., 2017; Zhang et al., 2021), the value for the ISM (Bohlin
et al., 1978). It may however be higher than that for some disks (see e.g. Ansdell et al., 2016; Miotello
et al., 2017), especially if they have had time to evolve (see e.g. Soon et al., 2019, and references therein);
and it most likely evolves over time (see e.g. Birnstiel & Andrews, 2014; Franceschi et al., 2022). This
matches reports that disk masses inferred from Mdisk, dust significantly differ from ones inferred from
Mdisk, gas (see e.g. Manara et al., 2016; Bergin & Williams, 2018; Sellek et al., 2020b), which could for
instance be caused by a depletion of gas tracers (see e.g. Bergin & Williams, 2018; Zhang et al., 2021;
Trapman et al., 2022).

Observations for a certain dust size (i.e. radius) a assume an underlying distribution of sizes n(a) to
compute Mdisk, dust. Usually, the Mathis et al. (1977, MRN) distribution is employed (see also Mathis,
1990),

n(a) ∝ a−ηMRN , (2.24)
with ηMRN = 3.5, such that the number of grains within a size interval [a1; a2] is

N(a1, a2) ∝
∫ a2

a1

n(a) da ∝ a−2.5∣∣a2

a1
. (2.25)

The exponent in Eq. (2.24) may vary depending on what physical processes are going on in the disk
(see e.g. Birnstiel et al., 2011); for instance, Ricci et al. (2010a,b) deduce a tentative 2.5 ≲ η ≲ 3 from
observational data. In addition, we know from Eq. (2.8) that the mass of a (spherical) dust grain scales as
m ∝ a3, so as long as ηMRN < 4, the choice of the upper limit will strongly impact the overall mass budget
Mdust =

∫ a2
a1

n(a) m(a) da. With these caveats, Andrews (2020) combines several recent surveys to find
0.1 ≲ Mdisk, dust [M⊕] ≲ 550, with smaller values from this range being much more frequent (see also e.g.
van Terwisga et al., 2020). As M⊙ ≃ 3.3 ·105 M⊕, this indicates that Mdisk = Mdisk, gas +Mdisk, dust ≪ M∗
as would be expected.(2)

(1)For replacing λ with ν = c/λ in Eq. (2.22), use
∫ λ2

λ1
Bλ dλ

!=
∫ ν1

ν2
Bν dν = −

∫ λ2
λ1

Bν
dν
dλ

dλ, as for λ1 < λ2, ν1 =
c/λ1 > ν2 = c/λ2 (see e.g. Karttunen et al., 2007).

(2)Commonly, Mdisk, gas ≫ Mdisk, dust and thus Mdisk ≃ Mdisk, dust/εdtg is assumed (see e.g. Andrews, 2015; Manara
et al., 2016).
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Mdisk may, and is often thought to, correlate with M∗. For the dust mass, Mdisk, dust ∝ M 1...1.9
∗ is

commonly found (see e.g. Ansdell et al., 2016; Pascucci et al., 2016; Bergin & Williams, 2018); concerning
the overall Mdisk, an estimate of Mdisk ≃ 10−2 M∗ has been reported by various studies (see e.g. Andrews
& Williams, 2005, 2007b), and is often employed in modelling (see e.g. Alexander et al., 2014).(1)

2.2.1.4 Mass-accretion rates

T-Tauri stars continue to accrete mass from their disks after the gravitational collapse of the protostellar
core; this process is thought to be driven by angular momentum exchange along magnetic fieldlines,
but is still not fully understood (for a review, see e.g. Hartmann et al., 2016). Observationally, the
corresponding mass-accretion rate Ṁacc is estimated via (see e.g. Calvet et al., 2004; Clarke & Pringle,
2006; Natta et al., 2006; Gatti et al., 2008)

Ṁacc ≃ Lacc R∗

G M∗
, (2.26)

where the accretion luminosity Lacc, derived from line emissions (see e.g. Hartmann et al., 1998; Natta
et al., 2006), carries various uncertainties (see e.g. Gatti et al., 2008).(2) The general range of values
reported is 10−12 ≲ Ṁacc [M⊙/yr] ≲ 10−6 (see e.g. Basri & Bertout, 1993; Blum & Wurm, 2008; Hartmann
et al., 2016; Flaischlen et al., 2021, and references therein). Values not too close to the upper end of this
range appear to be more frequent (see also Muzerolle et al., 2003a; Gatti et al., 2008; Alexander et al.,
2014); Hartmann et al. (2016) give a rough estimate of Ṁacc ≈ 10−8 M⊙/yr for low-mass T-Tauri stars.

For intermediate stellar masses (1.5 ≲ M∗ [M⊙] ≲ 4), Calvet et al. (2004) reported a somewhat
higher Ṁacc ≈ 3 · 10−8 M⊙/yr. This matches the general consensus that Ṁacc correlates with M∗; early
works quantified the relation as Ṁacc ∝ M2

∗ , whereas more recent observational analyses tend towards
Ṁacc ∝ M1.5...1.9

∗ at least for M∗ ≲ 1 M⊙ (see Li & Xiao, 2016, and references therein).(3) Furthermore,
data suggests a anti-correlation between Ṁacc and stellar age (see e.g. Hartmann et al., 1998; Gatti et al.,
2008).

Low-mass objects such as FU Orionis and EX Lupi furthermore undergo accretion (and thus luminos-
ity) bursts (see e.g. Herbig, 1966, 1977, 1989), with Ṁacc as high as 10−4 M⊙/yr (see also e.g. Königl &
Pudritz, 2000, and references therein). The reasons for these outbursts are still under investigation (see
e.g. Audard et al., 2014; MacFarlane et al., 2019; Vorobyov et al., 2020); they may be related to mass
accretion in the earliest phases of stellar evolution (Zakri et al., 2022), or the dust disk in general (see
e.g. Bozhinova et al., 2016; Dodin et al., 2019; Gárate et al., 2019).

2.2.1.5 X-ray luminosities

Before nuclear fusion starts inside the star, one might assume that accretion shocks produce the main part
of the stellar high-energy (X-ray) radiation (see e.g. Calvet & Gullbring, 1998). However, from studying
a nearly complete sample of young stars in the Orion Nebula Cluster taken from the Chandra Orion
Ultradeep Project (COUP, Getman et al., 2005), Preibisch et al. (2005) found that the mean accretion
luminosities Lacc are notably smaller than the observed X-ray luminosities LX (see also Güdel et al.,
2007, and references therein). So while accretion flows – in combination with magnetic effects – may be
responsible for a part of the soft X-ray spectrum (see e.g. Güdel et al., 2007; Güdel & Telleschi, 2007;
Telleschi et al., 2007), they cannot provide enough X-ray emission on their own; alternative sources may
be solar-like coronal structures and magnetic energy released from the field lines (Preibisch et al., 2005).

In addition, accreting protostars are less bright than non-accreting ones (Preibisch et al., 2005; Feigel-
son et al., 2007, and references therein); Preibisch et al. (2005) speculate that this may be due to the
former having higher surface densities which lead to lower temperature spikes from reconnections of mag-
netic field lines, or due to structural changes because of the accretion flows. Indeed, simulations have
shown that coronal X-ray emissions can modulate the accretion process by means of photoevaporative
winds (see Sect. 2.3.3), which starve the accretion flow (Drake et al., 2009); thus, the absence of accretion
would mandate higher X-ray fluxes as observed (see also Owen et al., 2011b). Further data analysis by
Flaischlen et al. (2021), yielding a slight anti-correlation between Ṁacc and LX, has corroborated this
view.

(1)Bate (2018) suggest a higher value of 0.1 ≲ Mdisk [M∗] ≲ 1 based on numerical models.
(2)Due to these uncertainties, a pre-factor of order unity, which is sometimes found in literature (often 1/0.8 = 1.25; see

e.g. Hartmann et al., 1998; Font et al., 2004; Manara et al., 2013; Hartmann et al., 2016), has been disregarded in Eq.
(2.26).

(3)In addition, Manara et al. (2016) have suggested a correlation between Mdisk, dust and Ṁacc.
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Numbers-wise, measurements indicate 1027.5 ≲ LX [erg/s] ≲ 1032 for young stars (see Feigelson &
Montmerle, 1999; Preibisch et al., 2005; Feigelson et al., 2007; Bhatt et al., 2013; Preibisch et al., 2014;
Flaischlen et al., 2021; Getman et al., 2022). Flares of up to LX ≲ 1034 erg/s have been detected (see e.g.
the analysis of Chandra surveys by Getman & Feigelson, 2021); these are most likely not due to star-disk
interactions (see e.g. Getman et al., 2021), but could indicate variations in the structure of the inner
disk (see e.g. Feigelson et al., 2007; Espaillat et al., 2014; Gárate et al., 2019; Petrov et al., 2019), and
additionally may well impact disk evolution.

In relative terms, LX can be compared to the bolometric luminosity Lbol; the upper limit is given by
the saturation limit of LX/Lbol ≲ 10−3 (see e.g. Fleming et al., 1989). For pre-main-sequence objects,
commonly LX/Lbol ≈ 10−3.6 is found (see e.g. Flaccomio et al., 2003; Preibisch et al., 2005; Bhatt et al.,
2013); the exact value may vary between classical and weak T-Tauri stars (Telleschi et al., 2007), that is
depending on the state of the circumstellar disk. Furthermore, since LX/Lbol > 10−5, T-Tauri stars have
an X-ray luminosity which is significantly higher than the solar value of (LX/Lbol)⊙ ≃ 10−6.5 (Preibisch
et al., 2005). This can be used to observationally distinguish between MS and pre-MS objects (see also
e.g. Getman et al., 2022).

In relation to the stellar mass, LX and LX/Lbol both increase with M∗ (see e.g. Preibisch et al., 2005).
Concerning time evolution, Preibisch & Feigelson (2005) retrieved LX ∝ t

−1/3
∗ for the first ≈ 10 Myr of

(proto)stellar age t∗, indicating only little decrease during this period (see also Getman et al., 2022).

2.2.1.6 Lifetimes

As already alluded to in Sect. 2.2.1.1, there is an evolutionary process going on from the initial collapse
of the parent cloud to the eventual dispersal of the circumstellar disk. This also becomes obvious when
considering a simplistic system with M∗ = 1 M⊙, Mdisk ≈ 0.01 M⊙ (see Sect. 2.2.1.3), and Ṁacc ≈
10−8 M⊙/yr (see Sect. 2.2.1.4) – it would dissipate within 1 Myr, just a tiny fraction of the overall
lifetime of the (disk-less) solar system. While we will take a closer look at models for the physical
processes involved in Sect. 2.2.2, observational data can be used to establish constraints on the time
frame for disk evolution and dispersal.

A first systematic study of disk lifetimes by Haisch et al. (2001), based on data from several young
clusters with ages 0.3 ≲ tcluster [Myr] ≲ 30, yielded a mean disk lifetime of tdisk ≈ 6 Myr independent of
M∗.(1) Since then, this value has been refined in various works; for instance, Mamajek (2009) parametrised
the disk fraction for stars with M∗ < 2 M⊙ within a cluster as

fdisk = f0 · exp
(

− t

τdisk

)
, (2.27)

with an e-folding time of τdisk ≃ 2.5 Myr, and assuming that every star is born with a disk (f0 = 1).
Amongst many others, Ribas et al. (2014) performed an extensive analysis of multi-wavelength data

from 22 clusters with 1 ≲ tcluster [Myr] < 100. They found that disks persist longer at longer wavelengths,
with τdisk ≈ 2.3 Myr for λ ≈ 4 µm, and τdisk ≈ 5 Myr at λ ≈ 23 µm; furthermore, they suggested different
evolutionary timescales for the (faster) inner and (slower) outer disk regions. Richert et al. (2018)
extended and refined the data analysis even more, evaluating 69 clusters with tcluster ≲ 5 Myr, retrieving
τdisk ≈ 2.4...5.0 Myr depending on the evolutionary model subsumed; this highlights the importance of
the underlying assumptions. So while the exact values differ between individual investigations (of which
many more have been performed), the general trend of disk lifetimes on the order of tdisk ≲ 10 Myr
persists throughout the literature (see also e.g. Ercolano & Pascucci, 2017, and references therein).

A particular phenomenon is presented by the so-called ‘Peter Pan disks’, a term coined by Silverberg
et al. (2020) to describe old systems (tdisk ≳ 20 Myr) around low-mass stars which still have a gas
accretion signature. It is still unclear whether their long lifetime merely appears as an oddity due to
earlier observational constraints, or whether there are particular physical properties – like stellar mass
(Nakatani et al., 2021) – or processes – like a low-radiation environment (Wilhelm & Portegies Zwart,
2022), or giant planets carving a gap which conserves the outer disk even throughout the MS phase
(Kluska et al., 2022) – that render these protoplanetary disks long-lived (Silverberg et al., 2020).

2.2.1.7 Substructure

ALMA has enabled high-resolution mm-imaging of protoplanetary disks such as HL Tauri (ALMA Part-
nership et al., 2015, see Fig. 2.1) and TW Hydrae (Andrews et al., 2016, see Fig. 2.2). Both of those disks

(1)Earlier studies of individual clusters do exist; they yielded comparable, yet usually less confined results (see e.g. Strom
et al., 1989; Skrutskie et al., 1990).

12



2.2. PROTOPLANETARY DISKS

Figure 2.2: ALMA image of TW Hydrae (TW Hya) at λ = 870 µm (Andrews et al., 2016). Its
face-on inclination as well as comparatively small distance to Earth (≈ 54 pc, see van Leeuwen,
2007; Weinberger et al., 2013) make it a very suitable candidate for observations. As it is not
depleted of gas (see e.g. Bergin et al., 2013) despite its age of about 10 Myr (Weinberger et al.,
2013), an in-depth study of this system may also give implications as to the physics impacting
the disk evolution. This high-resolution image shows axisymmetric and concentric rings at several
and several ten AU.
Image credit: S. Andrews (Harvard-Smithsonian CfA); B. Saxton (NRAO/AUI/NSF); ALMA
(ESO/NAOJ/NRAO)

exhibit clear structures such as rings and gaps (which may be asymmetrical, see e.g. Casassus, 2016, and
references therein) –, in other words, a wealth of intricate substructures; these appear to be common (see
e.g. Jennings et al., 2022). Substructures clearly differ between individual disks; they are highly likely to
be impacted by, and in turn impact, the evolution of the disk (see e.g. Andrews, 2020).

Disks with higher masses are more likely to exhibit substructure (van der Marel et al., 2016b). Fur-
thermore, this substructure can vary between different tracers for one and the same disk (see e.g. Cleeves
et al., 2016; Öberg et al., 2021), which may be interpreted as a sign of ongoing evolutionary processes
(see e.g. Facchini et al., 2017; Villenave et al., 2019). A non-exclusive list of radial substructures from
many different observations has recently been compiled by Andrews (2020); they divide them into four
categories:
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Cavity and ring: Fully transitional disks (TDs) with a depleted cavity between the star and the disk
(see e.g. the reviews by Espaillat et al., 2014; Casassus, 2016), indicating inside-out dispersal of the disk
(see e.g. Ercolano et al., 2011; Koepferl et al., 2013; Ercolano et al., 2015). This gap is mostly cleared of
gas, and (almost) entirely devoid of dust (see e.g. Pérez et al., 2015; van der Marel et al., 2016a, 2018).(1)

It is usually thought to be a sign of disk age (see e.g. Ercolano & Pascucci, 2017; van der Marel et al.,
2019a); based on IR data (see Sect. 2.2.1.1), already Strom et al. (1989) brought up the idea that an
inner cavity may mark a transitional phase in the evolution of the circumstellar disk (from a massive to
a low-mass structure, as they put it; see also e.g. Skrutskie et al., 1990).

The strongly reduced densities within the inner cavity entail a pressure maximum at the gap edge
which traps dust grains, resulting in a bright and narrow ring at said gap edge. The cavity itself usually
covers some tens of AU in radius, but this may very well be due to instrument limitations and hence an
incomplete sample of systems. Depending on the exact nature of the hole, Ṁacc can either stay similar
to pre-transitional values (see e.g. Manara et al., 2014; Alcalá et al., 2017), or decrease by at least an
order of magnitude (see e.g. Espaillat et al., 2012; Kim et al., 2013; Najita et al., 2015). Since several
disks with Ṁacc ≫ 0 have been encountered, the observed cavities may not be fully devoid of material
(see e.g. Pinilla et al., 2012b, and references therein).(2)

Roughly 10% of all observed circumstellar disks exhibit an inner cavity, with this fraction increasing
with cluster age (see e.g. Currie & Sicilia-Aguilar, 2011; Espaillat et al., 2014; van der Marel et al.,
2018, and references therein); this indicates that this evolutionary stage is relatively short-lived (see e.g.
Luhman et al., 2010).

Rings and gaps: A concentric, azimuthally symmetric pattern of brightness peaks (rings) and dips
(gaps) in comparison to a hypothetical primordial profile, as for instance seen in Fig. 2.2. One example
of a disk with many rings is AS 209 (Guzmán et al., 2018); conversely, for instance, V883 Orionis is
an object with just one brightness dip separating the inner and outer regions of the disk (Cieza et al.,
2016). Huang et al. (2018) showcase many more examples from the Disk Substructures at High Angular
Resolution Project (DSHARP, Andrews et al., 2018b); there is a wide variety of ring-and-gap patterns,
which can emerge at any r, and also already quite early on (Segura-Cox et al., 2020). In terms of dust
concentration, Pinte et al. (2016) have estimated a significantly enhanced εdtg ≈ 0.2 for the rings of HL
Tauri (instead of the usual base value of 0.01, see Sect. 2.2.1.3).

Arcs: In contrast to rings, arcs only cover parts of the azimuth (φ), introducing brightness asymmetries.
For example, HL Tauri exhibits a few partially ring-like structures, that is arcs (see Fig. 2.1). Furthermore,
Garufi et al. (2018) lists the shadows produced by rings, arcs, or planets as an explicit feature.

Spirals: Just like spiral galaxies, circumstellar disks may have spiral arms; they appear to be more
frequent around multiple-star systems. The spiral structure itself can take on a variety of shapes (see
e.g. Muto et al., 2012; Akiyama et al., 2016; Pérez et al., 2016; Benisty et al., 2017; Monnier et al., 2019;
Andrews, 2020; Muro-Arena et al., 2020; Casassus et al., 2021; Wölfer et al., 2021).

Another feature are snowlines, that is the condensation fronts of specific materials at which these tran-
sition between a gaseous and an icy composition (see e.g. Lewis, 1974; Cieza et al., 2016; Öberg et al.,
2021); they may intricately affect disk evolution (see e.g. Cieza et al., 2016; Drążkowska & Alibert, 2017).
Additionally, as already noted to in Sect. 2.2.1.2, the radial distributions of the gas and the various dust
species are not necessarily the same (see also e.g. Akiyama et al., 2016; Pinte et al., 2016; Villenave et al.,
2019, 2020).

Moving on from their radial layout, disks can differ in their vertical structure, too (see e.g. Andrews,
2020); this includes misalignments of an inner and outer disk as well as warps and consequential disk
shadowing (see e.g. Marino et al., 2015; Casassus et al., 2018; Sai et al., 2020). The vertical temperature
(or velocity) structure is not constant; for the gas, this has been shown for instance by CO observations
(see e.g. Dartois et al., 2003; Rosenfeld et al., 2013; Pinte et al., 2018). By using different wavelengths,
different gas (and dust) regions or layers of a disk (such as the cold midplane, i.e. z ≃ 0, and heated
surfaces) can be traced, also in terms of densities (see e.g. Dullemond et al., 2007; Rigliaco et al., 2013;

(1)Dust remnants close to the star have been found, however (see e.g. Benisty et al., 2010; Espaillat et al., 2010; Pinilla
et al., 2019, 2021); it is still unclear whether the corresponding disks present special cases (such as a distinct population of
long-lived disks proposed by Owen & Clarke, 2012).

(2)Michel et al. (2021) suggest the existence of two distinct types of disk dispersal, depending on the amount of substruc-
ture.
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Dutrey et al., 2017; Rab et al., 2017; Pinte et al., 2018; Podio et al., 2020; Doi & Kataoka, 2021; Flores
et al., 2021; Law et al., 2021). A vertical variation of gas properties, which may be partially caused by
radial substructures such as rings, has been corroborated by data from the recent Molecules with ALMA
at Planet-forming scales (MAPS, Öberg et al., 2021) survey (Law et al., 2021). Dust has been measured
to be settled towards the disk midplane, more so at larger grain sizes (see e.g. Pinte et al., 2016; Villenave
et al., 2019, 2020; Wolff et al., 2021), although exceptions to the rule exist (Rich et al., 2021).

2.2.1.8 Planets

A star is an object that is (or rather was) massive enough to start nuclear fusion processes in its core
(see e.g. Prialnik, 2010); however, not all objects in space will attain masses high enough to supply
this kind of internal pressure. Thus, planets can be seen as failed stars. More accurately, according
to Resolution 5A of the IAU General Assembly (2006), a planet is a celestial body that is in orbit
around the Sun, has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes a
hydrostatic equilibrium (nearly round) shape, and has cleared the neighbourhood around its orbit. While
this definition is intended for the solar system, there is no formal definition of the term ‘exoplanet’, which
is used to describe planet-like objects not orbiting the Sun; but since the host star is the only difference
between the two, we will be using the terms ‘planet’ and ‘exoplanet’ interchangeably.

As mentioned in Chap. 1, Mayor & Queloz (1995) have presented the first unambiguous detection of
a planet orbiting a Sun-like star. Since then, well over 4000 exoplanet detections have been confirmed
(see e.g. Gaudi et al., 2021; Exoplanet Team, 2022), the number steadily increasing (see also Thompson
et al., 2018).(1) In terms of observational techniques, radial velocity, transits, microlensing, and direct
imaging are commonly employed (see e.g. Armitage, 2010; Gaudi et al., 2021).(2)

It has been established that most stellar systems host at least one planet (see e.g. Cassan et al.,
2012; Winn & Fabrycky, 2015), with less massive (rocky) planets being more common than (giant) ones
(with a gaseous envelope) because the planetary mass distribution appears to be linked to the stellar
mass distribution (see e.g. Howard et al., 2012; Suzuki et al., 2016a; Zhu & Dong, 2021, and Sect. 2.1).
Furthermore, the initial mass budget of a disk determines whether giant planets can be formed at all (see
e.g. van der Marel & Mulders, 2021). The properties of the planets have opened up a whole new field
of research (see e.g. Helled et al., 2014; Madhusudhan et al., 2014; Laughlin & Lissauer, 2015; Heng &
Marley, 2018; Madhusudhan, 2019, 2021), and their habitability is yet another topic of research (see e.g.
Güdel et al., 2014; Madhusudhan et al., 2016; Dehant et al., 2019); nonetheless, Earth-like planets in the
‘habitable zone’ around other stars have already been detected, for instance by Quintana et al. (2014).(3)

While nowadays, it is commonly assumed that planets form from – or rather within – protoplanetary
disks (see e.g. the reviews by Ercolano & Pascucci, 2017; Armitage, 2018; Bergin & Williams, 2018),
free-floating planets, that is planets not currently gravitationally bound to a host star, have also been
detected (see e.g.the recent discovery by Miret-Roig et al., 2022, and references within). Yet they seem
to be comparatively rare (see e.g. Scholz et al., 2012); as summarised by Miret-Roig et al. (2022), their
formation mechanism is still not entirely constrained, but dynamical ejection from a circumstellar disk is
a definite option (see also Zhu & Dong, 2021).

2.2.2 Modelling
The question of how circumstellar disks evolve is intricately linked to that of how the solar system came
to be the way it is today; various theoretical hypotheses have been formulated already in the 18th century
(see Woolfson, 1993, and references therein), and been reworked and refined ever since (see e.g. Whipple,
1964; Parker, 2020; Lichtenberg et al., 2021). The more observational data are available (see Sect. 2.2.1),
the more informed these modelling attempts can be. In general, there are two main approaches:

Detailed simulations: These may well represent the standard idea of an ‘astrophysical simulation’.
They are set up to intricately simulate the evolution of one particular system; many physical processes
are accounted for at high resolution, resulting in large computational costs per simulation. This gives a
detailed impression of one particular scenario (see e.g. Rodenkirch et al., 2021), but renders parameter

(1)As stated by Hinkel et al. (2021), the establishment of a comprehensive and continuously updated database on exo-
planets and their host systems, while possibly tedious, would benefit a large community, and considerably simplify future
work.

(2)The Kepler space telescope, via transit dimming detections, has contributed sizably to the current number of detections
(see e.g. Borucki et al., 2010; Koch et al., 2010; Thompson et al., 2018).

(3)For a rather humorous take on the subject, see Pedbost et al. (2020).
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investigations rather costly (see e.g. Mordasini et al., 2009). Nonetheless, these studies can be used to
derive fundamental system properties (see e.g. Alexander et al., 2006a,b; Bai, 2016; Tamfal et al., 2018;
Picogna et al., 2019; Gressel et al., 2020).

Population syntheses: Using a simplified – often one-dimensional – model, parameter space studies
are performed with a large sample of simulated systems (see e.g. Benz et al., 2014). This avoids the main
negative aspect of in-detail simulations, which is their high individual computational cost; of course, the
model still needs to be physically valid despite the simplifications, so comparisons to ‘full’ simulations
are important (see e.g. Monsch et al., 2021a). The resulting statistics of the generated systems can then
be compared to observational data to better constrain the parameters investigated, and (probable) key
processes can be deduced (see e.g. Ida & Lin, 2004; Mordasini et al., 2009; Ercolano & Rosotti, 2015;
Bate, 2018; Monsch et al., 2019; Emsenhuber et al., 2021a,b; Zormpas et al., 2022).

2.2.2.1 Steady-state radial gas distribution

The main disk mass component is the gas (see Sect. 2.2.1.3). Assuming azimuthal symmetry, its radial
distribution can be specified in terms of the surface density (see e.g. Birnstiel et al., 2010)

Σgas(R) =
∫ +∞

−∞
ϱgas(R, z) dz . (2.28)

Hayashi (1981) described the gas density distribution of the minimum-mass solar nebula (MMSN)
as(1)

Σgas = Σgas,0 R−γ , (2.29)
with the free parameter γ, which they set to γ = 1.5. This (truncated) power law is often found in the
literature due to its simplicity (see e.g. Dutrey et al., 2007; Dullemond et al., 2007; Fromang & Nelson,
2009; Drążkowska & Alibert, 2017; Tamfal et al., 2018), usually with γ ≈ 1 as well as γ ≲ 1.5 (see e.g.
Andrews & Williams, 2007a; Birnstiel et al., 2016).

The similarity solutions of Lynden-Bell & Pringle (1974) are better suited to describe observational
data because they have no sharp outer edge, but instead an exponential falloff towards large R (see
e.g. Hughes et al., 2008). The time-independent formulation is (see e.g. Andrews et al., 2009, and Sect.
2.2.2.3)

Σgas = Σgas,0 ·
(

R

Rc

)−γ

· exp
[

−
(

R

Rc

)2−γ
]

, (2.30)

with
Σgas,0 = (2 − γ) · Mgas

2 π R 2
c

(2.31)

a normalization factor, Mgas ≡ Mdisk, gas, and Rc the characteristic (scaling) radius indicating the tran-
sition from power-law (for R ≲ Rc) to exponential (for R ≳ Rc) falloff (see e.g. Birnstiel et al., 2016).
This form of Σgas can only be employed if the (kinematic) viscosity of the system is time-independent
and can be written as (see e.g. Hughes et al., 2008; Lodato et al., 2017)

ν = ν0 ·
(

R

Rc

)γ

, (2.32)

with ν0 = const.
Equating the gravitational pull of the star on a particle of mass m,

Fgrav = G M∗ m

r2 , (2.33)

with its centripetal force,
Fcp = m Ω2 r , (2.34)

yields, for m ≪ M∗, its orbital velocity at the midplane (where r = R):

ΩK =
√

G M∗

R3 (2.35)

(1)The MMSN is the minimum disk mass required to form the planets, asteroids, and comets of the solar system (see e.g.
Kuiper, 1956); Hayashi (1981) estimated it at MMMSN ≃ 0.013 M⊙ (see also e.g. Desch, 2007).
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ΩK is the Keplerian angular velocity. For a steady-state disk, Pringle (1981) give the radial momentum
equation

v 2
φ

R
= vR · ∂ vR

∂ R
+ 1

ϱgas
· ∂ Pgas

∂ R
+ G M∗

R2 ; (2.36)

assuming radial equilibrium, that is ∂vR/∂R = 0, this can be rewritten for the disk midplane as

Ω 2
φ R =

v 2
φ

R
= Ω 2

K R + 1
ϱgas

· ∂ Pgas

∂ R
. (2.37)

Since the gas pressure is highest close to the star, ∂Pgas/∂R < 0, which leads to Ωφ < ΩK . So the orbital
speed of the gas is usually sub-Keplerian due to pressure support from the inside, but may become locally
super-Keplerian in the case of pressure bumps (see also e.g. Armitage, 2010, 2015).

2.2.2.2 Steady-state vertical gas distribution

In a steady-state model, the disk is in vertical hydrostatic equilibrium. Neglecting the self-gravity of the
disk (because Mdisk ≪ M∗, see Sect. 2.2.1.3), Eq. (2.3) can be applied in vertical direction:

dPgas

dz
= −ϱgas · G M∗

R2 + z2 · cos(ϑ) (2.38)

For a thin disk, or at the disk midplane, z ≪ R, R ≈ r, and thus cos(ϑ) = z/r ≈ z/R (see e.g.
Armitage, 2015).(1) Together with the isothermal sound speed

cs =
√

Pgas

ϱgas
, (2.39)

this leads to
d
dz

(c 2
s ϱgas) = −ϱgas · G M∗

R3 · z , (2.40)

and in conjunction with Eq. (2.35) and the aforementioned assumption of isothermality to

c 2
s · d

dz
ϱgas = −ϱgas Ω 2

K z . (2.41)

This, in turn, can be integrated to

ϱgas = ϱgas,0 · exp
(

− z2

2 H 2
gas

)
, (2.42)

using the vertical gas scale height (see e.g. Birnstiel et al., 2010)

Hgas := cs

ΩK
, (2.43)

which can also be expressed as a dimensionless quantity,

hgas := Hgas

R
. (2.44)

The disk surface, that is the interface between the (relatively) high-density disk and the low-density
regions above it, is typically located at several Hgas (see e.g. Ercolano & Pascucci, 2017; Wang et al.,
2019; Booth & Clarke, 2021, and Sect. 2.3).

Eq. (2.42) indicates a Gaussian profile for the vertical distribution of the dust, centered around the
midplane (z = 0). Integration of Eq. (2.42) according to Eq. (2.28) yields (see e.g. Armitage, 2015)

ϱgas,0 = Σgas√
2 π Hgas

(2.45)

for the scaling factor.
Hgas is likely not constant with radius. The simplest assumption would be a linear relation (i.e.

hgas = const). Yet already Kenyon & Hartmann (1987) argued that a (slightly) flared disk, that is a disk
with ∂hgas/∂R > 0, better matches observational data; disk flaring can also be motivated from theoretical
considerations of the thermal structure of the disk (see e.g. Armitage, 2015).

(1)With gas scale heights of ≲ 20 AU, the assumption of a thin disk may be an oversimplification, see Sect. 2.2.1.2.
However, this is unlikely to significantly impact the solution for ϱgas (Armitage, 2015).
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2.2.2.3 Viscous evolution of the radial gas distribution

In the model of Pringle (1981), a disk is a succession of interlinked, azimuthally symmetric annuli. For
one annulus, its Σ̇gas is equal to the net influx from the neighbouring annuli; furthermore, the angular
momentum of the system must be conserved (i.e. exchanged between the annuli via viscous coupling),
and the central star can be considered as a point mass exerting the gravitational potential. The according
ansatz reads (Pringle, 1981)

∂ Σgas

∂ t
= 3

R
· ∂

∂R

[
R1/2 · ∂

∂R

(
R1/2 · ν · Σgas

)]
. (2.46)

Hartmann et al. (1998) give the corresponding similarity solution (from Lynden-Bell & Pringle, 1974);
its common notation reads (see e.g. Lodato et al., 2017)

Σgas = (2 − γ) · Mdisk,gas,0

2 π R 2
c

·
(

R

Rc

)−γ

·
(

1
τ

) 2.5−γ
2−γ

· exp
[

− 1
τ

·
(

R

Rc

)2−γ
]

, (2.47)

with Mdisk,gas,0 ≡ Mdisk,gas(t = 0),
τ = 1 + t

tν
(2.48)

a dimensionless time, and

tν = R 2
c

3 (2 − γ)2 ν0
(2.49)

the viscous time. For t = 0, Eq. (2.47) is reduced to the steady-state solution of Eq. (2.30).
On a timescale much smaller than the viscous time, that is t ≪ tν , little evolution occurs as τ ≈ 1

(Hartmann et al., 1998). So in order for the total disk mass (Hartmann et al., 1998)

Mdisk,gas =
∫ ∞

0
Σgas(R, t) dR (2.50)

= Mdisk,gas,0 · τ− 1
2(2−γ) , (2.51)

to decrease with time, γ < 2 is required (see e.g. Lodato et al., 2017); likewise, Eq. (2.47) would give (a
non-physical) Σgas ≤ 0 for γ ≥ 2.

This viscous spreading of the disk accounts for mass loss, or rather transport, only according to Eq.
(2.47); other processes such as explicit accretion onto the host star are not accounted for (see e.g. Lodato
et al., 2017). Nonetheless, the gas distribution following Eq. (2.47) will carry most of the mass towards
R = 0, and most of the angular momentum towards R → ∞ (see Lynden-Bell & Pringle, 1974; Pringle,
1981), with the boundary between the regions of inwards and outwards motion moving to larger R at
later times (Hartmann et al., 1998). This scenario is dominated by the viscosity ν (Eq. 2.32, necessary
for Eq. 2.49). ν can be expressed in terms of the dimensionless α-viscosity of Shakura & Sunyaev (1973)
via (Pringle, 1981)

ν = α cs Hgas , (2.52)

with 0 < α ≤ 1.(1) For simulations, α is commonly chosen as a fixed value within 10−4 ≲ α ≲ 10−2

(see e.g. Nakamoto & Nakagawa, 1994; Dullemond et al., 2007; Rafikov, 2017; Drążkowska & Dullemond,
2018; Booth & Ilee, 2019); recent results suggest values towards the lower end of this range (see e.g. Pinte
et al., 2016; Flaherty et al., 2018, 2020; Sellek et al., 2020b; Zormpas et al., 2022). Moreover, α probably
is constant neither in time, nor over R, nor for different disk components (see e.g. Shi & Chiang, 2014;
Bai, 2016; Béthune et al., 2017; Flaherty et al., 2017; Flock et al., 2017; Shadmehri et al., 2018; Zhu &
Stone, 2018; Flock et al., 2020).

Inserting observationally motivated values into Eq. (2.49) leads to a viscous timescale of tν ≈ 1013 yr
for molecular hydrogen (Armitage, 2010); this is considerably longer than the 106...107 yr typically pre-
sumed for disk dispersal (see Sect. 2.2.1.6), and thus unrealistic. So for viscous disk evolution to match
observational data, non-microscopic turbulent effects need to be included in ν; their exact nature is how-
ever still unclear. Some candidates are as follows (see e.g. Gammie & Johnson, 2005; Dullemond et al.,
2007; Li et al., 2014):

(1)Despite being commonly, and hence also in this work, referred to by the same symbol, the spectral index (see e.g. Sect.
2.2.1.1) and the α-viscosity are entirely unrelated.
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Magneto-rotational instability (MRI): Balbus & Hawley (1991) and Hawley & Balbus (1991)
showed that a weak magnetic field can act to couple inner and outer parts of the disk if they are suffi-
ciently ionised, thus introducing turbulence and allowing for angular momentum transport. Conversely,
low temperatures as well as low levels of cosmic rays or high-energy photons from the central star can
create areas with insufficient ionisation levels for the MRI, leading to its suppression (see e.g. Chiang &
Murray-Clay, 2007; Dullemond et al., 2007, and references therein). The resulting MRI-inactive regions
are often referred to as ‘dead zones’ (Gammie, 1996; Turner & Drake, 2009); they are thought to be
located around the disk midplane at R ≲ 10 AU (see e.g. Bai & Stone, 2011; Bai, 2011a,b), where the
least amount of stellar irradiation can penetrate to. In these regions, non-ideal magneto-hydrodynamical
effects affect the magnetic field (see e.g. Wardle & Ng, 1999; Nakano et al., 2002; Gammie & Johnson,
2005; Armitage, 2010; Li et al., 2014; Lesur, 2020, and references therein):

Firstly, Ohmic resistivity; charge carriers collide with other particles, which reduces the magnetic flux,
and converts magnetic energy into thermal energy. To be efficient, this process requires high ϱgas.(1)(2)

Secondly, the Hall effect; the trajectories of charge carriers in a magnetic field are affected by Lorentz
forces, and their deflection changes the morphology of the magnetic field. This process impacts mainly
intermediate ϱgas.

Thirdly, ambipolar diffusion; the magnetic field is coupled to the charge carriers and moves with them,
drifting in relation to the neutral particles. Collisions between the charge carriers and neutral particles
transform magnetic energy into thermal energy. This process is thought to be most important at low
ϱgas.

Gravitational instability: If the disk is massive, its self-gravity becomes non-negligible; this can be
quantified in terms of the Toomre parameter (Toomre, 1964),

QToomre := cs Ω
π G Σgas

, (2.53)

with QToomre ≳ 2 required for the system to be stable; 1 ≲ QToomre ≲ 2 indicates marginal stability,
and systems with QToomre < 1 are unstable (see e.g. Birnstiel et al., 2010). Thus, changes in the density
(Σgas) or the temperature (and hence cs) distributions may trigger local instabilities, which will introduce
turbulence; they may as well act to quell it, which can create a feedback loop.

Vertical shear instability: In analogy to the concept of differentially rotating stars (Goldreich &
Schubert, 1967), the vertical shear instability stems from gas parcels moving from (R0, z0) to (R0 +
δR, z0 +δz), while initially keeping their angular momentum from (R0, z0) (Urpin & Brandenburg, 1998).
It is thought to drive turbulence especially where the MRI does not have an effect, that is in the MRI-dead
zones (see also e.g. Nelson et al., 2013).

Further effects: Other processes, such as convection, baroclinic instability, and global magnetic fields
may also create macroscopic viscosity.

2.2.2.4 Radial dust motion

While the gas is the main mass carrier at least in primordial circumstellar disks (PDs; see Sect. 2.2.1.3),
the rocky cores of planetesimals and planets are formed from dust, which also impacts disk chemistry
(see e.g. Booth & Ilee, 2019), and thus is a non-negligible constituent of disks. The motion of the dust in
relation to the gas is often parametrised in terms of the dimensionless Stokes number (see e.g. Birnstiel
et al., 2016),

St := ΩK tstop , (2.54)

where tstop is the stopping time, defined as the ratio of the momentum of a dust grain to the drag force
it is experiencing from the gas around it (see e.g. Birnstiel et al., 2010).(3) So St gives a measure of how
well (in terms of orbital times) the dust flow is coupled to the gas; for low St ≪ 1, gas and dust are

(1)For order-of-magnitude estimates for the ϱgas at which the non-ideal effects operate best, see for instance Nakano et al.
(2002), Armitage (2011, their Fig. 5) or Lesur (2020, their Fig. 9).

(2)The dominance of one non-ideal effect at a certain particle density does not necessarily imply that the others can safely
be ignored (see e.g. Lesur, 2020).

(3)The usage of tstop for dust transport across significant density drops (such as the disk-wind interface) may potentially
cause issues, see Hutchison & Clarke (2021).
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well-coupled, whereas they are decoupled for high St > 1. Rudimentarily, grains with smaller sizes (i.e.
radii) a are more coupled to the gas.(1) More rigorously, there are different regimes for tstop :

In the Epstein regime (Epstein, 1924), that is for a ≲ 9
4 ℓfp, with

ℓfp = 1
ngas σgas

(2.55)

the mean free path length, where ngas is the gas number density (see Eq. 2.15) and σgas is the collisional
cross section of a gas molecule, it can be written as (Whipple, 1972; Weidenschilling, 1977)

tstop = ϱgrain a

ϱgas vtherm
. (2.56)

Here, ϱgrain is the internal material density of a dust grain such that Eq. (2.8) applies for a spherical
particle,(2) and

vtherm =

√
8
π

· kB T

µ mH
= (2.57)

=
√

8
π

· cs (2.58)

is the mean thermal velocity (see e.g. Armitage, 2015), where we have used Eq. (2.39) in conjunction
with Eq. (2.15) and the ideal gas law

P V = N kB T . (2.59)
In the Stokes regime (i.e. for a > 9

4 ℓfp; Stokes, 1851; Whipple, 1972; Weidenschilling, 1977),

tstop =



2 ϱgrain a2

9 νmol ϱgas
for Re < 1 ,

20.6 ϱgrain a1.6

9 ν 0.6
mol ϱ 1.4

gas ∆v 0.4
gas, dust

for 1 < Re < 800 ,

6 ϱgrain a

ϱgas ∆vgas, dust
for Re > 800 .

(2.60)

Here, Re is the (dimensionless) Reynolds number,

Re := 2 a ∆vgas, dust

νmol
, (2.61)

∆vgas, dust is the relative velocity of the gas and the dust particle, and

νmol = ℓfp vtherm

2 (2.62)

is the (kinematic) molecular viscosity of the gas.
As Eqs. (2.56) and (2.60) indicate, tstop and thus via Eq. (2.54) also St are positively correlated with

a throughout the Epstein and Stokes regimes; so smaller grains have lower St and follow the gas flow
more closely (see also the review by Birnstiel et al., 2016).(3)(4)

In Sect. 2.2.2.1 we have seen that the gas is pressure-supported and thus mostly orbits the star at
sub-Keplerian Ω < ΩK . By contrast, (large enough) dust grains must rotate with ΩK to maintain their
orbit; they hence feel a headwind from the gas, which causes them to lose momentum and drift further
inward (see also e.g. Weidenschilling, 1977; Birnstiel et al., 2010; Testi et al., 2014). From Eq. (2.37),
Takeuchi & Lin (2002) deduced the factor

η := − 1
R ϱgas Ω 2

K

· ∂Pgas

∂R
(2.63)

(1)For the time being, we shall assume dust grains to be spherical to simplify theoretical considerations; this may be an
oversimplifaction, however (see e.g. Kirchschlager & Bertrang, 2020).

(2)ϱgrain is typically of the order of 1 g/cm3, (see e.g. Love et al., 1994; Joswiak et al., 2007).
(3)These considerations all assume ϱdust < ϱgas, and hence a negligible back reaction of the dust on the gas. This is not

necessarily the case (see e.g. Dipierro et al., 2018; Gárate et al., 2020); for a generalisation of the formalism, see Nakagawa
et al. (1986).

(4)To give a rough impression, the Epstein regime is probably more relevant than the Stokes regime at least for grains
with a < 1 cm in the disk midplane (see e.g. Cuzzi et al., 1993; Dullemond & Dominik, 2004).
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to quantify the deviation from Keplerian motion, such that

Ωφ ≡ Ω = ΩK

√
1 − η . (2.64)

For ∂Pgas/∂R < 0, this yields η > 0 (and thus Ω < ΩK , see Sect. 2.2.2.1). They then formulated the
radial drift speed of the dust as

vr, dust = vr, gas − St η R ΩK

1 + St2 , (2.65)

which shows that vr, dust → vr, gas for St → 0, vr, dust → 0 for St → ∞, and vr, dust < vr, gas (i.e. enhanced
inwards drift) for intermediate St. For the latter case, Testi et al. (2014) estimated drift speeds of up to
50 m/s ≃ 0.01 AU/yr (see also e.g. Birnstiel et al., 2010; Kanagawa et al., 2017).

This then raises the issue that unmitigated radial drift would clear out disks far too fast to match
observed lifetimes (see e.g. Takeuchi & Lin, 2005). However, locally, ∂Pgas/∂R ≥ 0 is possible (see e.g.
Klahr & Henning, 1997; Takeuchi & Lin, 2002; Pinilla et al., 2012a, and Sect. 2.2.2.6).(1)

2.2.2.5 Vertical dust distribution

As we have seen in Sect. 2.2.2.2, the gas disk is pressure-supported, allowing it to reach several Hgas in
vertical extent. The dust, by contrast, is not (see e.g. Armitage, 2015). So while small grains may still be
well-coupled to the gas (this is not necessarily the case, see Krijt & Ciesla, 2016; Lebreuilly et al., 2020),
and hence be present far above the disk midplane, large grains are not.

The contribution from the gravitational force in Eq. (2.38) is

|Fgrav| = G M∗ mgrain

R3 + z3 · z ; (2.66)

for a thin disk with R > z, R3 ≫ z3, this can be rewritten as (see e.g. Armitage, 2015)

|Fgrav| = Ω 2
K mgrain z (2.67)

using Eq. (2.35). The frictional force onto a dust grain in the gas is (Dullemond & Dominik, 2004)

|Ffric| = 4 π

3 a2 ϱgas vsett cs (2.68)

for a (vertical) settling speed vsett < cs. Via |Fgrav| != |Ffric|, the vertical drift timescale can be derived
as (Dullemond & Dominik, 2004)

tsett = z

vsett
= 4 π

3 · a2 ϱgas cs

mgrain Ω 2
K

. (2.69)

Typically, tsett is on the order of 105 yr (see e.g. Armitage, 2015), clearly shorter than usual disk lifetimes
(see Sect. 2.2.1.6); so dust settling can significantly impact disk evolution.

Turbulent stirring counteracts the settling (see Dullemond & Dominik, 2004, and references therein).
The ratio of gas diffusivity Dgas to dust diffusivity Ddust is the Schmidt number (Youdin & Lithwick,
2007)(2)

Sc := Dgas

Ddust
(2.70)

≈ 1 + St2 . (2.71)

Schräpler & Henning (2004) described the time-dependent vertical diffusive process via

∂ ϱdust

∂ t
− ∂

∂ z

(
z Ω 2

K tstop ϱdust
)

= ∂

∂ z

[
ϱgas Ddust · ∂

∂ z

(
ϱdust

ϱgas

)]
; (2.72)

a time-independent solution was given by Fromang & Nelson (2009):

ϱdust = ϱdust,0 · exp
[
−

St|z=0 Sc

α

(
exp

[
z2

2 H 2
gas

]
− 1

)
− z2

2 H 2
gas

]
(2.73)

(1)For a dive into the processes possibly involved, see for instance the review by Andrews (2020).
(2)Youdin & Lithwick (2007) have demonstrated that Sc ≈ 1+St, as had been proposed and employed before, is incorrect.
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Furthermore, Birnstiel et al. (2010) parametrised the dust scale height Hdust as

Hdust = Hgas · min
(

1;
√

α

min(St; 1/2) · (1 + St2)

)
, (2.74)

which guarantees Hdust ≤ Hgas for all St and hence a, as expected from the considerations above.(1)

2.2.2.6 Dust growth

Planets are thought to grow from the material present in the circumstellar disk (see e.g. Blum & Wurm,
2008, and references therein); this growth spans many orders of magnitude, from a ≲ 10−6 m (see e.g.
Draine, 2003a) to a ≳ 106 m (the radius of planet Earth being R⊕ ≃ 6.4 · 106 m).

Starting at the lower end of the scale, small dust grains collide, and these collisions can lead to
fragmentation, bouncing, partial mass transfers, or the two particles fully sticking together; as Blum &
Wurm (2008) summarise, the collisions are caused by non-zero relative velocities due to Brownian motion,
the sub-Keplerian motion of the gas and resulting radial drift (see Sects. 2.2.2.1 and 2.2.2.4), bulk motion
such as vertical settling (see Sect. 2.2.2.5), or gas turbulence (see Sect. 2.2.2.3).(2)

The time evolution of how many grains of which sizes exist is parametrised by the coagulation equation
(Smoluchowski, 1916), which can be written as (see e.g. Armitage, 2010)

∂

∂ t
n(m) = 1

2

∫ m

0
K(m′, m − m′) · n(m′) · n(m − m′) dm′ −

∫ ∞

0
K(m′, m) · n(m′) dm′ . (2.75)

Here, the number of particles of mass m, n(m), is expressed as all particles growing to mass m during
a time step (first right-hand term of Eq. 2.75; the factor of 0.5 counteracts the duplicate counting of
collisions between m1 = m′ and m2 = m − m′ to m1 + m2 = m) minus all particles of mass m growing
or fragmenting to mass m′ ̸= m (second right-hand term of Eq. 2.75). K(m1, m2) stands for the collision
kernel between particles with masses m1 and m2, which can be expressed for instance via the probability
of a sticking encounter, the collisional cross section, and the relative velocities (see also e.g. Birnstiel
et al., 2010; Testi et al., 2014).

Numerical solutions are necessary for non-trivial K. They have shown fast growth of small particles
to about (centi)meter size (see e.g. Blum & Wurm, 2008; Testi et al., 2014, and references therein); this
process is known as ‘dust coagulation’. Fragmentation must occur to replenish smaller sizes as these are
commonly observed in circumstellar disks (Dullemond & Dominik, 2005); it happens at relative speeds
≳ 1...10 m/s (see e.g. Güttler et al., 2010; Wada et al., 2013; Johansen et al., 2014; Gundlach & Blum,
2015; Birnstiel et al., 2016), with the exact value often thought to depend on the presence or absence of
ices (see e.g. Pinilla et al., 2016). Furthermore, radial drift can impede growth if the growth timescale is
larger than the drift timescale (Birnstiel et al., 2010, 2012a).

Bouncing and fragmentation limit the maximum grain size attainable from coagulation models to
around (milli)meter size (see e.g. Brauer et al., 2008a; Zsom et al., 2010; Raymond & Morbidelli, 2020), the
famous ‘meter-size barrier’. At this size, the material clumps are not yet massive enough to gravitationally
accrete (for this, a ≳ 105 m would be required, see e.g. Ida et al., 2008), so further growth needs to be
driven by alternate processes. It also must be fast as else, the newly formed (m)m agglomerates would
quickly radially drift into the star (on a timescale of about 100 yr, see e.g. Blum & Wurm, 2008); this
necessitates the formation of local overdensities where particles can grow rapidly (see e.g. the review by
Johansen et al., 2014).

In Sect. 2.2.2.4, we have assumed ∂Pgas/∂R < 0. However, locally, pressure maxima with a corre-
sponding region of ∂Pgas/∂R ≳ 0 are possible; they can concentrate the dust as well as slow its inward
drift (see e.g. Klahr & Henning, 1997; Fromang & Nelson, 2005; Johansen et al., 2007, 2009, and Sect.
2.2.2.4). Corresponding concentrations of up to cm-sized grains have been observed (see e.g. Casassus
et al., 2015; Dullemond et al., 2018).(3) Enhanced particle densities around snowlines (whose location
need not be fixed, see Owen, 2020) can act similarly (see e.g. Brauer et al., 2008b; Ros & Johansen, 2013;
Drążkowska & Alibert, 2017; Stammler et al., 2017); furthermore, magnetised stars can induce density
waves (see e.g. Romanova et al., 2013). In addition, once the first planet has formed, it will carve its

(1)Youdin & Lithwick (2007) had deduced Hdust ≈
√

Dgas/(ΩK St) (see also Shadmehri et al., 2018).
(2)Most current simulations employ one or few different dust species; while this can definitely work (see e.g. Birnstiel

et al., 2012a), too simplistic prescriptions may detrimentally affect the results (see e.g. Schaffer et al., 2018; Tamfal et al.,
2018; Savvidou et al., 2020).

(3)However, some apparent dust pile-ups can be explained by simple dust growth instead (Stammler, 2018).
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path through the circumstellar disk, creating a pressure bump in the process (see e.g. Paardekooper &
Mellema, 2004; Lyra et al., 2009; Zhu et al., 2014; Dipierro & Laibe, 2017; Tamfal et al., 2018).(1)

From considerations of full coupling between gas and dust via drag forces, Youdin & Goodman (2005)
found that enhanced dust-to-gas ratios may entail local perturbations (and hence, enhancements) of the
dust distribution via back-reactions of the dust onto the gas, entailing a self-reinforcing accumulation
of dust via the so-called streaming instability (see e.g. Youdin & Johansen, 2007; Johansen & Youdin,
2007; Carrera et al., 2017; Schaffer et al., 2018). The latter is considered one of the main mechanisms to
overcome the meter-size barrier (see e.g. Armitage, 2018), although it may be less efficient than initially
assumed (Krapp et al., 2019). It concentrates the dust together with processes like midplane settling
and general turbulences (which can counteract the concentration, too) (see e.g. Johansen et al., 2014).
Thinking back of the Toomre parameter (Eq. 2.53) which quantified the gravitational (in)stability of the
gas, a high enough particle concentration will entail a local gravitational collapse of the dust grains; this
can be parametrised in terms of the Roche density (see e.g. Johansen et al., 2014). This gravitational
collapse of the overdensities then allows for (rapid) planetesimal formation.

2.2.2.7 Planets

Once a planetesimal (a ≳ 103 m, see e.g. Birnstiel et al., 2016) has formed, it can grow further via
runaway growth, oligarchic growth, and pebble accretion (see e.g. Bitsch et al., 2015; Armitage, 2018;
Raymond & Morbidelli, 2020, and references therein); it needs to do so before the disk has dispersed (see
Sect. 2.2.1.6), and may start as early as star formation itself (Alves et al., 2020). In the case of runaway
growth, the mass accretion scales with the mass of the planetesimal; thus, one or few massive bodies soak
up all the smaller bodies in the system. During oligarchic growth, the accretion rate decreases with the
mass of the accretor; so the most massive protoplanets will end up with similar masses. Furthermore,
Ormel & Klahr (2010) and Lambrechts & Johansen (2012, 2014) proposed the (fast) sweep-up of small
particles (pebbles) by growing planetesimals until those have carved a gap into the circumstellar disk (see
also Chatterjee & Tan, 2014; Morishima, 2018; Picogna et al., 2018; Drążkowska et al., 2021); once the
accretors have reached the pebble isolation mass, the pressure bump at the gap edge is too high to allow
for further material influx onto and past the protoplanet. In addition, the planet may accrete a gaseous
envelope from the protoplanetary disk.

During and after its formation, the protoplanet is moving through the circumstellar disk (see e.g.
Baruteau et al., 2014). Depending on the gas density profile, the headwind from the gas usually slows
it down, which leads to a decaying orbit (see e.g. Raymond & Morbidelli, 2020). This may even lead to
more massive planets being swallowed up by their host star unless the gas disk dissipates during their
migration (see e.g. Armitage & Bonnell, 2002; Monsch et al., 2019, 2021a,b). However, changes in the
underlying ϱgas or interactions with other planets may lead to halted (or even outward) migration (see
e.g. Lin & Papaloizou, 2012; Rometsch et al., 2020).(2) In addition, if massive enough, the planet affects
the gas distribution itself (see e.g. Binkert et al., 2021), and carves a gap – or several ones, as it may
excite spiral density waves (see e.g. Kanagawa et al., 2016; Zormpas et al., 2020; Rodenkirch et al., 2021;
Rometsch et al., 2021).(3)(4)

Dust is thought to make up about 1% of the initial disk mass (see Sect. 2.2.1.3). Since planets, even
gas giants, form mainly from dust, this limits their potential impact on the overall mass budget of the
disk (see e.g. Alexander et al., 2014, and references therein); in addition, recent observations have shown
clearly non-zero amounts of ‘free’ dust in protoplanetary systems (see e.g. ALMA Partnership et al., 2015;
Ansdell et al., 2016, and Figs. 2.1 and 2.2), although these are already quite evolved (see e.g. Keppler
et al., 2018; Benisty et al., 2021). So while planets may clear gaps, they are unlikely to dominate disk
dispersal (at least in most systems).

(1)Photoevaporation (see Sect. 2.3.3) may also create a dust overdensity, but its success is still debated (see e.g. Carrera
et al., 2017; Ercolano et al., 2017b).

(2)Radiative heating from the star can also lead to outward migration for small-ish planets (see e.g. Kley & Crida, 2008;
Kley et al., 2009).

(3)Furthermore, Wu & Lithwick (2021) have shown that passive disks can undergo irradiation instabilities, which may
drive thermal waves.

(4)(This) Sect. 2.2.2.7 gives only a very superficial overview over the topic of planet formation and topics related to it;
the actual evolution is far more intricate (see e.g. Armitage, 2010; Helled et al., 2014; Baruteau et al., 2014; Birnstiel et al.,
2016; Disk Dynamics Collaboration et al., 2020; Parker, 2020; Lichtenberg et al., 2021).
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2.2.2.8 Transition disks

Observations have shown that a subset of circumstellar disks exhibits a depleted inner cavity (between
the star and the remainder of the circumstellar disk; see Sect. 2.2.1.7), and literature mostly agrees that
these transition disks mark a transitional phase between full, primordial disks and gas-depleted debris
disks (see e.g. Wyatt, 2008; Alexander et al., 2014; Ercolano & Pascucci, 2017).(1) Modelling efforts have
thus tried to find explanations for the depletion in gas and especially in small dust grains that has been
evidenced by IR observations (see Sects. 2.2.1.1 and 2.2.1.7). As summarised by Espaillat et al. (2014)
and Owen (2016), some of the mechanisms proposed are simple viscous evolution (see Sect. 2.2.2.3), dust
grain growth (see e.g. Dullemond & Dominik, 2005; Birnstiel et al., 2012b), MRI-driven dust flows or
winds (see e.g. Chiang & Murray-Clay, 2007; Suzuki & Inutsuka, 2009), and tidal effects due to stellar
companions (see e.g. Marsh & Mahoney, 1992; Artymowicz & Lubow, 1994). The dominant mechanism
may also depend on the how massive the disk is (see e.g. van der Marel et al., 2018), and is not necessarily
exclusive (see e.g. Rosotti et al., 2015).

Related to the hole formation by a companion, planet-disk interactions, that is (massive) planets
clearing the disk along their orbits, may also create transition disks (see e.g. van der Marel et al., 2018,
2019a).(2) The gap-clearing capacity of one planet is limited to about its Hill sphere radius (Hill, 1878),

rHill := rplanet ·
(

Mplanet

3 M∗

)1/3
, (2.76)

with rplanet the orbital radius of the planet around the star of mass M∗, and Mplanet its mass (see
e.g. Armitage, 2018); rHill describes the region (from the center of mass of the planet) within which its
gravitational attraction dominates over that of the central star.(3) Thus, a single planet has only a limited
capability to carve a substantial gap (see e.g. Paardekooper & Mellema, 2004), even in combination with
radial migration (see e.g. Clarke & Owen, 2013); and if it does, the hole may still not be readily detectable
from SED data (see e.g. Pinilla et al., 2016). Alternatively, scenarios with multiple planets have been
proposed (see e.g. Zhu et al., 2011; van der Marel et al., 2015); they, as well as single-planet systems,
manage to keep up mass flow from the outer disk to the star, resulting in continuedly high Ṁacc (see e.g.
Lubow & D’Angelo, 2006; Zhu et al., 2011, 2012; Casassus et al., 2013, and Sect. 2.2.1.7).

Another option for the clearing of an inner hole are disk winds, and in particular photoevaporation;
this topic will be explored below.

2.3 Disk winds
A disk wind can be defined as outflowing material from a few scale heights above the midplane (see e.g.
Pascucci et al., 2020). To this date, the material in this wind often remains unresolved in direct images (see
e.g. Cabrit et al., 1990; Ray et al., 2007; Pascucci et al., 2018; Ricci et al., 2021); thus, the Doppler shift in
(sufficiently resolved) observed (forbidden) emission line spectra such as [O i] (λ = 6300 Å = 0.63 µm) and
[Ne ii] (λ = 12.81 µm)(4) is used to determine the outflow characteristics (see e.g. Ercolano & Pascucci,
2017).(5)

T-Tauri stars exhibit both a high-velocity and a low-velocity wind component (HVC and LVC, re-
spectively), which can be linked to the existence of a circumstellar disk (see e.g. Königl & Ruden, 1993;
Hamann, 1994; Hartigan et al., 1995); outflow directed away from the observer may be obscured by said
disk (Appenzeller et al., 1984; Edwards et al., 1987). In terms of outflow velocity, the differentiation is
generally vr, LVC ≲ 30 km/s ≲ vr, HVC (see e.g. Simon et al., 2016; Banzatti et al., 2019; Gangi et al.,
2020; Pascucci et al., 2020).(6) However, the HVC jets attain speeds vr, HVC > 100 km/s (see e.g. Cabrit,
2007; Ray et al., 2007; Xu et al., 2021).

The HVC is well-collimated and originates close to the star (R ≪ 1 AU, see e.g. Anderson et al., 2003)
in the form of (micro-)jets (see e.g. Kwan & Tademaru, 1988). The micro-jets are typically supplanting

(1)A cleared gap does however not necessarily present a clear indication for the age of the disk (see e.g. D’Alessio et al.,
2005).

(2)The idea that planets are the sole, or at least main, cause of disk dispersal (see e.g. Armitage & Hansen, 1999) has
been rebutted by newer literature (see e.g. Owen, 2016, and references therein).

(3)For an extension of Eq. (2.76) to a system with multiple planets, see Hill (1913).
(4)The ionisation energy needed for [Ne i] to become [Ne ii] is about 21.56 eV (see e.g. Kaufman & Minnhagen, 1972).
(5)The rotation of the disk causes a different double-peaking of the lines (see e.g. Pontoppidan et al., 2011; Banzatti et al.,

2022).
(6)The boundary of 30 km/s was revised from an earlier value of 50 km/s (compare e.g. Ray et al., 2007); Nisini et al.

(2018) used 40 km/s.
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actual jets when the objects transition from class 0/I to class II (see e.g. Simon et al., 2016; Banzatti
et al., 2019);(1) in addition, their size and shape may be related to the alignment of the magnetic
fields of the parent GMC and the disk itself (Ménard & Duchêne, 2004). Jets drive mass-loss rates of
10−9 ≲ ṀHVC [M⊙/yr] ≲ 10−7 (see e.g. Frank et al., 2014); however, at least for class-II objects, ṀHVC
is lower than Ṁacc by at least an order of magnitude (see e.g. Cabrit et al., 1990; Cabrit, 2007; Fang
et al., 2018; Nisini et al., 2018). Class-III objects often lack the HVC (Fang et al., 2018).

The LVC is launched farther from the star than the HVC (see e.g. Kwan & Tademaru, 1988; Anderson
et al., 2003). It also accounts for an associated mass loss ṀLVC ≲ 10−8 M⊙/yr, with the notion that for
any one object, ṀLVC < ṀHVC (see e.g. Kwan & Tademaru, 1995; Natta et al., 2014). At TLVC ≈ 104 K,
it is rather warm (Natta et al., 2014; Fang et al., 2018), which further complicates attempts to accurately
determine ṀLVC (see e.g. Ercolano & Owen, 2016). The LVC can be subdivided into a narrow and a
broad component (LVC-NC and LVC-BC, respectively; Rigliaco et al., 2013), with the LVC-BC being
more common and associated with the inner disk, and sources with mainly LVC-NC (emitted from further
out) probably being transition disks (Simon et al., 2016; Fang et al., 2018). In general, low-velocity winds
are thought to cover a wide outflow angle (see e.g. Pontoppidan et al., 2011).

Concurrently, as noted in Sect. 2.2.1.4, outflows may lead to stellar variability. The opacity of these
winds is likely driven by dust particles entrained in it (see e.g. Bozhinova et al., 2016; Dodin et al., 2019;
Petrov et al., 2019). Miotello et al. (2012) presented evidence for a dusty outflow from Orion 114-426
from HST images; targeted modelling of interferometric data for SU Aurigae also suggests entrainment of
0.4 µm-sized dust grains in a wind, although that would require a very high Ṁacc ≈ 10−6 M⊙/yr (Labdon
et al., 2019).

In particular the emission-line observations outlined above – quantitatively still the main source of
actual information available (see e.g. Ray et al., 2007; Frank et al., 2014) – have spurred various efforts to
attribute them to underlying physical processes, in particular driving by magnetohydrodynamics (MHD)
or photoevaporation (see e.g. Anderson et al., 2003; Ferreira et al., 2006; Pascucci & Sterzik, 2009; Rigliaco
et al., 2013; Simon et al., 2016; Ercolano et al., 2017a; Nisini et al., 2018; Banzatti et al., 2019; Weber
et al., 2020);(2) understanding which mechanism dominates during which epochs would allow for more
concise modelling of disk evolution and also dispersal. In the following, we will take a closer look at the
proposed processes.

2.3.1 Magnetically-driven winds
The allure of MHD effects as main wind drivers lies in the self-collimation of the fast jets, which were the
first outflow feature to be observed (see e.g. Königl & Pudritz, 2000; Ferreira et al., 2006; Frank et al.,
2014, and references therein); furthermore, nascent stars are likely to be embedded in a magnetic field
(see e.g. Königl & Ruden, 1993).

One of the main problems concerning the evolution of protoplanetary disks is the transport of angular
momentum; apart from viscous evolution, which on its own cannot provide the timescales needed for
dispersal (see Sect. 2.2.2.3), MHD winds are thought to be the main mechanism accountable for it (see
e.g. Frank et al., 2014; Li et al., 2014; Turner et al., 2014; Najita & Bergin, 2018). Already Blandford &
Payne (1982) posited that angular momentum may be removed from protoplanetary disks via outflows
(particularly jets) driven along magnetic field lines threading the surface of the (thin) disk;(3) thermal
effects were thought to play a minor role. MHD jets can be launched from the stellar surface itself,(4)

from close to the star (‘X-winds’, see e.g. Shu et al., 2000; Mohanty & Shu, 2008, and references therein),
or extended warm surfaces (0.1 ≲ R [AU] ≲ 3), with the latter scenario deemed the most likely (see e.g.
Ferreira et al., 2006). However, the launching from the (warm) disk surfaces does not make the wind
thermal as long as its energy is supplied by the magnetic field (see e.g. Turner et al., 2014).

The magnetic field strength is often expressed in terms of the (dimensionless) plasma parameter (see
e.g. Suzuki, 2007, and assuming a vertically isothermal setup, i.e. Eq. 2.39)

β := 8 π · ϱgas c 2
s

B 2
z

, (2.77)

(1)For an example for a ‘full’ jet, see for instance HH 212 (Lee et al., 2018).
(2)It may be a topic for discussion whether new observational analyses should be published in direct conjunction with a

physical interpretation, or alongside them, possibly in separate manuscripts; the latter alternative would serve to not ‘stain’
the data regarding their interpretation.

(3)While the magneto-centrifugal wind model of Blandford & Payne (1982) was targeted at black holes, they remarked
that it should also apply to lower-mass objects.

(4)For a description of solar winds, see for instance Parker (1958, 1965).
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with Bz the (net) vertical magnetic field strength (i.e. the background field); thus, lower β correspond to
higher Bz.(1) Nowadays, the midplane value is typically assumed to be 104 ≲ β ≲ 107 (see e.g. Suzuki
& Inutsuka, 2009; Gressel et al., 2015; Bai, 2016; Béthune et al., 2017; Rodenkirch et al., 2020); at the
disk-wind interface, β ≲ 1 (see e.g. Turner et al., 2014). Using a non-zero vertical field Bz in ideal MHD
simulations, Suzuki & Inutsuka (2009) stated that the MRI (see Sect. 2.2.2.3) can enhance magnetic
fields and thus drive an outflow (see also Simon et al., 2013a,b); earlier models had questioned whether
a disk could be formed at all, as magnetic braking (due to the accumulation of more and more magnetic
flux in the central star, see e.g. Li et al., 2014) would be too efficient to allow for disk formation (Allen
et al., 2003; Galli et al., 2006; Li et al., 2011).

Subsequently, simulations including non-ideal MHD effects (see Sect. 2.2.2.3) – in particular, Ohmic
resistivity and ambipolar diffusion – showed the MRI and the corresponding magneto-turbulent wind
to be suppressed; instead, a magneto-centrifugal wind is launched (Bai & Stone, 2013). The outflows
emanate from |z| ≈ 4.5 Hgas and R ≲ 10 AU (see e.g. Gressel et al., 2015; Hartmann et al., 2016; Bai,
2017; Mori et al., 2019; Rodenkirch & Dullemond, 2022), and are not necessarily symmetric (see e.g. Bai,
2017; Béthune et al., 2017). A detailed dive into the current status of research is provided by dedicated
reviews (e.g. Hartmann et al., 2016; Lesur, 2020); however, the accurate determination of ionisation levels
due to high-energy radiation from the star and its neighbourhood has been shown to be important for
both non-ideal and even ideal MHD calculations (Igea & Glassgold, 1999; Shang et al., 2002; Perez-Becker
& Chiang, 2011; Mohanty et al., 2013). This has given rise to combined magneto-thermal wind models
(see Sect. 2.3.4), because while recent studies have reported that magnetic winds can drive mass loss as
well as accretion (see e.g. Suzuki et al., 2016b; Lesur, 2021; Tabone et al., 2021) – even for transition disks
(Wang & Goodman, 2017a) –, it remains questionable to which degree (Armitage et al., 2013; Zhu &
Stone, 2018), and the quantitative strength of the non-ideal MHD effects is still debated (see e.g. Lesur,
2020), and may well depend on the magnetic background field.

Suzuki & Inutsuka (2009) speculated that MRI-driven waves could concentrate small dust grains
towards the midplane. This vertical motion was further explored by Miyake et al. (2016), who found
that dust with sufficiently small St could float at |z| ≈ 4 Hgas and possibly be picked up by a wind, while
large grains would be left in the disk. Quantitatively, they reported grains with a ≲ {20, 0.5} µm to be
blown out from R ≲ {1, 10} AU. Giacalone et al. (2019) investigated the radial transport of dust grains in
MRI-driven winds, and found small µm-sized grains to be picked up close to the star, and deposited back
into the disk further out (at R ≲ 10...20 AU); even smaller grains could be fully entrained in the wind
(see also Safier, 1993).(2) Material returning to the disk drifts back inwards; it is still debated whether
grain growth will limit the amount of small particles being picked up by the wind (Misener et al., 2019;
Okamoto & Ida, 2022).

2.3.2 Radiation pressure
Although radiation pressure is not assumed to drive the observed large-scale outflows of protoplanetary
disks (see e.g. Königl & Ruden, 1993; Booth & Clarke, 2021), it may still account for the removal of small
dust grains. Takeuchi & Lin (2003) modelled the outwards motion of such particles from the surface layer
of protoplanetary disks, and concluded that the mass outflow is insignificant unless the stellar luminosity
is very high, but will remove grains of a ≈ 0.1 µm. Vinković (2009) added that grains with a ≳ 1 µm
can be transported some distance outwards from the inner disk region along the disk surface (but not
out of the system) due to vertical radiation pressure (see also Jaros et al., 2020; Vinković & Čemeljić,
2021). As shown by Tazaki & Nomura (2015), the size limit strongly depends on the shape, composition,
and porosity of the grains. In addition, azimuthal asymmetries in the dust distribution may lead to an
outward recession of the gap edge (Bi & Fung, 2022), even though radiation pressure cannot prevent dust
from entering the gap (Dominik & Dullemond, 2011).

Owen & Kollmeier (2019) argued that radiation pressure can disperse small dust grains (a ≲ 1 µm)
in particular from the gap edge of a transition disk created by photoevaporation (see Sect. 2.3.3), and
that fragmentation of larger grains accumulated there may consecutively entail a rapid loss of dust mass.
The model was expanded to disks without a pressure bump by Krumholz et al. (2020), who also found
a relatively fast removal of small grains from transition disks; this is in line with the earlier works of
Takeuchi & Artymowicz (2001), and of Klahr & Lin (2001) who had estimated that radiation pressure
can remove dust grains of around µm-size from the debris disk of HR 4796A (for recent images, see

(1)Fundamentally, β ∝ Pgas/B 2
z is a pressure ratio, with Pgas the thermal pressure, and Pmag ∝ B2 the magnetic pressure

(see e.g. Suzuki, 2007; Bai & Stone, 2011).
(2)If the corresponding Ṁdust were high enough, this could impact disk evolution, as Zhao et al. (2016) found the removal

of grains with a ≲ 0.1 µm to be beneficial for disk survival.
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e.g. Schneider et al., 2018). These results suggest that outflows driven by radiation pressure gain in
importance when the circumstellar disk has already evolved.

2.3.3 Photoevaporative winds
Protoplanetary disks disperse within a few Myr (see Sect. 2.2.1.6); about one tenth of that time is spent
in a transitional stage (see Sect. 2.2.1.7). This suggests a two-timescale evolutionary track, where at
some point, rapid disk dispersal (from the inside out) is triggered (see e.g. Kenyon & Hartmann, 1995;
Alexander et al., 2014; Ercolano & Pascucci, 2017). Based on an the work of Hollenbach et al. (1994,
see also the references therein), Clarke et al. (2001) proposed photoevaporation (PE) due to ultraviolet
(UV) stellar radiation – which can heat the gas enough to allow for material to escape – as a mechanism
that could reproduce exactly this two-timescale behaviour.

Put simplistically, the gas within the gravitational radius (Hollenbach et al., 1994),(1)

Rgrav := G M∗

c 2
s

, (2.78)

remains (gravitationally) bound to the central star even at high temperatures (Tgas ≈ 104 K);(2) for
example, an isothermal scenario with cs = 10 km/s and M∗ = 1 M⊙ yields Rgrav ≃ 9 AU. Outside of
Rgrav, the thermal energy allows for the escape of the gas (see also e.g. Alexander et al., 2014).(3) Over
time, the UV irradiation leads to a density drop around Rgrav, and subsequently, the gas at R < Rgrav
is quickly viscously accreted onto the star – in about 105 yr, yielding the fast transition between CTTS
and WTTS –, while the disk at R ≳ Rgrav is photoevaporated, and thus cannot resupply the inner disk
(Clarke et al., 2001). As found by Adams & Shu (1986), Adams et al. (1987), and Alexander et al.
(2004a), radiation directly from the host star (and not from accretion shocks) dominates the photon
budget (see also Andrews, 2015); so the stellar emission would be sustained even at Ṁacc ≃ 0.(4)

Clarke & Alexander (2016) presented self-similar solutions for the gas streamlines of a thermal wind;
the disk was assumed to be geometrically thin (with the winds being launched from the midplane) and
isothermal, and have a density ϱgas ∝ R−γ (see Sect. 2.2.2.1). The analytic solutions agreed quite well
with according hydrodynamic simulations for R ≳ 0.5 Rgrav, providing a means of modelling the gaseous
outflow at considerably lower computational cost. Sellek et al. (2021) extended this model to include an
angled launch surface (i.e. a disk-wind interface with hgas = const) as well as to allow for temperature
variations along the base of the outflow. For the gas streamlines, they found almost vertical launching
from the disk surface (also at z/R = tan(36◦) ≃ 0.7, in addition to the (z/R = 0)-case investigated by
Clarke & Alexander, 2016), and confirmed launch velocities of vlaunch, gas ≃ 0.3 cs for γ = 1.5.

When considering highly energetic photons emitted by the host star, there are three main energy
regimes to consider: far ultraviolet (FUV), extreme ultraviolet (EUV), and X-ray; Table 2.1 gives an
overview over their respective energy domains and penetration depths into the disk. These three compo-
nents are thought to drive mass loss from different (radial) regions of the disk (see e.g. Armitage, 2011;
Alexander et al., 2014).

2.3.3.1 Extreme-ultraviolet radiation

A first dedicated hydrodynamical model of EUV-driven disk winds around T-Tauri stars, based on the
prescriptions of Hollenbach et al. (1994), was presented by Font et al. (2004). It was built around a
star with M∗ = 1 M⊙, emitting photons at a rate of Φ∗ = 1041/s, and thus heating the disk surface.
The EUV penetration depth (see Table 2.1) is comparatively low; absorption and re-emission of photons
indirectly heats (and ionises) the wind region to around Tgas ≃ 104 K (see also Hollenbach et al., 2000), in
agreement with observational data (see e.g. Johns-Krull et al., 2000). From their simulations, Font et al.
(2004) reported an outflow velocity of vwind, gas ≈ 10 km/s, launched at vlaunch, gas ≈ 0.3 cs, and a peak in
the mass-loss rate rather close to the star (at R ≃ 0.14 Rgrav, see Alexander et al., 2014). Successively,

(1)Rgrav is derived from cs = ΩK R, and indicates the maximum region within which the heated gas can remain bound
to the star (see e.g. Clarke et al., 2001).

(2)The corresponding dust temperature Tdust is most likely smaller than Tgas, in particular in low-density regions (see
e.g. Alexander et al., 2014).

(3)Photoevaporative winds being launched mainly from R > Rgrav ≫ 1 AU associates them with the LVC of the wind
(see above).

(4)Nonetheless, Clarke et al. (2001) noted that the energy source for the sustained stellar emission after the clearing
of the gap is unclear; they speculated that magnetic activity could play a role, which suggests that MHD effects and
photoevaporation may well be intertwined processes (see also Sect. 2.3.4).
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Table 2.1: Energy ranges and approximate penetration depths (in terms of number column den-
sities, i.e. gas particles per area) for the different types of high-energy radiation considered.

Type Energy [eV] Wavelength [Å] Optical depth [1/cm2]
FUV 6 ... 13.6 912 ... 2066 1021 ... 1022

EUV 13.6 ... 100 124 ... 912 1020

X-ray (soft) 100 ... 2 · 103 6.20 ... 124 1021 ... 1022

X-ray (hard) 2 · 103 ... 105 1.24 ... 6.20 1022

The values listed have been taken from the review by Ercolano & Pascucci (2017) (compare
Hollenbach & Gorti, 2009; Alexander et al., 2014; Gorti, 2016, and references therein); they should
be regarded as order-of-magnitude estimates, as the actual penetration depths depend on the
exact material compositions (and hence opacities) in the irradiated regions. In broad terms, EUV
photons penetrate less into the disk than X-ray and FUV ones; hard X-ray radiation penetrates
deeply, but scarcely heats the gas.

the models of Alexander et al. (2006a,b) yielded similar vwind, gas, and showed that once an inner cavity
has opened, direct irradiation becomes non-negligible at its edge, speeding up the timescale for final disk
dispersal to about 105 yr – that is, roundabout the observationally derived value (see Sect. 2.2.1.7), and
comparable to the timescale of viscous accretion of the inner disk.

Yet the low penetration depth of the photons means that they may already be absorbed in the jet
(Shang et al., 2002), or the material accreting from the disk onto the star (Alexander et al., 2004a)
or the wind region close to it (Gorti & Hollenbach, 2009; Owen et al., 2012). This leads to a rather
long timescale of about 107 yr for the photoevaporative formation of a cleared gap (see e.g. Hollenbach
et al., 2000; Clarke et al., 2001), longer than usual disk lifetimes (see Sect. 2.2.1.6). Mass-loss rates are
accordingly low, with ṀEUV ≈ 10−10 M⊙/yr for primordial disks (Clarke et al., 2001; Font et al., 2004)
and ṀEUV ≈ 10−9 M⊙/yr for transition disks accounting for direct irradiation (Alexander et al., 2006a,
2014).(1)(2) In all cases, the models yielded (Hollenbach et al., 1994; Clarke et al., 2001; Alexander et al.,
2006a)

ṀEUV ∝
√

Φ∗ · M∗ ; (2.79)
so uncertainties in Φ∗, which is estimated at 1041 ≲ Φ∗ [1/s] ≲ 1042 (Alexander et al., 2005; Herczeg
et al., 2007; Alexander, 2008; Hollenbach & Gorti, 2009), do not strongly impact ṀEUV.(3)

Owen et al. (2011a) simulated the motion of small dust grains in an EUV-driven outflow around a
Herbig Ae/Be star (M∗ = 2.5 M⊙, Φ∗ = 1043/s), assuming that the dust motion was governed by gas
drag. In their edge-on, wind-only model, grains with a ≲ 2.2 µm were entrained, and radiative-transfer
(RT) modelling with Mocassin (Ercolano et al., 2003, 2005, 2008a) revealed a ‘wingnut’ morphology for
their wind-only dust distributions. Using the EUV wind model of Hutchison & Laibe (2016), Hutchison
et al. (2016a) simulated vertical dust distributions via smoothed-particle hydrodynamics (SPH; Gingold
& Monaghan, 1977); the largest particles were entrained from Rgrav ≲ R ≲ 2 Rgrav. In a follow-up
study, Hutchison et al. (2016b) reported dust of internal density ϱgrain = 3 g/cm3 and sizes a ≲ {3, 4} µm
to be entrained in the EUV outflow from a M∗ = {1, 0.7} M⊙ star; they noted that dust settling (see
Sect. 2.2.2.5) may decrease this size limit to a < 1 µm. However, their model was not set up to retrieve
dust densities in the wind region (Hutchison, priv. comm.). Recently, Hutchison & Clarke (2021) have
presented a semi-analytical model of dust entrainment based on the work of Clarke & Alexander (2016)
and the EUV flux parametrisation of Hollenbach et al. (1994), aimed at predicting dust trajectories in
the wind region as well as vertical advection or diffusion of dust to the disk-wind interface; they verified
their results by means of the enhanced gas-and-dust SPH code of Hutchison et al. (2018). As suggested
by Hutchison et al. (2016b), Hutchison & Clarke (2021) found the delivery of material to the disk-wind
interface to be the main constraint on the grain sizes picked up by the photoevaporative outflow, limiting
them to a < 1 µm for Φ∗ = 1041/s.

(1)As ϱgas ≫ ϱdust (see Sect. 2.2.1.3), and because dust also undergoes vertical settling especially at the larger a (see
Sect. 2.2.2.5) which carry most of the mass (see Sect. 2.2.1.3), we have Ṁwind ≈ Ṁwind, gas ≫ Ṁwind, dust.

(2)In the case of a dust-free disk around a high-mass (M∗ ≥ 10 M⊙) star, direct irradiation would also matter for the
primordial phase, and drive somewhat higher ṀEUV especially from R ≫ Rgrav (Tanaka et al., 2013).

(3)The values reported for ṀEUV above were computed for Φ∗ = 1041/s.
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2.3.3.2 X-ray radiation

EUV-driven winds cause rather low mass-loss rates, which (on their own) would not succeed in dispersing
protoplanetary disks within the observationally determined timeframe of a few Myr (see Sect. 2.2.1.6).
However, observations have shown that pre-MS stars have comparatively high LX (see Sect. 2.2.1.5);
these may act to enhance the photoevaporative outflows.(1)

A first study by Alexander et al. (2004b) estimated an X-ray-driven mass loss of ṀX < ṀEUV. Gorti
& Hollenbach (2009) found that X-rays could not drive a high mass-loss on their own, but significantly
enhanced EUV (and FUV; see Sect. 2.3.3.3) photoevaporation. Ercolano et al. (2008b) claimed ṀX ≈
10−8 M⊙/yr, a value which Ercolano et al. (2009) revised to ṀX ≈ 10−9 M⊙/yr accounting for vertical
hydrostatic equilibrium; both works noted that in comparison to EUV-only irradiation, the disk-wind
interface is less well defined for X-ray photoevaporation (which can penetrate deeper, see Table 2.1),
rendering the retrieved ṀX highly dependent on where exactly the boundary is located (see also Gorti
& Hollenbach, 2008).(2) This led to the fully hydrodynamical modelling of an X-ray-enhanced EUV
(XEUV) wind by Owen et al. (2010), who found ṀXEUV ≃ 10−8 M⊙/yr ≫ ṀEUV (similar to Ercolano
et al., 2008b), coming from a larger range in R (i.e. 1 ≲ R [AU] ≲ 70) than in the Rgrav-centric EUV
cases, and showing that indeed, X-rays do have a non-negligible impact on photoevaporation. This was
underlined by their result that the ionisation parameter (Tarter et al., 1969)

ξion := LX

ngas r2 , (2.80)

which is evidently X-ray-driven, is very closely correlated to the gas temperature Tgas. The latter was
found to be somewhat lower than the EUV-induced value of 104 K especially at larger R, so X-ray
photoevaporation is more effective at larger R than its EUV counterpart (see also Alexander et al.,
2014). In addition, Owen et al. (2010) could also reproduce the two-timescale behaviour of Clarke et al.
(2001), but on timescales matching observational data.(3)

While Owen et al. (2010) had used a single LX = 2 · 1030 erg/s,(4) Owen et al. (2011b) extended
their model to 1028 ≤ LX [erg/s] ≤ 1031 (yet stayed with M∗ = 0.7 M⊙). This yielded mass-loss rates of
4 · 10−10 ≲ ṀXEUV [M⊙/yr] ≲ 8 · 10−8, and an empirical relation (Owen et al., 2011b)

ṀXEUV ∝ L 1.14
X , (2.81)

slightly steeper than their analytical prediction of ṀXEUV ∝ LX; a comparison to Eq. (2.79) suggests a
clearly stronger dependence of the wind mass-loss rate (Ṁwind) on LX than on Φ∗. However, they noted
that their model cannot account for transition disks with large inner holes and high Ṁacc (which have
been observed, see Sects. 2.2.1.4 and 2.2.1.7); this can be resolved by invoking a dead zone (Morishima,
2012; Gárate et al., 2021, see Sect. 2.2.2.3). Owen et al. (2012) found a negligible impact of stellar mass
(independent of LX; see Sect. 2.2.1.5) on the model, that is roughly ṀXEUV ∝ M −0.1

∗ for both primordial
and transitional disks, retrieved from simulations for M∗ ∈ {0.1, 0.7} M⊙. In addition, they encountered
a photoevaporative dispersal of the remainder of their transition disk on dynamical timescales once the
inner hole had grown to 20...40 AU, a process they dubbed ‘thermal sweeping’ (see also Owen et al.,
2013).(5)

Eq. (2.81) shows a strong dependence of ṀXEUV on LX; however, as observations have shown, the
latter is unconstrained by several orders of magnitude (see Sect. 2.2.1.5 as well as the low inferred estimates
of Sellek et al., 2020b). In addition, microphysics and dust distributions may heavily impact the amount
of X-ray and EUV irradiation actually heating the disk (see e.g. Ercolano et al., 2009; Ercolano & Clarke,
2010; Ercolano & Glassgold, 2013; Alexander et al., 2014; Ercolano & Owen, 2016; Nakatani et al.,

(1)While EUV photons can effectively ionise hydrogen atoms (see Table 2.1), the higher energy of X-ray photons renders
the latter more likely to interact with heavier elements. Re-emission of photons due to recombinations can then act to not
only heat, but also ionise the surrounding hydrogen gas (see e.g. Tarter et al., 1969; Tarter & Salpeter, 1969; Alexander
et al., 2014).

(2)This can additionally be seen from the wind parametrisation of Clarke & Alexander (2016): The mass outflow can be
approximated via Σ̇gas ∝ ϱbase, gas · cs, using the base density ϱbase, gas and a launch velocity of order cs. The (simplifying)
assumption of an ideal gas in an isothermal environment yields c 2

s = Pgas/ϱgas ∝ ngas kB Tgas/ϱgas ∝ Tgas via Eqs. (2.39)
and (2.59); so very roughly, Σ̇gas ∝ ϱbase, gas ·

√
Tgas (see also Gorti, 2016; Ercolano & Pascucci, 2017).

(3)Gorti et al. (2009) stated that over time, the hardness of the X-ray spectrum emitted by the star changes; this may
help to establish a two-phased disk dispersal. Furthermore, Flaischlen et al. (2021) found the observed anti-correlation
between Ṁacc and Lacc (see Sect. 2.2.1.5) to be stronger for softer X-rays.

(4)Actual stellar LX can vary over time (see Sect. 2.2.1.5), which may impact the results both directly and indirectly (via
altering the subsequent gas evolution; see also Owen et al., 2012).

(5)The efficiency of thermal sweeping is still debated, see Haworth et al. (2016a), but also Picogna et al. (2019).
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2018a,b; Wölfer et al., 2019). Recent modelling efforts have thus concentrated on finding observational
tracers to benchmark the validity of the underlying XEUV simulations (based on Owen et al., 2010).
For instance, Ercolano et al. (2014) showed that they could reproduce the observed correlation between
M∗ and Ṁacc (see Sect. 2.2.1.4) quite well. Ercolano et al. (2018) showcased a synthesised population of
transition disks whose gap sizes and Ṁacc matched actual data, derived for disks depleted of carbon and
oxygen; this depletion decreases cooling and thus extends the region affected by photoevaporation (see
also Gorti et al., 2009). Their model was refined by Wölfer et al. (2019), who found carbon and oxygen
depletion to indeed significantly enhance ṀXEUV.

To allow for more exact studies, Picogna et al. (2019) presented a new generation of XEUV photoe-
vaporation models, using coupled RT and HD computations; starting from similar parameters as Owen
et al. (2010) for 1028.3 ≤ LX [erg/s] ≤ 1031.3, they found ṀXEUV to be slightly higher (by a factor of
about 2) for R > 10 AU (see also Rodenkirch & Dullemond, 2022).(1) In addition, they improved upon
the emission-line predictions of Ercolano & Owen (2016), provided the basis for follow-up studies (such as
Wölfer et al., 2019; Weber et al., 2020), and retrieved a more intricate relation between LX and ṀXEUV
than Eq. (2.81), levelling off at high LX.(2) Nonetheless, qualitatively, they stated that the X-ray com-
ponent of the stellar radiation provides a vital ingredient to photoevaporation just like in the models of
Owen et al. (2010, 2011b, 2012). Subsequently, Picogna et al. (2021) extended these simulations to a
wide range of stellar masses (0.1 ≤ M∗ [M⊙] ≤ 1); in contrast to the (less detailed) work of Owen et al.
(2012), they found an approximately linear relation (Picogna et al., 2021)

ṀXEUV ∝ M∗ (2.82)

even for fixed LX, giving much more weight to M∗ than the EUV case (Eq. 2.79). This was caused by lower
hgas in disks around higher-mass stars, allowing further-out regions to be photoevaporated. Furthermore,
their model predicted inner-disk lifetimes matching observational data from λ Orionis (Bayo et al., 2012).

The shape of the X-ray profile (in other words, its hardness) can significantly impact results; Ercolano
et al. (2009) found a harder spectrum to decrease ṀX by one dex, and Gorti et al. (2009) found a softer
spectrum to halve disk lifetimes.(3) This was verified by Ercolano et al. (2021), who refined the input
spectra of Picogna et al. (2019) (who had been using the spectra of Ercolano et al., 2008a) with data
from the COUP survey (Getman et al., 2005, see Sect. 2.2.1.5). Yet their (1D) population synthesis still
produced less transition disks with large inner holes as well as high Ṁacc than observed (see also Monsch
et al., 2021b); this may well be due to model oversimplifications (Ercolano et al., 2021).

A different approach to wind tracing could be to consider small dust grains entrained in the outflow;
any notable patterns (such as the EUV-driven wingnut morphology predicted by Owen et al., 2011a)
could be directly checked against observational images, presenting yet another way to benchmark XEUV
photoevaporation. In addition, accurate dust population maps would yield the added benefit of allowing
for improved thermal and chemical modelling (see e.g. Gorti & Hollenbach, 2009; Bai, 2016; Wang et al.,
2019, and Sect. 1.1). Until recently, this approach had not been explored, rendering the dust density
computations presented in Chaps. 3, 4, and 5 the first of their kind. Concurrently, Booth & Clarke (2021)
stated that much like for an EUV wind (see Hutchison & Clarke, 2021), dust delivery to the disk-wind
interface is the limiting factor in dust entrainment, resulting in the entrainment of grains with a ≲ 2.5 µm
for the gas models of Picogna et al. (2019) (see also Sects. 4.4.1.1 and 5.3.2).

2.3.3.3 Far-ultraviolet radiation

FUV photons cannot ionise hydrogen (see Table 2.1). However, as summarised by Hollenbach & Tielens
(1997), they still raise Tgas via photo-electric heating of small dust grains, in particular polycyclic aromatic
hydrocarbons (PAHs), effectively launching electrons into the gas. Additionally, FUV photons can excite
or even photo-dissociate simple molecules such as (primarily) H2, leading to the emission of IR photons.
Therefore, disk microphysics cannot be neglected when investigating FUV photoevaporation (see also

(1)As illustrated by Picogna et al. (2019, their Fig. C1), differences in ṀXEUV can be at least partially due to the choice
of the outer computational boundary (see also Rodenkirch et al., 2020, and Sect. 4.2.1).

(2)The numerical fit provided by Picogna et al. (2019) reads:

log10

(
ṀXEUV
M⊙/yr

)
= −7.2580 − 2.7326 · exp

[
−

(
ln

(
log10

(
LX

erg/s

))
− 3.3307

)2
/

(
2.9868 · 10−3

)]
It was further refined by Ercolano et al. (2021).

(3)The degree of sampling of the spectrum is also likely to have an impact (see e.g. Picogna et al., 2019).
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Tielens & Hollenbach, 1985), rendering dedicated simulations quite computationally costly.(1)

Building on the X-ray, EUV, and FUV photoevaporation model of Gorti & Hollenbach (2004, 2008),
Gorti & Hollenbach (2009) reported FUV to mainly account for the erosion of the outer disk regions,
with ṀFUV peaking locally at R ≃ 20 AU and globally at R ≳ 100 AU. For M∗ = 1 M⊙, they retrieved
ṀFUV > 10−8 M⊙/yr from R ≳ 100 AU, yielding Ṁacc ≈ ṀFUV; Wang & Goodman (2017b) revised that
value to Ṁwind ≈ 2.5 · 10−9 M⊙/yr, but did so using a computational domain limited to R ≤ 100 AU.

While Gorti & Hollenbach (2009) had incorporated X-ray irradiation, they found it to play mainly a
supporting role compared to FUV (see Sect. 2.3.3.2).(2) In a follow-up study, Gorti et al. (2009) simulated
disk evolution until dispersal. They stated that the stellar LFUV is driven by Ṁacc, leading to FUV-driven
winds especially in high-viscosity disks with no or just small gaps. Their disks showed gap formation
around R ≈ 3 AU after a few Myr (R ≈ 10 AU in the updated models of Gorti et al., 2015), largely due
to FUV irradiation.

By contrast, in the hydrodynamical, but chemistry-less models of Owen et al. (2012), X-ray photoe-
vaporation drove disk evolution at R ≲ 100 AU, whereas FUV dominated Ṁwind only for LFUV > 100 LX.
So while FUV irradiation most likely determines the fate of the outer disk regions, its role at R ≲ 20 AU
is less well-constrained, and may also depend on individual system properties such as dust distribution
and composition (which impact its penetration depth, see also Alexander et al., 2014; Gorti, 2016);(3)

Gorti et al. (2015) estimated that dust evolution only plays a minor role.
Small dust particles efficiently absorb FUV photons. Nakatani et al. (2018a) reported that this holds

for heavy atoms, too, whose abundance can be parametrised in terms of the metallicity Z, with Z⊙ the
solar value.(4) While for Z ≲ 10−2 Z⊙, ionisable material is too sparse to allow for efficient FUV heating,
they found mass-loss rates as high as ṀFUV ≲ 10−7 M⊙/yr for 0.1 ≲ Z [Z⊙] ≲ 10, with ṀFUV ∝ Z−0.85

within the latter range, indicating an increasing shielding of further-out disk regions at high Z.(5) Like the
earlier study of Gorti & Hollenbach (2009), Nakatani et al. (2018a) reported a very substantial fraction of
ṀFUV emerging from R ≳ 100 AU. Nakatani et al. (2018b) extended the model of Nakatani et al. (2018a)
by an X-ray component, and found FUV irradiation to drive the main Ṁwind except for metallicities
Z < 10−1.5 Z⊙, where the X-ray component dominated. Subsequently, Komaki et al. (2021) investigated
the dependence of ṀFUV in that model on M∗, LFUV, and LX; they deduced (Komaki et al., 2021)

ṀFUV ∝ M 2
∗ ·

√
LFUV . (2.83)

Furthermore, they found Ṁwind ∝ L 0.25
X for an FUV-dominated scenario, and Ṁwind ∝ L 0.6

X for an X-ray-
dominated one. The latter relation is still shallower than Eq. (2.81), although somewhat in line with the
results of Picogna et al. (2019) for LX ≳ 1030 erg/s; as pointed out by Gorti et al. (2009) and Ercolano
et al. (2021), the simulations of Gorti & Hollenbach (2009), Gorti et al. (2009), Wang & Goodman
(2017b), and Nakatani et al. (2018b) used a rather hard X-ray spectrum (see also Sect. 2.3.3.2), which
may well explain the differences.

2.3.3.4 External photoevaporation

Stars are born in clusters (see Sect. 2.1), so protoplanetary disks are unlikely to evolve in isolation. Based
on HST images of the Orion Nebula Cluster, already O’Dell et al. (1993) proposed that protoplanetary
disks may be dispersed by radiation from nearby massive stars (see also O’Dell & Wen, 1994). This was
formalised by Johnstone et al. (1998), who argued that EUV and FUV photons from sources external to
the disk could drive a mass outflow from R ≳ 0.5 Rgrav (or even R ≳ 0.2 Rgrav, see also Adams et al.,
2004), emptying them within a timeframe of around 106 yr (see also e.g. Clarke, 2007; Alexander et al.,
2014). In contrast to external FUV irradiation, neither common EUV (see e.g. Scally & Clarke, 2001)
nor X-ray (see e.g. Rab et al., 2018) radiation fields drive significant (external) mass losses Ṁext; close
encounters have an even smaller impact on disk evolution (see e.g. Adams et al., 2006; Winter et al.,

(1)Observational data as to the abundance of PAHs in protoplanetary disks are still sparse, further complicating simula-
tions; new observational campaigns are being designed to resolve this issue (see e.g. Ercolano et al., 2022).

(2)A direct comparison of their results to XEUV models is difficult because they only provide an X-ray-only scenario
alongside their combined model of EUV, FUV, and X-ray photoevaporation; furthermore, their (1+1D) models do not
evolve hydrodynamically (see also Ercolano & Pascucci, 2017), which Owen et al. (2010) found to be important at least for
XEUV irradiation.

(3)By contrast, X-ray penetration depth is mainly dependent on the gas (see e.g. Rab et al., 2018).
(4)In the astrophysical sense, ‘metals’ are atoms heavier than hydrogen or helium. The metallicity Z describes the mass

fraction of these metals, such that in combination with the mass fraction of hydrogen, X, and helium, Y , the total is
X + Y + Z = 1 (see e.g. Wallerstein & Carlson, 1960; Asplund et al., 2009).

(5)Ercolano & Clarke (2010) investigated the Z-dependence of X-ray irradiation; they found a comparable ṀX ∝ Z−0.77.
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2018). So as Rgrav ≈ 100 AU for FUV heating (see e.g. Adams et al., 2004), disks can be cleared down to
their inner 10...30 AU in case of a strong external FUV field (see e.g. Adams et al., 2004, 2006; Haworth
et al., 2018; Parker et al., 2021a).(1)

The actual impact external irradiation has on a specific disk strongly depends on its position in and
motion through its host cluster, and the stellar density therein (see e.g. Scally & Clarke, 2001). The
importance of the initial position is debated. Mann & Williams (2010); Mann et al. (2014) reported
truncated masses for the protoplanetary disks closest to a high-luminosity source in Orion,(2) and similar
trends have also been observed in other regions (see e.g. Ansdell et al., 2017; van Terwisga et al., 2020);
yet this may just be a projection effect (Mann et al., 2015; Parker et al., 2021b).

Building on the work of Haworth et al. (2016b), Haworth et al. (2018) performed an extensive param-
eter study of disk sizes, disk and stellar masses, and the (external) FUV field; their results show a very
clear dependence of Ṁext on all of these parameters. Ṁext was found to scale with Rdisk (see also e.g.
Facchini et al., 2016; Haworth et al., 2016b), Mdisk, and FUV field strength; high stellar masses can reduce
mass loss due to their deeper gravitational potential (see also e.g. Adams et al., 2004; Winter et al., 2019).
In absolute terms, ‘optimal’ systems with low M∗, and high Mdisk and Rdisk, were computed to reach
Ṁext > 10−6 M⊙/yr in a high-radiation environment (see also Parker et al., 2021a); this is considerably
higher than the (already high) Ṁext ≳ 10−7 M⊙/yr reported by earlier studies and targeted observations
(see e.g. Henney et al., 2002; Facchini et al., 2016). By contrast, disks of smaller size and mass in a weak
external FUV field can experience Ṁext < 10−10 M⊙/yr (i.e. significantly smaller than ṀXEUV or ṀFUV,
see Sects. 2.3.3.2 and 2.3.3.3). To illustrate their results, Haworth et al. (2018) applied them to the Taurus
star-forming region; for the sample of stars modelled, they retrieved 10−10 ≲ Ṁext [M⊙/yr] ≲ 4 · 10−6.
The effect of external FUV irradiation is hence strongly dependent on the particular birth environment
and location of a protostellar system. Parker et al. (2021a) noted that the quantity of nearby high-mass
(M∗ ≳ 5 M⊙) stars determines the overall evolution of the neighbourhood (see also van Terwisga et al.,
2019); even in low-density clusters, a considerable fraction of disks may be photoevaporated within a few
Myr. Viscous spreading of the disks (see Sect. 2.2.2.3) can further reduce disk lifetimes by a factor of a
few because it spreads the disk mass and replenishes the outer regions (Parker et al., 2021a).

As suggested by Winter et al. (2019), disk dispersal could be probed observationally by analysing the
relation between Mdisk and M∗ (commonly Mdisk ∝ M 1...1.9

∗ , see Sect. 2.2.1.3); they stated that external
FUV irradiation should steepen it to over Mdisk ∝ M 2.7

∗ . Furthermore, Winter et al. (2020) proposed
Ṁwind > Ṁacc as a tracer for regions with ongoing (strong) external photoevaporation.

Like for internal FUV irradiation, small dust grains can shield disk regions from heating; so Facchini
et al. (2016) found that dust growth can results in strongly enhanced Ṁext. Concerning the dust reservoir
itself, simulations by Sellek et al. (2020a) saw blow-out of up to half of the entire dust budget of the disk
while grains were still small enough to be entrained, that is within around 105 yr (see also Adams et al.,
2004); larger grains were found to drift inward.(3)

2.3.3.5 Provisional summary

Already on its own, the topic of photoevaporation is rather diverse. While EUV irradiation alone cannot
provide sufficient mass-loss rates to drive disk dispersal, X-ray and/or FUV heating can; but the relative
magntiudes of ṀXEUV and ṀFUV are still debated. Further modelling, for instance by adding FUV
photons (as well as the thereby necessitated, full chemical modelling) to the models of Picogna et al.
(2019), refined with the updated spectra of Ercolano et al. (2021), should allow for a better understanding
of the relative importance of the different energy ranges. Alternatively, a variation of the X-ray spectrum
in the (FUV-dominated) simulations of Nakatani et al. (2018b) would provide additional insights.

The current, tentative consensus in the field seems to be that XEUV photoevaporation drives inside-
out dispersal, while FUV irradiation, both from the star itself and its environment, drives mass loss at
large R, potentially entailing an ‘outside-in’ dispersal of the disk (Ercolano & Pascucci, 2017). EUV
irradiation serves to heat the regions close(st) to the star, and gains in importance after the formation of
a gap (see Sect. 2.3.3.1). This matches the comparison of the individual Ṁwind(R) compiled by Armitage
(2011, their Fig. 9) and Alexander et al. (2014, their Fig. 3), but neglects the small peak in ṀFUV at

(1)The strength of the field is usually specified in units of G0 = 1.6 · 10−3 erg/(cm2 s) for 912 < λ [Å] < 2400 (see Habing,
1968, and compare Table 2.1).

(2)The star in question, θ1 Orionis C, is so bright that in order to explain that there still are disks around it at all, a
birth within the last < 2 Myr needs to be invoked (Scally & Clarke, 2001; Clarke, 2007).

(3)Conversely, Parker et al. (2021b) claimed that even a strong FUV background does not lead to high mass-loss in terms
of dust, but simply assumed a low fraction of small grains. Yet for instance, Ansdell et al. (2017) reported an observed
reduction in dust masses (which may however be a projection effect as noted above, see Parker et al., 2021b).
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Figure 2.3: Schematics of a disk irradiated by high-energy photons, and the resulting photoe-
vaporative outflow (adatpted from Armitage, 2015; Ercolano & Pascucci, 2017; Armitage, 2018;
Picogna et al., 2019; Ercolano et al., 2021), not accounting for MHD effects. EUV heating is most
effective close to the star and does not penetrate far into the disk, X-rays heat the upper disk
layers in particular at intermediate R, and either internal (sketched below the disk midplane) or
both internal and external (sketched above the disk midplane) FUV photons drive the mass-loss
from high R. Apart from the rudimentary scaling indicated for R, the plot is not to scale.

R ≃ 10 AU found there. The impact of external irradiation is highly variable; Alexander et al. (2014)
conclude that it likely matters most for stars born close to the centers of massive clusters. As shown for
instance by van Terwisga et al. (2019), some systems may be largely unaffected by it.

In terms of the disk temperature profile, the penetration depths of Table 2.1 provide a first idea
of which type of radiation heats which regions. A very rough sketch of the resulting structure for a
photoevaporating disk (as discussed above, and without accounting for the MHD winds of Sect. 2.3.1) is
provided in Fig. 2.3. However, the lack of full parameter studies for a combined model of winds driven by
a combination of EUV, X-ray, and FUV photons means there are still various uncertainties in the model
(see e.g. Alexander et al., 2014; Ercolano & Pascucci, 2017).

2.3.4 Magneto-thermal winds
So far, we have treated disk winds as driven by either magnetic effects or photoevaporation. Yet as already
noted in Sect. 2.3.1, ionisation levels induced by highly energetic photons can heavily impact (non-)ideal
MHD processes, and conversely, strong magneto-centrifugal winds may dominate over photoevaporative
ones. Furthermore, MHD winds can be launched from the regions close to the star where photoevaporation
is ineffective (see e.g. Bai & Stone, 2013; Ercolano & Pascucci, 2017; Wang & Goodman, 2017b), and
from where the HVC of the wind originates (see e.g. Sheikhnezami et al., 2012; Armitage et al., 2013).
For a comprehensive model of angular-momentum transport and mass loss (evolution) in protoplanetary
disks, combined, self-consistent studies are therefore necessary (see e.g. Bai et al., 2016), even though
these are still prohibitively expensive and thus commonly simplified in some way (see e.g. Béthune et al.,
2017; Picogna et al., 2019; Wang et al., 2019; Gressel et al., 2020).(1) This gives rise to magneto-thermal
wind models, that is magnetically co-driven winds launched from a heated disk surface layer (see e.g. Bai,
2017; Béthune et al., 2017; Wang et al., 2019); mass loading is thought to be primarily due to thermal
pressure gradients (Bai et al., 2016; Gressel et al., 2020; Lesur, 2020), but magnetic forces cannot be
excluded (Béthune et al., 2017). The underlying disks are found to be laminar (see e.g. Gressel et al.,
2015; Bai, 2017), and similarly to photoevaporative outflows, the winds are launched from the (FUV)
ionisation front at a few Hgas (see e.g. Gressel et al., 2015; Bai et al., 2016, and Sect. 2.3.1); yet also EUV
(Wang et al., 2019) and X-ray (Bai, 2017) irradiation affect the outflow. To accurately model the wind
structure, the disk-wind interface needs to be modelled self-consistently (see e.g. Gressel et al., 2020).

(1)While semi-analytical models of both MHD (Lesur, 2021) and photoevaporative (Clarke & Alexander, 2016; Sellek
et al., 2021) exist, these have not yet been combined into a unified model (which may be rather complex to do).
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An additional aspect of combining MHD and PE is that the former can account for angular momen-
tum transport, and hence Ṁacc (see e.g. Bai et al., 2016; Bai, 2016, 2017; Ercolano & Pascucci, 2017;
Rodenkirch et al., 2020); so even if photoevaporative outflows dominate Ṁwind (as used to be hypoth-
esised, see e.g. Bai et al., 2016), magneto-centrifugal ones are non-negligible for overall disk evolution,
in particular in low-turbulence disks (see e.g. Béthune & Latter, 2020). Ṁacc and Ṁwind were shown to
depend on the magnetic background field Bz (see e.g. Bai et al., 2016; Bai, 2016); Béthune et al. (2017)
retrieved Ṁwind ∝ β−1/2 (i.e. Ṁwind ∝ Bz, see Eq. 2.77). This matches the MHD-dominated regime of
Rodenkirch et al. (2020, β ≲ 107), which yielded up to Ṁwind ≃ 6 · 10−7M⊙/yr at β = 105, and down
to Ṁwind ≃ 1 · 10−8M⊙/yr in the PE-dominated case of β > 107. These wide ranges in mass-loss rates
illustrate the importance of better confining Bz, which to date is large unconstrained (see e.g. Bai et al.,
2016; Vlemmings et al., 2019; Rodenkirch et al., 2020; Lankhaar et al., 2022); however, as is the case
with external photoevaporation (see Sect. 2.3.3.4), it may be highly specific to the environment of the
protostellar system (see also Béthune et al., 2017).

Since the field of magneto-thermal winds is still developing rapidly, drawing a conclusion here would
be premature; however, the studies conducted thus far have suggested that disk winds likely are the main
force behind the evolution of circumstellar disks (see e.g. Bai, 2016), in particular winds launched from
the outer disk (R ≳ 1...10 AU; see e.g. Kunitomo et al., 2020). While the models are still not detailed
enough to allow a final verdict on whether magnetic or photoevaporative effects dominate, and at which
distances from the star and evolutionary stages (see e.g. Rodenkirch & Dullemond, 2022), MHD-driven
and PE-driven winds may well serve different roles (Kunitomo et al., 2020). In this context, taking a
closer look at one or more components of these disk winds – as we will do in the following chapters –
should allow for model benchmarking and subsequential refinement, which in turn will benefit future
simulation efforts.
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Chapter 3

Dust entrainment: The impact of
X-rays

The contents of this chapter have been published as Franz et al. (2020).(1)

Credit: Franz et al., Astronomy & Astrophysics, Volume 635, Article A53, 2020, reproduced with per-
mission © ESO.

Chapter abstract
Context: X-ray- and EUV- (XEUV-) driven photoevaporative winds acting on protoplanetary disks
around young T-Tauri stars may crucially impact disk evolution, affecting both gas and dust distributions.

Aims: We investigate the dust entrainment in XEUV-driven photoevaporative winds and compare our
results to existing MHD and EUV-only models.

Methods: We used a 2D hydrodynamical gas model of a protoplanetary disk irradiated by both X-ray
and EUV spectra from a central T-Tauri star to trace the motion of passive Lagrangian dust grains of
various sizes. The trajectories were modelled starting at the disk surface in order to investigate dust
entrainment in the wind.

Results: For an X-ray luminosity of LX = 2 · 1030 erg/s emitted by a M∗ = 0.7 M⊙ star, corresponding
to a wind mass-loss rate of Ṁwind ≃ 2.6 · 10−8 M⊙/yr, we find dust entrainment for sizes a0 ≲ 11 µm
(9 µm) from the inner 25 AU (120 AU). This is an enhancement over dust entrainment in less vigorous
EUV-driven winds with Ṁwind ≃ 10−10 M⊙/yr. Our numerical model also shows deviations of dust
grain trajectories from the gas streamlines even for µm-sized particles. In addition, we find a correlation
between the size of the entrained grains and the maximum height they reach in the outflow.

Conclusions: X-ray-driven photoevaporative winds are expected to be dust-rich if small grains are
present in the disk atmosphere.

(1)This work resulted from a collaboration with the coauthors listed in the corresponding bibliography entry, that is G.
Picogna (GP), B. Ercolano (BE), and T. Birnstiel (TB). In particular, GP provided the steady-state gas disk model as well
as the code for the particle motion and provided guidance for the initial setup. BE and TB helped with the interpretation
and discussion of the results. The author (RF) adapted the particle code for the new use case, reworked it to significantly
reduce computational times, extracted and evaluated the dust trajectories from the simulations, and drafted the manuscript.
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3.1 Introduction
Planets form from the gas and dust surrounding newly born stars, whose physical properties and final
dispersal are strongly influenced by the stellar irradiation from their host star. In particular, high-energy
radiation may warm up the disk atmosphere, launching a thermal wind (see e.g. Hollenbach et al., 1994;
Gorti & Hollenbach, 2009; Alexander et al., 2014). Models predict that this photoevaporative wind can
ultimately disperse the disk and may have important consequences for the formation and evolution of
planetary systems (Alexander & Pascucci, 2012; Ercolano & Rosotti, 2015; Ercolano & Pascucci, 2017;
Carrera et al., 2017; Jennings et al., 2018; Monsch et al., 2019).

Despite the potential influence of this process on the formation of planets, the magnitudes of pho-
toevaporative winds are still largely uncertain, with model predictions diverging by several orders of
magnitude (Armitage, 2011; Alexander et al., 2014; Ercolano et al., 2017a). One problem is that to date,
the only direct evidence of these winds is blue-shifted forbidden-line emission towards T-Tauri stars,
including [Ne ii] 12.8µm and [O i] 6300Å(e.g. Hartigan et al., 1995; Pascucci et al., 2008; Rigliaco et al.,
2013; Natta et al., 2014; Simon et al., 2016; Banzatti et al., 2019). While the intensity and low-resolution
profiles of these lines can be matched very well by X-ray photoevaporation models (Alexander, 2008; Er-
colano & Owen, 2010, 2016), it has been demonstrated that these lines do not trace the base of the wind.
Furthermore, their extreme temperature dependence makes them a tracer of the heating mechanism of an
already unbound wind rather than tracing the wind-driving mechanism itself (Ercolano & Owen, 2016).
An additional problem is that high resolution data has revealed very complex line profiles which may
include components emitted in a magnetically-driven wind (Banzatti et al., 2019).

Different types of wind diagnostics would be desirable for constraining disk dispersal models; small
dust grains – which can be entrained by the wind – may provide an interesting avenue towards this end
(Giacalone et al., 2019). A previous work by Owen et al. (2011a) has shown that grains up to about
2 µm in size (i.e. radius) can be lifted up and blown out by an EUV-driven wind around a Herbig Ae/Be
star. More recently, Hutchison et al. (2016b) have investigated EUV-driven dust outflow by means of a
two-fluid smoothed particle hydrodynamics (SPH) code (Hutchison et al., 2016a); they find entrainment
of grains of up to 4 µm around a 0.75 M⊙ T-Tauri star (although they note that this value may drop to
about 1 µm due to grains settling towards the disk midplane). Both Owen et al. (2011a) and Hutchison
et al. (2016b) show that the wind selectively entrains grains of different sizes from different radii. This
results in a dust population which spatially varies in the wind, due to the topology of the gas streamlines
which propagate almost radially outwards. At NIR wavelengths, this variable grain population produces
a ‘wingnut’ morphology which may already have been observed in the case of PDS 144N (Perrin et al.,
2006). Yet Owen et al. (2011a) could not reproduce the color gradient of the observations, which show
redder emission at larger heights above the disk; they suggest that this could be because the synthetic
observations might be dominated by emission from the smallest grains entrained in the flow. Grain growth
in the underlying disk (see Testi et al., 2014), which they neglected in their calculations for simplicity,
could reduce the population of small grains, and may hence provide a solution to this color problem.
While it is unclear whether the observations of PDS 144N can be explained by dust entrainment in a
photoevaporative wind, Owen et al. (2011a) have demonstrated that a significant amount of small grains
– which dominate the opacity in the FUV – do populate disk winds, and hence play an important role in
their chemistry.

In this work, we study the entrainment of dust grains in an X-ray driven wind around a T-Tauri star.
For this we use a particle approach (Picogna et al., 2018), bootstrapped onto a steady-state hydrody-
namical simulation of a photoevaporating disk (Picogna et al., 2019). Our results aim to facilitate more
detailed studies of the detectability of winds in scattered light, as well as wind opacity models. The latter
should allow for more realistic chemical modelling of the gas in the wind, enabling us to search for new
wind diagnostics.

This chapter is organised as follows: We present the numerical setup of the gas disk and photoevap-
orative disk wind, and the dust grain evolution in Sect. 3.2. In Sect. 3.3, we take a detailed look at
what we can extract from the dust grain trajectories we obtain. We discuss our findings in Sect. 3.4 and
summarise them in Sect. 3.5.

3.2 Methods
The dynamics of dust grains in protoplanetary disks can be studied either by directly integrating the
orbits of a large number of dust ‘super-particles’, which sample the local properties of the dust population,
or by solving the collisionless Boltzmann equation for the particle distribution function. For a population
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of very small (i.e. tightly coupled to the gas) dust particles, the Boltzmann equation can be reduced
to the zero-pressure fluid equation (Cuzzi et al., 1993; Garaud et al., 2004); this ‘two-fluid’ approach
has already been used to study planet-disk interactions (e.g. Paardekooper & Mellema, 2004, 2006; Zhu
et al., 2012). However, it is limited to a single population of small particles as it cannot account for the
full velocity distribution of the grains at a single location, and it is not able to capture strong density
gradients.

In contrast, a particle approach as implemented by Picogna et al. (2018) has the notable advantage of
following the evolution of solid particles with different physical properties, recovering the dust dynamics
very well also in the limit where the grains are decoupled from the gas (Youdin & Johansen, 2007;
Miniati, 2010; Bai & Stone, 2010). This method has been successfully applied to the study of planet-disk
interaction with both SPH and grid-based codes (Fouchet et al., 2007; Lyra et al., 2009; Fouchet et al.,
2010; Ayliffe et al., 2012; Zhu et al., 2014), and to modelling the draining of dust grains from the inner
region of a photoevaporating transition disk (Ercolano & Pascucci, 2017).

3.2.1 Gas disk with XEUV wind
The set-up of the hydrodynamical calculations for the gas disk has been described in detail in Picogna
et al. (2019), so here we limit ourselves to summarising the basic parameters of the specific run employed
in this work. We studied a protoplanetary disk of Mdisk ≃ 0.01 M∗ around a M∗ = 0.7 M⊙ T-Tauri star.
This star was set to emit X-ray and EUV radiation according to the emission line spectrum presented by
Ercolano et al. (2008b, 2009); the X-ray luminosity of the star was LX = 2 · 1030 erg/s, which is close to
the median of the X-ray luminosity distribution for this stellar mass (Preibisch et al., 2005).

The hydrodynamics (HD) simulations were performed via a modified version of the Pluto code. In
this version, at each HD step, temperatures are updated according to the local ionization parameter(1)

and column density to the central source (for further details, see Picogna et al., 2019). The tempera-
ture parametrization was obtained via detailed radiative-transfer calculations using the Mocassin code
(Ercolano et al., 2003, 2005, 2008a). Within the Pluto code used for the gas evolution (Mignone et al.,
2007), we employed a 2.5D Eulerian grid in spherical coordinates.(2) To avoid any boundary effects,
a large radial range of 0.33 ≤ r [AU] ≤ 1000 in 412 logarithmically-spaced steps was modelled, with
0.005 ≤ ϑ ≤ π/2 in 320 uniform steps.

The vr- and ϱ-profiles of the gas disk employed for the simulations are showcased in Fig. 3.1; we used
only the inner ≈ 300 AU (352 cells) of the hydrodynamical grid in order to follow the dust evolution
because the mass loss due to the photoevaporative wind becomes negligible at larger radii (see Picogna
et al., 2019).

The (sonic) disk surface is defined as the plane where the gas velocities change from locally sub- to
super-sonic. The base of the X-ray and EUV (XEUV) flow, by contrast, is given by the location of the
largest temperature gradient (see e.g. Ercolano et al., 2009), and lies slightly below the sonic surface. It
coincides with a strong drop in gas density (see Fig. 3.1).

Due to the high grid resolution employed and the disk having settled into a stable (quasi-equilibrium)
state, the (numerically computed) base of the wind is quite smooth (as would be expected; see also Bai,
2017); hence, we forgo additional artificial smoothing. In Fig. 3.1, we have added lines indicating one,
3.5, and 5.5 scale heights H, the latter two framing the base of the flow; here we use H = h · R, and
H = cs/ΩK , with cs the local sound speed and ΩK =

√
G M∗/r3 the Keplerian orbital velocity.

The flow base being located at a scale height of h ≃ 0.08 (0.14; 0.23) at R = 10 AU (100 AU; 300 AU)
implies that the disk is still rather hot and puffed up and that the dust grains have to travel rather far
above the midplane if they are to enter the wind region (see comparable simulations by Owen et al., 2012;
Bai, 2016).

3.2.2 Dust grains
The dust grains were modelled as passive Lagrangian particles inserted in the steady-state gas solution, as
originally implemented by Picogna et al. (2018), to whom we refer for the details of the implementation.(3)

The motion of these particles is driven by their gravitational attraction towards the central star, the drag
force from the surrounding gas, and turbulent diffusion below the disk surface as prescribed by Charnoz
et al. (2011).

(1)The ionization parameter is defined as ξ = L∗/(n r2), with L∗ the stellar luminosity, n the gas density, and r the
(spherical) radial distance from the star.

(2)‘2.5D’ meaning a 2D coordinate system (r, ϑ) with 3D velocity information (vr, vϑ, vφ).
(3)We are dropping their non-inertial F⃗nonin because we are not including a planet in our simulations.

37



CHAPTER 3. DUST ENTRAINMENT: THE IMPACT OF X-RAYS

50 100 150 200 250 300
R  [AU]

0

50

100

150

200

250

300

z  
[A

U]

H
3.5H
5.5H 10 20

10 19

10 18

10 17

10 16

10 15

10 14

ga
s:

 rh
o 

[g
 / 

cm
3]

Figure 3.1: Density (green) and velocity map (yellow arrows: v⃗) of the gas disk model from Picogna
et al. (2019). The base of the XEUV flow (i.e. the location of the largest gradient in temperature)
is shown in black, and coincides with a strong drop in density. vr is pointing radially outwards
everywhere in the wind but very close to the sonic surface where v⃗ points outwards, but away from
the disk (for R < 200 AU). The cyan line represents z(R) = H; additional lines for 3.5 H (dotted
blue) and 5.5 H (dashed blue) show the range of scale heights the disk surface covers.

Ormel & Liu (2018) give a concise comparison of their stochastic equation of motion to the strong-
coupling approximation of Charnoz et al. (2011). Although the former may be preferable for modelling
grain motion within the disk, we are mainly interested in what happens once a grain enters the wind
region where the gas density and thus turbulence are low; hence, just like Giacalone et al. (2019) proceed
for their MHD-wind model of dust motion, we do not optimise our model for the disk interior.

Above the disk surface, gas densities are too low to induce kicks (see Fig. 3.1), allowing us to neglect
an otherwise necessary (Flock et al., 2017), more intricate distinction between MRI and VSI.(1)

3.2.2.1 Grain sizes

In their EUV-only simulations, both Owen et al. (2011a) and Hutchison et al. (2016b) find that grains
around µm size are entrained. In the MRI computations of Miyake et al. (2016), the grain distribution
considered is 0.1 ≤ a0 [µm] ≤ 100, and the maximum entrainable grain size is found to decrease very
steeply with the (cylindrical) midplane radius R =

√
x2 + y2 . Furthermore, Giacalone et al. (2019)

investigate 5 · 10−3 ≲ a0 [µm] ≲ 5.
Therefore, we ran an initial set of simulations with grain sizes 10−3 ≤ a0 [µm] ≤ 102, which established

that for our model, the size barrier for wind blow-out lies between 5 and 15 µm. On the basis of this
initial experiment, we restricted our size range to 0.01 ≤ a0 [µm] ≤ 20, with steps of ∆a0 = 1 µm for
1 ≤ a0 [µm] ≤ 15. We forwent a higher size resolution in favor of increasing spatial resolution, that is
tracing more dust grains per each size. All different a0 modelled are listed in Table 3.1 (and Fig. 3.2);
per size, we simulated the trajectories of at least 5,000 dust grains, yielding at least 25 grains per 1 AU
of launching radius along the disk surface.

3.2.2.2 Internal grain density

Following Owen et al. (2011a) and in order to facilitate a direct comparison to their results, we assume
a uniform internal density of ϱgrain = 1 g/cm3 for the dust particles. This value is on the lower end of

(1)Flock et al. (2017) investigate this difference and conclude that the VSI may be more adept at lifting up grains.
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the 0.3 ≲ ϱgrain [g/cm3] ≲ 6.2 interval established by Love et al. (1994), and agrees best with the values
Joswiak et al. (2007) find for material of cometary origin (0.6 ≲ ϱgrain [g/cm3] ≲ 1.7). Similar values are
used in other works, too (e.g. Tamfal et al., 2018; Owen & Kollmeier, 2019).

Other models employ somewhat different values for ϱgrain. For instance, Li & Greenberg (1997) and
Miyake et al. (2016) use the average value given by Love et al. (1994), ϱgrain ≃ 2 g/cm3; Hutchison et al.
(2016b) and Flock et al. (2017) employ ϱgrain = 3 g/cm3, and Weingartner & Draine (2001) and Giacalone
et al. (2019) use ϱgrain = 3.5 g/cm3. These values are closer to the ones Joswiak et al. (2007) find for
asteroidal material, which may have been heated slightly less than the cometary grains. Future on-site
analysis of interplanetary and interstellar dust grains will provide further constraints on these intervals
(e.g. Arai et al., 2018, Destiny+).

3.2.2.3 Initial positioning

We position our grains directly on the base of the flow which is located slightly below the disk surface.
This allows us to study their trajectories from when they enter the wind-dominated region above the
disk. Within 0.33 ≤ r [AU] ≤ 200, we use a random distribution uniform in r for the initial placement.

The left panel of Fig. 3.2 shows the initial grain positioning along the base of the flow (in black), with
the dust grains colored according to their size.

Figure 3.2: Left: Initial placement of the dust grains at ∆t = 0 at the base of the photoevaporative
flow (black), slightly below the sonic surface. The grains are colored according to their size and
the color scale (scaling with

√
|vr|) of the gas disk represents the extent of its local radial velocity

(with −2 ≲ vr [km/s] ≲ 30 ). The gas map is mostly smooth in the region of interest, that is
everywhere but close to the midplane at high R. Right: A snapshot of the grain positions at
∆t ≃ 100 yr, all else equal. The very low spread of the lines of individual grain sizes is due to
the initial setup, placing particles directly on the disk surface without a spread in their initial
velocities. For comments on this, see also Sects. 3.3 and 3.6.2.

Our model is intended to be combined with a vertical mixing prescription later on in order to extract
a realistic dust density distribution in the wind. So we may very well, just as Hutchison et al. (2016b)
note they did, model grain sizes that will not migrate far enough vertically to actually reach the wind
region (see also Youdin & Lithwick, 2007; Krijt & Ciesla, 2016).

The dust grains were placed – and remain – well outside of the sublimation radius applicable for a
M∗ = 0.7 M⊙ star (Giacalone et al., 2019). However, we note that the intense X-ray radiation from the
young stellar object may destroy PAH-size grains in the disk atmosphere before they can be entrained
in the wind (Siebenmorgen & Krügel, 2010; Siebenmorgen & Heymann, 2012); we did not include such
events in our simulation.

3.2.2.4 Initial velocities

We initialised our dust particles to start from a quasi-equilibrium; so we set both vr,0 and vϑ,0 to 0
because the local gas velocities are quite low anyways and will hence not cause a strong upwards motion
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(|vϑ| ≲ 50 m/s along the disk surface compared to |vr| ≲ 200 m/s).
For vφ,0, we assumed a Keplerian velocity of vφ,0 = r ΩK ; since the starting positions are at z ≳ 3.5 H

(see Fig. 3.1), we computed the Keplerian speed for the spherical radius r, and not for the midplane
radius R.

3.2.2.5 Further limitations

To cut computational costs and allow for a reasonable amount of particles to be modelled, we made a
series of simplifying assumptions:

Firstly, we neglected MHD effects.(1)

Secondly, we did not include self-gravity from the disk. We show in Sect. 3.6.1 that this simplification
should not significantly affect our results.

Thirdly, we did not include dust-gas back reactions. As shown by Dipierro et al. (2018) and Tamfal
et al. (2018), these are important in the disk midplane; but we focus our modelling efforts on the wind
regions above the disk, where dust-to-gas ratios are not expected to be enhanced (Krijt & Ciesla, 2016).

Fourthly, dust-dust interactions were neglected. The gas drag accelerates the dust grains to at least
a few km/s (i.e. vr,esc =

√
2 G M/r ≈ 11 km/s at r = 10 AU, or vr,esc ≈ 2 km/s at r = 300 AU), but the

dust densities in the wind are much lower than around the disk midplane. At the latter, the growth time
scale is already around 102 to 103 yrs (Birnstiel et al., 2016). We shall see below that therefore, assuming
no interactions provides a reasonable approximation.

3.3 Results
We traced the trajectories of the dust grains over time until they either leave the computational domain
or until the simulation time frame of ∆tsim ≃ 2.2 kyr ends.

If they left the domain, they were replaced by a new grain of the same size, placed as described in Sect.
3.2; the actual amount of dust particles modelled per a0 is listed in Table 3.1.(2) Merely for visualizing
the actual simulation, the right panel of Fig. 3.2 shows a snapshot of the simulation after around 100 yr.

A selection of trajectories obtained from the simulation is shown in Fig. 3.3; for clarity, we limit
ourselves to plots for three distinguished grain sizes (0.1, 4, and 10 µm) below. These were chosen because
they represent the three major varieties of grains encountered (see Sect. 3.6.3). Panels containing the
complete set of 20 different a0 are included in Sect. 3.6.3.

In general terms, the grains analyzed are either fully entrained (blown out by the XEUV wind, leaving
the computational domain above the disk surface), fall back below the base of the flow at R ≳ 160 AU, or
are not even picked up by the wind despite the turbulent kicks allowing for upwards motion. Additionally,
we find that trajectories for a given grain size do (almost) never intersect, wherefore different starting
positions will lead to different paths in the wind. Thus, the initial positioning of a grain of size a0 along
the launching region pre-determines which wind regions it can populate. This matches with – and is a
direct result of – the gas wind velocity map seen in Fig. 3.1 pointing radially outwards almost everywhere.

(1)For an in-depth treatment of dust in a magneto-centrifugal disk wind with a setup similar to ours, see Giacalone et al.
(2019).

(2)Since some of the large particles may leave the computational domain due to the gas motion below the disk surface
dragging them out, more than the minimum of 5,000 (see Sect. 3.2) trajectories are modelled for all grain sizes.

Table 3.1: Number of modelled trajectories per a0.

a0[µm] N a0[µm] N a0[µm] N
0.01 82106 4 27165 11 5126
0.05 82293 5 21606 12 5064
0.1 80834 6 16866 13 5054
0.5 67418 7 12367 14 5072

1 57766 8 8996 15 5063
2 46456 9 7357 20 5056
3 35644 10 6356 (total) 583665

40



3.3. RESULTS

50 100 150 200 250 300
R [AU]

0

50

100

150

200

250

300

z [
AU

]

a0 = 0.1 micron

50 100 150 200 250 300
R [AU]

a0 = 4 micron

50 100 150 200 250 300
R [AU]

a0 = 10 micron

10 2

10 1

100

101

102

St

Figure 3.3: Randomly selected dust trajectories for a0 = 0.1, 4, and 10 µm (left, middle, and right
panels, respectively). The trajectory color represents the local value of the Stokes number. En-
trained dust grains, launching from the launching region (black), migrate upwards on the colorbar
the as they move to regions of lower gas density. Gas streamlines are shown in dash-dotted grey.
(For all simulated grain sizes, see Fig. 3.17.)

3.3.1 Robustness of the initial velocity setup
In Sect. 3.2, we have described a rather simplistic initial velocity setup, with v⃗0 depending only on ΩK .
However, in order for our grains to even reach the 3.5...5.5 H which we launch them from (see Fig. 3.1),
the gas must have some degree of turbulence, implying some variety in the initial velocities.

To account for this, we have run a series of tests with a Gaussian spread of σ(vi) = 100 m/s in all
three directions i ∈ {r; ϑ; φ} of the initial velocity vector v⃗0. This value was chosen because it is an
overestimate of the fragmentation speeds given by Birnstiel et al. (2009, 10 m/s) and Wada et al. (2013,
≲ 8 m/s for silicates, ≲ 80 m/s for icy aggregates), and because it is slightly higher than the upwards
speed of the gas which we find along the base of the flow, |vϑ| ≲ 50 m/s. So it should make for a suitable
approximation of a velocity spread introduced by turbulent vertical mixing.

The results obtained do not deviate significantly from those retrieved without this spread; therefore we
will proceed to show only the latter. For a more extensive elaboration on the similarities and differences
identified, see Sect. 3.6.2.

3.3.2 Dust coupling to the gas
In Fig. 3.3, the trajectories are colored by their Stokes number St = tstop·ΩK , with tstop = mdust vdust/Fdrag
their local stopping time.(1) Besides, gas streamlines spaced by 5% of the total mass-loss rate of the gas
in the wind region (i.e. Ṁwind) have been added in (dash-dotted) grey for direct comparison.

St ≪ 1 indicates that the dust motion is well-coupled to the gas flow; hence St ≪ 1 is needed for
a particle to be lifted up by the wind, since it is only affected by gas drag and stellar gravity. Indeed,
we find all entrained grains to have St ≲ 0.4 when they are picked up by the wind (i.e. colors from
blue to green). While in the wind, they are sped up by the rather fast photoevaporative flow (of up to
vr ≲ 30 km/s, see Fig. 3.2), which leads to a steady increase in their speed, and thus also St; the latter
may grow by up to an order of magnitude.

At low St, the dust grains follow the gas flow (see especially the left panel of Fig. 3.3); at St → 1
however, they decouple from the gas flow (see the middle and right panels of Fig. 3.3, especially for higher
R). For R ≳ 160 AU, the gas streamlines – in particular those close to the disk – start to bend towards
it because the stellar irradiation is starting to decline this far out. As a result, the dust grains that
have already reached a relatively high radial velocity at this point overshoot the gas streamlines. Further
inwards and at higher z, the dust trajectories fall below the gas streamlines if they become decoupled.

For an in-depth analysis of the dust motion, Fig. 3.4 shows two randomly selected dust particles
launched from R ≃ 20 AU. These are representative of the dust grains picked up by the wind from this R,
with other grains entrained from around this R showing very similar trajectories; we opted for a launching
point rather close to the star in order to showcase fully-entrained grains.(2)

(1)For the definition of the drag force Fdrag employed here, see Picogna et al. (2018).
(2)As we will see further down, this is also the R from which the most massive grains are entrained.
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Figure 3.4: Analysis of two dust trajectories (left: a0 = 0.1 µm, right: a0 = 10 µm) entrained
in the photoevaporative outflow from R ≃ 20 AU. The top panels show the actual motion in the
(R, z)-plane colored by St. The lower panels illustrate, from top to bottom, tstop and ϱgas, St and
∂t St, the horizontal speed vR of gas and dust, the vertical speed vz of gas and dust, a comparison
of the direction of the motion vz/vx for gas and dust, and ϑ and vϑ. See the text for an in-depth
commentary.

The 0.1 µm particle (left column) remains entrained in the photoevaporative flow and follows the gas
motion almost perfectly; its Stokes number remains small (St < 0.1) throughout its trajectory. Its tstop
also stays small, even after the strong increase (of a factor of about 4) it experiences when being picked
up by the wind, simultaneous to the strong decrease in the density of the surrounding gas (of a factor of
almost 100). While the grain is at r < 300 AU, tstop is always smaller than the time needed for blow-out
to 300 AU (dashed grey line in the second panel), which may serve as a further indication that the particle
stays coupled to the gas. The fourth through sixth panels show a comparison of gas (blue) and dust (red)
velocities for vR and vz, where we can also observe a strong coupling. It is only at r → 300 AU that a
slight deviation of v⃗dust from v⃗gas occurs; the decoupling does not necessarily coincide with the particles
reaching escape velocities (dashed grey lines in the fourth panel). This means that even sub-micron
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particles start decoupling from the gas flow at high r, that is after picking up enough momentum from
the wind. Also, with the curve for ϑ flattening down and vϑ being rather small in comparison to vR, the
motion of the showcased particle is almost fully radial at larger R. As vϑ < 0, a small additional upwards
component remains.

On the other hand, the 10 µm particle (right column) decouples from the gas flow within the first few
AU of entering the wind region; simultaneously, its Stokes number quickly becomes St > 0.5. Its tstop
grows even larger than the time passing between wind pick-up and leaving the domain (again, dashed
blue line). The XEUV wind drags the grain along, increasing its vR which remains comparable to vR,gas
for the first part of its trajectory. By contrast, vz quickly diverges from the gas flow, which leads to the
direction of the dust motion clearly (visually) differing from the gas streamlines, intersecting multiple
ones. At R ≳ 160 AU, the gas flow starts pointing back down towards the disk, but since the grain is
already decoupled, it does not seem to be affected by this; in the sixth panel, we see that its direction of
motion remains almost constant after the initial acceleration, as would be expected for high tstop.

Despite the gravitational pull acting on the 10 µm grain, its vR and vz are slightly increasing for
R ≳ 100 AU. This is caused by the relatively high difference in gas and dust velocity |vgas − vdust|; even
if this additional speed-up were missing, the grain would still reach vr,esc well within r < 300 AU, as the
grey dashed line in the fifth panel shows.

3.3.3 Dust timescales in the wind
In Fig. 3.4, we have included a timescale ∆tbnd for the motion of the dust grains. This timescale was
computed as the difference between the time at which the particle is picked up by the wind (twind,0) and the
time at which it crosses the domain at r > 300 AU while being entrained (tbnd), thus ∆tbnd = tbnd−twind,0.
The full distribution of timescale data points for all trajectories is shown in Fig. 3.5 (cyan and blue).
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Figure 3.5: Time needed to fully blow out dust particles from when they first enter the wind at
twind,0 to the domain boundary, which they reach at tbnd (data points in cyan, mean in blue),
and time needed to accelerate dust grains to vr,esc (data points in orange, mean in red); both for
a selection of three a0. Keplerian orbital times (tdyn ≡ ∆tK) at the disk surface are included
as dashed green lines. The rasterization of the data points results from a time-discrete particle
tracking and a binning in R-direction; thus, one raster point may represent multiple data points.
(For all a0, see Fig. 3.18.)

In general, wind entrainment timescales appear to span 102 to 103 yr. This is similar to the range
given by Birnstiel et al. (2016) for midplane dust growth; since dust densities at z ≳ 3.5 H (see Fig. 3.1)
are considerably lower, dust-dust interactions should indeed be negligible, as claimed in Sect. 3.2. More
concisely, Kornet et al. (2001) have established that the dust growth timescale goes as tgrow ∝ ϱdust ·vdust,
with ϱdust the local dust density.(1) As Table 3.2 shows, ϱgas drops off heavily towards the disk surface
while vgas ≡ |v⃗gas| remains very comparable; Figs. 3.1 and 3.2 illustrate that the wind speed picks up
slightly above – and not at – the base of the flow (as would be expected considering the latter is located
slightly below the disk surface). Hence the dust-dust interaction timescale is much longer than the wind
blowout time, if we assume a constant dust-to-gas ratio. In case of a more realistic relation, dust would
be even more scarce than gas for similar z (Krijt & Ciesla, 2016).

The 0.1 µm grains of Fig. 3.5 have ∆tbnd as low as 70 yrs if they are picked up at small R; this
means that the longer distance to the domain boundary is outweighed by the higher acceleration the dust
experiences close to the star. For R ≳ 80 AU, ∆tbnd decreases; if we assume the general trend of slower

(1)ϱdust is not to be confused with the internal grain density ϱgrain.
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Table 3.2: Comparison of gas densities and velocities at the disk midplane and the base of the
XEUV flow.

10 AU 100 AU
ϱgas [g/cm3] midplane 8 · 10−13 8 · 10−16

flow base 2 · 10−17 2 · 10−19

|v⃗gas| [km/s] midplane 8 2
flow base 8 2

speed-up from larger R to persist, this would mean that the grains are picked up close enough to the
computational boundary (at R ≃ 300 AU) to be blown out faster than those from slightly further in. So
this drop-off is caused by the numerical setup, not by the actual physics involved.

For a0 ≥ 0.5 µm, we do not see this fall-off anymore. Disregarding the various local peaks in ∆tbnd
which are caused by the base of the wind not being perfectly smooth,(1) a clear trend of the blow-out
time ∆t increasing with the launching position R emerges. For 10 µm grains, we find max(∆t) ≈ 103 yr,
which is still well below the simulation time frame ∆tsim, validating the latter a posteriori.

Since the cutoff at r ≃ 300 AU is somewhat arbitrary, the orange and red parts of Fig. 3.5 show a
different approach to defining a timescale: These represent the time between wind pick-up (twind,0, as
above) and reaching vr,esc at tesc, that is ∆tesc = tesc − twind,0. Because the velocity field of the gas flow
in the wind is pointing outwards (see Fig. 3.1), it is highly unlikely that a grain will not be fully blown
out by the XEUV wind once it has reached vr,esc .

The overall appearance of the average values for ⟨∆tbnd⟩ (blue) and ⟨∆tesc⟩ (red) is quite similar; both
show a rather distinct upwards trend, mitigated only for R ≳ 80 AU and a0 < 0.5 µm. Interestingly, this
feature also holds for ∆tesc, which in contrast to ∆tbnd does not depend on the choice of the computational
boundary.

The values retrieved for ∆tesc are different – and always smaller. This difference is most pronounced
for small grains, which reach vr,esc within 5 to 60 yr (for a0 = 0.1 µm), while needing 70 to 170 yr to leave
the simulation domain. Dust particles with a0 ≤ 8 µm launched close to the star are accelerated to vr,esc
within merely a few years; bigger grains take longer to pick up speed, or are too heavy to be picked up
by the wind at all (a0 ≥ 12 µm).

The dashed green lines in Fig. 3.5 indicate the steady-state dynamical timescale tdyn = 2 π/ΩK =
2 π/

√
G M∗/r3 for a Keplerian orbit at the base of the XEUV-driven flow. For a0 = 0.1 µm, tdyn

dominates the dust motion only for starting points R ≲ 20 AU; this increases to R ≲ 30 AU for a0 = 4 µm.
By contrast, the photoevaporation of the 10 µm grains is largely dominated by tdyn, which for those is
mostly larger than ∆tbnd.

Because ∆tesc < ∆tbnd, we find tdyn > ∆tesc for both 0.1 µm and 4 µm for R > 10 AU, meaning that
for almost all grains the blow-out happens (considerably) faster than their ‘usual’ timescale. It is only
for the large particles (a0 = 10 µm) that the time needed for acceleration to the escape velocity becomes
comparable to the Keplerian timescale.

3.3.4 Maximum entrained grain size
As has already been suggested in Fig. 3.2, dust grains may be too heavy to be blown out by the XEUV
wind. This is investigated further in Fig. 3.6 where the blue line shows the maximum grain size max(a0)|R
that can be fully entrained in the wind from a starting position R along the base of the flow. As noted
in Sect. 3.2, the latter is not entirely smooth; this, in turn, causes the craggy appearance of the graph
for max(a0).

To facilitate direct comparisons, we have included the corresponding EUV-only curve of Hutchison
et al. (2016b) in orange and the MHD-wind results of Miyake et al. (2016) in green. The figure shows that
overall, an X-ray driven wind is able to entrain larger grains over a larger radial range than its EUV-only
or MHD-driven counterparts; this may have a noticeable impact on deduced opacity maps, and also on
the detectability of the wind in scattered light.

(1)This can be seen from a close examination of the black lines in Fig. 3.2, as well as Fig. 3.16.
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Figure 3.6: Size of the largest grains entrained from a point R along the base of the wind (blue,
peak at about 20 AU); the saw-tooth appearance of the curve at larger R is caused by the finite
resolution of the underlying gas grid. When comparing to Hutchison et al. (2016b, their Fig. 7
for M∗ = 0.75 M⊙) (orange, peak at around 40 AU), we can see the size enhancement – especially
at smaller R – caused by the inclusion of X-rays in our photoevaporative wind model. The blue
dashed line represents our results scaled down by a factor of 3, to compensate for the differing
internal grain densities of Hutchison et al. (2016b) and this work; yet, Ṁwind still differs between
the models, making a direct comparison difficult. The MHD wind model investigated by Miyake
et al. (2016, their Fig. 4) (green) shows a distinctly different entrainment curve, starting off at very
high a0 in the jet region but dropping towards max(a0) = 0 very quickly. Around R ≃ 140 AU,
our max(a0) plummets to 0.

The biggest grains that are blown out, that is a0 = 11 µm, are entrained from 15 ≲ R [AU] ≲ 30. Closer
to the star, stellar gravity counteracts the gas drag force; but since the gravitational pull drops off with r2,
the drag force dominates particle motion further out.(1) With increasing R, max(a0) slowly decreases out
to Rmax ≃ 140 AU, where it quickly drops to max(a0) = 0. This coincides with the maximum radius at
which XEUV photoevaporation is effective for the gas component of the disk; Picogna et al. (2019) show
that the surface mass-loss rate (Σ̇gas) drops to negligible values at R ≈ 140 AU. So both gas and dust
residing at the disk surface at R ≳ 140 AU are very unlikely to be thermally unbound from there. Thus,
for both their and our simulations this marks the outer boundary of the XEUV-wind-dominated region
of the protoplanetary disk. Furthermore, it validates a posteriori our choice to limit the computational
domain to r ≲ 300 AU and the initial particle placement to r ≤ 200 AU.(2)

As mentioned in Sect. 3.2, ϱgrain is not well-constrained. A variation of the dust density is found to
directly anti-correlate with max(a0), that is ϱgrain ∝ 1/ max(a0); this agrees with the analytical findings of
Hutchison et al. (2016b, their Eq. 15). Hence, for a threefold internal grain density of ϱ′

grain = 3 g/cm3 =
3 ϱgrain, our global max(a0) drops to max(a0)′ = max(a0)/3 ≈ 3.5 µm. An accordingly scaled version
of our results is included in Fig. 3.6 as the blue dashed line in order to allow for simpler comparison
to the results of Hutchison et al. (2016a,b); but it should be kept in mind that their and our mass-loss
rates are not entirely similar. While they quote a surface mass-loss rate of Σ̇gas = 3.6 · 10−12 g/(cm2 s)
at R = 5 AU, we have Σ̇gas ≈ 2 · 10−13 g/(cm2 s) (Picogna et al., 2019, their Fig. 5).

A 2D map of the grain sizes that can populate different regions of the wind is shown in Fig. 3.7.(3)

The larger grains remain rather close to the disk surface; by contrast, smaller ones are lifted up to larger
scale heights. For the same launching position R, smaller grains reach higher z. The abrupt decline of the
20 µm grains at R ≳ 160 AU results from the initial placement of the particles within 0.33 ≤ r [AU] ≤ 200,

(1)This correlates to Clarke & Alexander (2016) limiting the applicability of their scale-free gas motion to R ≫ Rg , with
Rg the gravitational radius.

(2)The base of the flow is at z ≈ 103 AU at R = 140 AU (see Fig. 3.1), yielding r ≈ 174 AU < 200 AU.
(3)For this, the particle motions were mapped to a 2 AU × 2 AU grid; a much higher resolution would introduce artifacts

due to insufficient particle count whereas a lower one would smear out features.
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Figure 3.7: Maximum size max(a0) of the dust grains in the wind in analogy to Owen et al. (2011a,
their Fig. 2). The brightest color found above the sonic surface indicates a global maximum of
max(a0) = 11 µm; the region below the base of the wind (black) is included merely for complete-
ness. The visible correlation between grain size and maximum scale height is further investigated
in Fig. 3.8.

or equivalently 0.3 ≲ R [AU] ≲ 160.
In Fig. 3.8, we see the regions which are populated by grains of a given a0 in green. We find that

there are no deserts of smaller dust particles in regions populated by larger ones; for instance, wherever
we find grains with a0 = 10 µm, we also find grains with a0 = 0.1 µm and a0 = 4 µm. From Fig. 3.7,
we have learnt that smaller grains will reach higher scale heights; to quantify this behaviour, we have
included the maximum height max(z)|R for a certain a0 at R in orange in Fig. 3.8. Fits with a simple
second-order polynomial,

max(z)|R = c1 R + c2 R2 , (3.1)

are shown as blue dotted lines; they match max(z)|R quite well except for the very inner region where
the dust distribution is slightly more flared.(1) Higher-order polynomials fit the inner region better,
however they are not included here since these fits are not a physically-derived, but merely a numerical
prescription which we intended to keep quite simple.

The fit parameters c1 and c2 for all grain sizes are shown in Fig. 3.9 together with merely phe-
nomenological prescriptions for the scaling of c1 and c2 with a0 which are intended for comparisons
to observational data from edge-on disks in future work. The fit formulas used are meant solely for a
simplified reproduction of the values of c1 and c2; they are not based on physical considerations.

As may have been expected, both c1 and c2 decrease with increasing a0, indicating the decline of the
slope of max(z)|R with a0 already seen in Fig. 3.8. The higher errors at lower a0 result from the larger
inclination of max(z)|R for smaller grains; in addition, the population map shown in Fig. 3.8 has a finite
resolution as outlined above, which further contributes to a larger uncertainty especially for very steep
lines.

Furthermore, we find c1 ≫ c2 for all a0 modelled; this corresponds to the mostly linear appearance of
max(z)|R especially for larger R. Yet c2 does not drop to zero, so a certain amount of flaring is preserved
for all particle sizes.

(1)Note that omitting disk gravity should not have a strong effect on the strength of the flaring seen here, see Sect. 3.6.1.
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Figure 3.8: Areas populated by the dust grains (green); since we do not start from a realistic
distribution along the base of the wind, we do not portray a density map. Smaller grains reach
higher z at similar R. Wind base in black, numerical max(z)|R in orange, and corresponding fit
in (dotted) blue; fits according to Eq. (3.1) annotated. (For all a0, see Fig. 3.19.)

Figure 3.9: Fit parameters for all fits for max(a0)|R as a function of a0 in blue, with 3 σ-errors
included as shaded regions. Non-physical fits to these fit parameter curves in orange, with the
parametrisations given in the text boxes.

3.4 Discussion
We have numerically simulated the trajectories of dust grains in the XEUV-irradiated wind regions
of a gaseous protoplanetary disk. As was to be expected (see e.g. Armitage, 2015), we found small
dust particles to show very good agreement with the gas streamlines and, in contrast, bigger grains to
noticeably deviate from them. Thus, analytical models of gas motion as provided by Clarke & Alexander
(2016) cannot be used to accurately model the trajectories of dust grains attaining St ≳ 0.5 in the wind.

3.4.1 Photoevaporative winds and radiation pressure
Owen & Kollmeier (2019) use the X-ray photoevaporation model of Owen et al. (2011b) to quantify grain
blow-out due to direct radiation pressure alone; since their M∗, Mdisk, and LX are the same as used in this
work and their internal grain density of 1.25 g/cm3 only slightly differs from our ϱgrain = 1 g/cm3, this
allows for an almost perfect comparison of their results to grain entrainment by XEUV winds.(1) Using
an effective stellar surface temperature of 4500 K, they find maxrad(a0) ≃ 0.6 µm for the largest grains
for which the radiation pressure from an equivalent black body still outweighs stellar gravity. Thus, a
photoevaporative XEUV wind enhances the size of dust grains blown out by a factor of almost 20 over
radiation pressure alone.

(1)Picogna et al. (2019) provide a more in-depth explanation of the differences between their model and that of Owen
et al. (2011b).
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Figure 3.10: Re-plot of vR and vz for the same dust grain as in the right column of Fig. 3.4
(a0 = 10 µm). The dust parameters are colored red, the surrounding gas in blue; the motion
according to Eqs. (1) and (3) of Giacalone et al. (2019), with tstop as retrieved from our model, is
added in green. Especially towards larger R, the semi-analytical prescription does not reproduce
the dust motion very well. It should be noted, however, that Giacalone et al. (2019) do not use it
for grains this big.

Hence we can conclude that a photoevaporative XEUV-driven wind is much more effective at removing
larger dust grains than direct radiation pressure.

3.4.2 Comparison to MHD wind models
Miyake et al. (2016), building on an MHD model established by Suzuki & Inutsuka (2009), performed 1D
simulations of dust motion in MHD-driven winds. While they mainly focused on floating grains,(1) they
also give a maximum entrainable grain size for their model along R; we have included it in Fig. 3.6 in
orange. This shows that whereas MHD winds excel at removing large dust grains from regions very close
to the star, photoevaporative winds start to dominate – in terms of entrained grain size – at R ≳ 2 AU.
Thus, MHD winds would seem to be limited to the jet region and its immediate surroundings.

Recently, Giacalone et al. (2019) have investigated dust transport in (cold) magneto-centrifugally-
driven disk winds in 2D; they conclude that the region of interest for dust pick-up from and re-deposition
on the disk surface covers their full modelled range of R, which they chose to set up as 0.1 ≤ R [AU] ≤ 100.
For their T-Tauri model, they find entrainment of grains with a0 ≲ 2 µm (their Fig. 3). This value was
obtained for a disk surface temperature of Tsurf = 600 K, which seems very plausible from an MHD point
of view, but somewhat low from a photoevaporative one. They show as well that max(a0) clearly depends
on said Tsurf , with higher Tsurf increasing their max(a0).

In contrast to our numerical setup, Giacalone et al. (2019) opted for a semi-analytical approach to
trajectory modelling (see their Eqs. 1 through 3); Fig. 3.10 compares the grain velocities we extract for
the 10 µm grain of Fig. 3.4 to their prescription. We are only showing a comparison for a large dust
particle here because for small a0, gas and dust velocities are very similar. It should be noted, in this
regard, that Giacalone et al. (2019) use their semi-analytical equations just for relatively small dust
grains, considering their max(a0) as quoted above; we present Fig. 3.10 merely to show that numerical
simulations are still necessary for modelling the trajectories of the larger grains whose velocity distinctly
decouples from the gas flow. Thus, until more intricate analytical prescriptions are introduced for tracing
dust motion in a photoevaporative wind, a numerical approach must be employed for accurate results.

3.4.3 Comparison to EUV wind models
Previous investigations of dust entrainment in photoevaporative winds have limited themselves to EUV-
only photoevaporation (Owen et al., 2011a; Hutchison et al., 2016b).

Owen et al. (2011a) base their work on an EUV-luminosity optimised model of a 2.5 M⊙ Herbig Ae/Be
star; while this means that our results are not directly comparable in terms of stellar parameters, both

(1)By ‘floating grains’, Miyake et al. (2016) refer to dust particles of sizes 25 ≲ a0 [µm] ≲ 45 which float near the sonic
surface of the disk, neither too heavy to fall back down towards the midplane nor light enough to be blown out by their
MHD wind.
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their and our work test the respective highest-luminosity (i.e. best-case) scenario, and hence aim to
provide an upper limit to max(a0). Comparing their max(a0) ≃ 2.2 µm (see their Fig. 2) to our value of
11 µm, both retrieved for ϱgrain = 1 g/cm3, we find a clear enhancement of particle sizes blown out by
the wind. Thus, depending on the mass-loss rates caused by XEUV photoevaporation, the inclusion of
X-ray photons in the disk irradiation model may be a crucial component for accurately predicting dust
entrainment.

The basic mechanics do not change, though; when comparing our Fig. 3.7 to Owen et al. (2011a, their
Fig. 2), we see the same qualitative behaviour. In both cases, the maximum height which a grain of a
given a0 at a given R can be lifted to decreases with increasing a0. As expected, the largest entrainable
grains are not lifted up very high above the disk by the photoevaporative wind.

Hutchison et al. (2016b) explore a wide range of stellar parameters; apart from choosing a penetration
depth typical for T-Tauri stars (provided by Woitke et al., 2016), they also ran their models for a
stellar mass of 0.75 M⊙, very similar to our M∗ = 0.7 M⊙. Just like us, they find an anti-correlation
M∗ ∝ 1/ max(a0) which explains their value of max(a0) ≃ 4 µm in comparison to Owen et al. (2011a).

This value is still distinctly smaller than the 11 µm we have found to be picked up; yet as already noted
in Sect. 3.3, we get very close to their EUV-only results with our model when using their ϱgrain = 3 g/cm3.
However, as pointed out above as well, the entrainable grain sizes are still not comparable since gas mass-
loss rates strongly differ between Hutchison et al. (2016a,b) and our model. This is due merely to the
different numerical setup of their and our models; Owen et al. (2012) and Owen & Jackson (2012) show
that for viable LX, X-ray driven winds clearly dominate over EUV-driven ones in terms of Ṁwind. In
addition to this, we have now seen that even at lower Σ̇gas, XEUV winds may entrain larger grains than
EUV-only ones.

Furthermore, Fig. 3.6 shows that independent of the exact grain size, X-ray irradiation shifts the peak
in max(a0) towards lower R. The T-Tauri star of Hutchison et al. (2016b) entrains its max(a0) from
40 ≲ R [AU] ≲ 50, and the more luminous Herbig Ae/Be star of Owen et al. (2011a) from 30 ≲ R [AU] ≲
40. Interestingly, albeit exerting a stronger gravitational pull, the higher-mass star blows out its largest
grains from further in; thus it seems that the higher gravity is outweighed by an even stronger wind
launched.

In comparison, our XEUV wind picks up its largest grains from 20 ≲ R [AU] ≲ 30, indicating that dust
grains are entrained more efficiently closer to the star. In contrast to Giacalone et al. (2019) and their
MHD wind model, we only find grain fallback for R > 200 AU (a0 = 0.1 µm), or R ≳ 150 AU (a0 = 10 µm;
see Fig. 3.8) for launching positions within a similar range of R – as noted above, the trajectories do not
intersect (see Fig. 3.3). Hence, the photoevaporative wind re-deposits only little material on the disk
surface. This agrees with the conclusions of Owen et al. (2011a) that once entrained, a dust grain will
almost always remain in the wind, and be carried out to large radii. Furthermore, as noted above, all
grains leaving the computational domain above the disk surface have vr > vr,esc, and are hence very likely
to entirely leave the protostellar environment.

3.5 Summary
We have modelled dust trajectories for grain sizes 10−3 ≤ a0 [µm] ≤ 102 in the wind region of a Mdisk ≃
10−2 M∗ gas disk around a M∗ = 0.7 M⊙ T-Tauri star, irradiating its surroundings with LX = 2·1030 erg/s
on top of an EUV spectrum. Our main findings are as follows:

• X-ray driven winds are able to entrain grains up to a size of a0 ≲ 11 µm; this is larger than the
maximum entrained grain size from EUV-only models.

• XEUV winds pick up the largest particles from R ≃ 20 AU. By contrast, EUV-only winds entrain
their largest dust from further out (i.e. R ≃ 40 AU). MHD winds show a very different profile,
picking up very large grains from regions very close to the star (R ≪ 3 AU), but then rapidly
loosing momentum farther from the star.

• Dust grains are launched with Stokes numbers St < 0.4 (i.e. St ≪ 1). Once entrained, the large
grains decouple from the gas flow; smaller dust particles decouple at later times.

• µm-sized dust grains of are blown out of the inner 300 AU of a protoplanetary disk on a timescale
of 102 to 103 yr.

• For a given grain size, the launching point of a grain determines its further trajectory.
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• Smaller dust grains may be lifted up higher by the wind, with the maximum height max(z) at a
given R decreasing with grain size a0.

• An anti-correlation between max(z)|R and a0 may be a typical signature of dusty photoevaporative
winds.

Much like Owen et al. (2011a), we have found a strong dependence of the max(a0) in the wind on
R (see Figs. 3.7 and 3.8). This signature structure may be detectable in observations of edge-on disks if
vertical mixing is strong enough to transport large grains to the disk surface; however, as has been shown
by Hutchison et al. (2016b), this may not be the case, or may need additional MHD effects (Miyake et al.,
2016).

In a future work we aim to present dust opacity maps and synthetic observations of typical protoplane-
tary dusty XEUV winds in order to investigate their detectability with current and future instrumentation.
As the mass-loss profiles of winds due to the different mechanisms – that is, EUV, X-ray, MHD, etc. – are
shown (or expected) to be different, this will reflect in the size distribution and density of dust particles
entrained at different locations in the wind. While a quantitative discussion requires a calculation of
detailed emission maps via radiative transfer modelling, we can speculate from the wind profiles of the
gas that an X-ray-driven wind might produce a more extended launching region for larger grains than an
EUV-only wind for which most of the entrainment is expected to occur near the gravitational radius of
the disk. The dust emission is expected to be concentrated even closer to the star in the case of an MHD
wind. Whether these differences are detectable with current instrumentation remains a matter of future
investigation.
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3.6 Appendix
3.6.1 Omitting disk gravity
As noted in Sect. 3.2, we decided not to include the gravitational pull from the gas disk in our model in
order to cut computational costs. We verified a posteriori that this does not strongly impact our results.

To this end we compared, at each recorded position of all of our dust particles, the gas drag force

Fdrag,z = ∆vgas,z m

tstop
, (3.2)

with a grain mass of m = 4 π
3 a3

0 ϱgrain, to an overestimate of the gravitational pull the disk would produce,

Fdisk,z = −G Mdisk m

z2 . (3.3)

The latter formula leads to a slight overestimate of the z-component of Fdisk because the disk is not
centered exactly below a given particle. If Fdisk,z ≪ Fdrag,z, or rather Fdisk,z/Fdrag,z ≪ 1, neglecting disk
gravity should not noticeably affect our results. To determine whether this is the case, we compute the
mean value ⟨|Fdisk,z / Fdrag,z|⟩ of all grains of size a0 on a 2 AU × 2 AU grid. The maximum values (over all
a0) for all these means are shown in Fig. 3.11. As the colors demonstrate, the gas drag clearly dominates
over the overestimated gravitational pull from the protoplanetary disk. We find only a few exceptions:
Firstly, well within the disk, from where it would be rather unlikely to see wind entrainment (as noted in
Sect. 3.2, we have concentrated on realistically modelling the wind region, not the disk interior); secondly,
very close to the host star, that is at R ≪ 10 AU, from where we do not see substantial entrainment (see
Fig. 3.6); and thirdly, around the base of the flow for R ≳ 180 AU, which lies beyond the region from
which wind pick-up happens in the first place, as noted in Sect. 3.3.
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Figure 3.11: Maximum of the per-a0 mean values for |Fdisk,z/Fdrag,z| (see colorbar), mapped to a
2 AU × 2 AU grid. The gas drag clearly dominates over the (overestimated) disk gravity, especially
in the wind region (base of the wind in black). Empty (white) regions above the sonic surface
indicate that no particle has been recorded while in this cell, owing to the high grain speeds there
(in contrast to Sect. 3.3, we did not interpolate between recorded particle positions).

In other words, we find that the photoevaporative wind is – at low r – strong enough to compensate
for both the closeness of the grain launching area to the disk midplane (and hence the center of mass)
and also the concentration of the disk mass within r ≲ 100 AU (see Fig. 3.1).

At high r, the wind will not lose momentum (see the green velocity maps in Fig. 3.2), but the center
of mass of the disk will have moved farther away from the base of the photoevaporative flow, meaning
that gravity is even less likely to play a major role for wind entrainment.

3.6.2 Including a spread in the initial velocities
As outlined in Sects. 3.2 and 3.3, our model was set up with no initial velocity spread, that is for all our
grains, we set v⃗0 = r ΩK

ˆ⃗vφ. Fig. 3.12 shows that even large entrained grains reach vr,esc well inside the
computational domain (i.e. at r ≪ 300 AU); so we may assume that a variation of the starting velocities
will not strongly affect max(a0).

However, some turbulence is needed to vertically transport the dust particles to base of the wind;
hence, we would realistically assume some spread in v⃗0. The main contribution to vertical mixing stems
from vϑ which we found to be rather low in the vicinity of the base of the wind (|vϑ| ≲ 50 m/s). So in order
to check the effects of varying starting velocities, we introduced a Gaussian spread of σ(vi) = 100 m/s in
all three coordinate directions i ∈ {r, ϑ, φ}.

As a first step, we compared entrainment ratios from along the base of the flow. We expect them to
differ due to grains with a reduced (enhanced) upwards velocity being less (more) likely to be picked up
by the photoevaporative wind. In Fig. 3.13, we see a comparison of said entrainment ratios for σ(v) = 0
(labelled η0) and σ(v) = 100 m/s (labelled ησ(v)).

While we encounter some statistical variation between the two, there is no clear systematic distinction.
Grains with a0 ≲ 5 µm show little variation, with 0.95 ≲ η0/ησ(v) ≲ 1.2; so overall, they are slightly less
likely to be picked up if σ(v) > 0. This may seem counterintuitive at first; it is probably a consequence
of the combination of three individual directional, randomly positive or negative offsets to v⃗0. A reduced
speed in either of the three coordinate directions thus may be difficult to compensate via possibly positive
changes along the other two axes of motion.
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Figure 3.12: Acceleration of entrained grains of a0 = 10 µm: wherever there is at least one particle
with vr < vr,esc, the area is colored in dark blue; if all grains have reached vr > vr,esc, it is yellow;
cyan areas are not traversed by any grains of this size. Even for these comparatively large grains,
vr,esc is reached well within the computational domain (if at all).
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Figure 3.13: Ratio of the fraction of grains entrained for σ(v) = 0 (i.e. η0) and the fraction of
grains entrained for σ(v) = 100 m/s (i.e. ησ(v)) for bins of 10 AU along the launching area. For
clarity, we required at least 20 grains to be entrained for either η > 0. While there are distinct
deviations between η0 and ησ(v), they do not exhibit a clear pattern. Dips to 0 indicate regions
where σ(v) > 0 allows for additional wind pick-up of some dust particles that could not have been
entrained with σ(v) = 0.

Dips to 0 indicate R-bins where η0 = 0 and ησ(v) > 0; in order to avoid a series of minima produced
by only very few stray grains, we have introduced a threshold of at least twenty grains to be entrained
for either η > 0.

For 6 ≲ a0 [µm] ≤ 11, entrainment fractions may vary by a factor of up to 2; in addition, the peaks
are more pronounced due to the lower-number statistics for larger grains (see Table 3.1).

So while we may expect the dust content of the wind to vary according to the strength of the turbulent
mixing, this should not be detrimental to the rest of our findings.

Furthermore, the maximum entrained grain size is affected merely marginally; this can be checked
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Figure 3.14: Maximum entrained grain size max(a0) along the disk surface when σ(vi) = 100 m/s
is included in the grain setup. The differences to Fig. 3.6, which forgoes the velocity spread, are
minor, and mostly due to numerical variations of the initial positioning.
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Figure 3.15: Maximum entrained grain size max(a0) in 2D, to be compared to Fig. 3.7. As with
Figs. 3.6 and 3.14, the differences caused by σ(vi) are minor at best.

when comparing Figs. 3.14 and 3.15 to Figs. 3.6 and 3.7, respectively. max(a0) does vary slightly along
the base of the wind; this is to be expected due to the randomised initial placement of the dust grains. Yet
the position of the peak is well-preserved – just as for σ(v) = 0, we find max(a0) = 11 µm at R ≃ 20 AU.
The additional local maxima stem from the numerical unevenness of the launching area, demonstrated
in Fig. 3.16.

If a grain with a velocity vector that is especially enhanced in direction of the wind motion is launched
from an edge point along the base line, this may allow it to enter the wind region in contrast to another
particle starting from the same location, but with a more downwards-biased velocity vector. The 2D maps
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Figure 3.16: ϑ-coordinate of the base of the photoevaporative flow. Its (slightly) craggy shape is
especially pronounced around 50 ≲ R [AU] ≲ 90, which leads to small numerical artifacts in our
results.

for max(a0) in Figs. 3.7 and 3.15 are almost identical, apart from few very narrow lines from individual
grains of a0 ≥ 9 µm; it stands to reason that these are caused by the randomness in the initial conditions
just described.

The fits to the parameters c1 and c2 of Eq. (3.1), shown in Fig. 3.9, are almost entirely unaffected by
the additional σ(vi); for brevity, suffice to state that both c1 and c2 deviate but in the third significant
figure.

To summarize, while we must assume that there is a sensible amount of gas turbulence around the
disk surface, this does not strongly affect our findings.

3.6.3 Plots and parameters for all dust grain sizes
We have modelled 20 distinct grain sizes, listed in Fig. 3.2 and Table 3.1; for clarity we have chosen to
only show plots for three distinct sizes above. In the following, we present the corresponding plots for all
a0, and argue why we have chosen exactly these to represent the full sample.

An arbitrary selection of dust grain trajectories, spaced by roughly 5 AU intervals, and entering the
wind-dominated region at various points along its base is shown in Fig. 3.17, the full version of Fig. 3.3.
The individual trajectories are colored according to their local Stokes number St.

There are four main scenarios to be found here:
Firstly, full wind entrainment. This applies if St ≪ 1 throughout the trajectories, that is for a0 ≲

0.1 µm. Visually, the trajectories shown for these grain sizes are mostly blue, indicating St < 0.1. As
discussed above, these dust particles follow the gas motion very closely; this causes grains to fall back
below the base of the wind along the gas streamlines, that is for R ≳ 180 AU. The most massive grains
of this group have sizes a0 = 0.1 µm, which we have chosen for the plots in Sect. 3.3.

Secondly, slow decoupling from the gas flow. For 0.5 ≲ a0 [µm] ≲ 5, the grains are picked up with
St ≪ 1. Yet while the particles are blown out and hence within r < 300 AU, their St approaches 1. Thus
the trajectories decouple from the gas; high above the disk surface, they fall below the gas streamlines,
whereas close to it, they deviate upwardly, leading to a more radial outflow in all cases. Grain fallback
occurs for R ≳ 170 AU . a0 = 4 µm represents a grain size from this interval for which St → 1 is readily
apparent.

Thirdly, quick decoupling. For 6 ≲ a0 [µm] ≤ 11, the interval during which the dust grains follow the
gas stream is shorter, and the grains reach higher St while being blown out. For R ≳ 160 AU , we observe
particles falling back below the base of the flow because the wind cannot provide enough momentum.
The almost-largest grain size in this group is a0 = 10 µm (11 µm grains are more sparse in the wind
region).

Fourthly, no wind pick-up. For a0 > 11 µm, the grains are too heavy to be lifted up by the wind; even
if they reach the disk surface, they fall back below it and successively follow the gas streams in the disk
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Figure 3.17: Full version of Fig. 3.3: Arbitrary selection of dust grain trajectories for all 20 a0,
colored by their local St. Wind base in black, gas streamlines in 5% steps of Ṁwind in dash-dotted
grey.

because of the comparably high densities there. Since we find no entrainment for these grains, we have
omitted this group from the plots in Sect. 3.3.

Expanding on Fig. 3.5, Fig. 3.18 shows the times it takes the dust grains to reach r ≳ 300 AU after
wind pick-up – labelled ∆tbnd (data points in cyan, mean in blue) – and the (much lower) times for
acceleration to the escape velocity vr,esc – labelled ∆tesc (data points in orange, mean in red).(1)

Choosing the same size categories as above, with the panels for a0 > 11 µm omitted since such grains
are not entrained by the photoevaporative flow, we find the following:

Firstly, very small dust grains. These are accelerated very strongly when entering the wind close to
the star, resulting in low ∆tbnd and even lower ∆tesc; at higher r, the timescales increase. At R ≈ 80 AU,
∆tbnd peaks and starts falling off again because grains launching from further out have less distance to
cover to the computational boundary at r ≃ 300 AU. Entrainment occurs for R ≲ 140...160 AU, depending
on a0; the according time frames span 70 ≲ ∆tbnd [yr] ≲ 170 and 5 ≲ ∆tesc [yr] ≲ 50. The timescale of
the particle motion in the wind is smaller than the Keplerian orbital timescale for grains launched from
R ≳ 20 AU (∆tbnd) or R ≳ 1 AU (∆tesc), meaning that the motion in the wind dominates the dynamic
evolution.

Secondly, small grains. They show a monotonic increase of ∆tbnd and ∆tesc with R; the peak we have
seen for smaller a0 disappears. Hence, the farther out a dust grain is picked up by the XEUV wind, the
longer it takes to be blown out of the computational domain and to be accelerated to vr,esc; while this

(1)As outlined in Sect. 3.3, discrete output times and binning along R lead to a rasterization of the individual data points
for ∆tbnd and ∆tesc; hence most plotted points represent much more than one data point.
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Figure 3.18: Times needed to fully blow out dust particles from their starting position along the
base of the wind to the domain boundary (i.e. ∆tbnd) and to accelerate them to vr,esc (i.e. ∆tesc).
Individual data points in cyan and orange and mean values in blue and red, respectively. The
rasterization of the former points results from a time-discrete particle tracking and a binning in
R-direction; a raster point may therefore represent multiple data points. Keplerian orbital times
at the base of the wind are included as dashed green lines.

may appear counter-intuitive at first, it merely illustrates that the gas flow is much stronger closer to
the star. The grain transport happens on a timescale of a few yr to a few 102 yr; the Keplerian motion
dominates the dynamic timescale for R ≳ 30 AU (∆tbnd) or R ≳ 5 AU (∆tesc).

Thirdly, medium-sized grains. As for the small grains, we see a mostly monotonic relation between
R and ∆tbnd. However, the graph exhibits very distinct peaks for a0 [µm] ∈ {8; 9}, which we have not
commented on in Sects. 3.2 and 3.4 because they are numerical artifacts caused by the craggy launching
area (see Sects. 3.3 and 3.6.2), and interestingly disappear in the setup including an initial velocity
spread.(1) Apart from that, we find tdyn < ∆tbnd for R ≲ 60 AU and an almost identical value for ∆tesc,
indicating that speed-up is slower for heavier grains, as would be expected.

For R → 0, we find ∆tesc → 10 yr for a0 ≲ 9 µm. This is another indicator that the photoevaporative
flow is strongest close to the star, where it is most effective at accelerating the dust grains.

Last, Fig. 3.19 shows the areas occupied by the dust grains, and the according fits for max(z)|R. The
fit parameters are also listed in Table 3.3, with c1 and c2 as defined in Eq. (3.1).

Firstly, as claimed in Sect. 3.3, these plots illustrate that all a0 < max(a0) populate the regions
occupied by the max(a0) shown in Fig. 3.7. Secondly, the unpopulated regions found in Fig. 3.19 are
once again caused by the slight bumpiness of the base of the flow; additional test runs with a much
increased spatial resolution (i.e. 1000 particles per 1 AU along the launching plane) were used to confirm
this – the plots for them look very similar (and have therefore not been included here).

(1)Note that the ∆tbnd data points here have been retrieved for fully entrained grains which have left the computational
domain within the computational time frame ∆tsim. Thus, the data points almost reaching our ∆tsim do not indicate that
the latter is too short to capture their full trajectory.
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Figure 3.19: Full version of Fig. 3.8: Dust population in the wind for all a0. We see a clear
correlation between R and max(z) in the individual plots, fitted with dashed blue lines. The
parameters given in the plots also listed in Table 3.3. Base of the wind in red, non-fitted population
boundaries in orange.
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Table 3.3: Fit parameters and standard errors for max(z)|R for entrained grains, retrieved as
shown in Fig. 3.8, for the fit provided in Eq. (3.1).

a0[µm] c1 σ(c1) c2 σ(c2)
0.01 10.4 1.80 7.93 · 10−1 1.67 · 10−1

0.05 7.49 5.96 · 10−1 2.93 · 10−1 3.51 · 10−2

0.1 6.23 3.40 · 10−1 1.76 · 10−1 1.57 · 10−2

0.5 3.98 1.10 · 10−1 3.44 · 10−2 2.63 · 10−3

1 3.07 5.94 · 10−2 1.51 · 10−2 1.07 · 10−3

2 2.28 3.08 · 10−2 6.15 · 10−3 3.97 · 10−4

3 1.91 2.01 · 10−2 3.40 · 10−3 2.13 · 10−4

4 1.65 1.51 · 10−2 2.40 · 10−3 1.41 · 10−4

5 1.49 1.14 · 10−2 1.76 · 10−3 9.65 · 10−5

6 1.35 9.47 · 10−3 1.39 · 10−3 7.45 · 10−5

7 1.24 8.82 · 10−3 1.10 · 10−3 6.47 · 10−5

8 1.14 7.20 · 10−3 9.30 · 10−4 5.00 · 10−5

9 1.02 5.43 · 10−3 7.05 · 10−4 3.50 · 10−5

10 0.882 6.19 · 10−3 4.96 · 10−4 3.66 · 10−5

11 0.822 5.65 · 10−3 1.86 · 10−4 3.15 · 10−5

12 1.06 1.39 · 10−2 −2.38 · 10−3 6.21 · 10−5

13 1.05 1.42 · 10−2 −2.45 · 10−3 6.52 · 10−5

14 1.06 1.55 · 10−2 −2.55 · 10−3 7.18 · 10−5

15 1.07 1.67 · 10−2 −2.63 · 10−3 7.92 · 10−5

20 1.12 2.34 · 10−2 −3.08 · 10−3 1.19 · 10−4
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Chapter 4

From dust trajectories to densities
and synthetic images

The contents of this chapter, with the exception of Sect. 4.6, have been published as Franz et al. (2022a).(1)

Credit: Franz et al., Astronomy & Astrophysics, Volume 657, Article A69, 2022, reproduced with per-
mission © ESO.

Chapter abstract
Context: X-ray- and extreme-ultraviolet- (together: XEUV-) driven photoevaporative winds acting on
protoplanetary disks around young T-Tauri stars may crucially impact disk evolution, affecting both gas
and dust distributions.

Aims: We constrain the dust densities in a typical XEUV-driven outflow, and determine whether these
winds can be observed at µm-wavelengths.

Methods: We used dust trajectories modelled atop a 2D hydrodynamical gas model of a protoplane-
tary disk irradiated by a central T-Tauri star. With these and two different prescriptions for the dust
distribution in the underlying disk, we constructed wind density maps for individual grain sizes. We used
the dust density distributions obtained to synthesise observations in scattered and polarised light.

Results: For an XEUV-driven outflow around a M∗ = 0.7 M⊙ T-Tauri star with LX = 2 · 1030 erg/s,
we find a dust mass-loss rate Ṁdust ≲ 4.1 ·10−11 M⊙/yr for an optimistic estimate of dust densities in the
wind (compared to Ṁgas ≈ 3.7 · 10−8 M⊙/yr). The synthesised scattered-light images suggest a distinct
chimney structure emerging at intensities I/Imax < 10−4.5 (10−3.5) at λobs = 1.6 (0.4) µm, while the
features in the polarised-light images are even fainter. Observations synthesised from our model do not
exhibit clear features for SPHERE IRDIS, but show a faint wind signature for JWST NIRCam under
optimal conditions.

Conclusions: Unambiguous detections of photoevaporative XEUV winds launched from primordial
disks are at least challenging with current instrumentation; this provides a possible explanation as to
why disk winds are not routinely detected in scattered or polarised light. Our calculations show that
disk scale heights retrieved from scattered-light observations should be only marginally affected by the
presence of an XEUV wind.

(1)This work resulted from a collaboration with the coauthors listed in the corresponding bibliography entry, that is B.
Ercolano (BE), S. Casassus (SC), G. Picogna (GP), T. Birnstiel (TB), S. Pérez (SP), Ch. Rab (CHR), and A. Sharma (AS).
In particular, SC provided the noise estimates for SPHERE IRDIS and corresponding routines alongside their description in
the manuscript, TB provided the disklab and dsharp_opac packages as well as guidance on how to use them, SP provided
the image of the re-evaluation of the MY Lupi data, CHR helped to sanity-check the opacity model, and AS provided
guidance on a feature of dsharp_opac. BE, SC, GP, TB, SP, and CHR helped with the interpretation and discussion of
the results. The author (RF) coded the computation of the density maps, computed the dust base densities (via disklab),
the dust opacities (via dsharp_opac), the radiative transfer images (via RadMC-3D), and the synthetic images for JWST
NIRCam (via Mirage), and drafted the manuscript.
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CHAPTER 4. FROM DUST TRAJECTORIES TO DENSITIES AND SYNTHETIC IMAGES

4.1 Introduction

Planet formation needs large amounts of material and is thus expected to happen in and close to the
midplane of protoplanetary disks around young stars (see e.g. Armitage, 2010). Its outcome may be
affected by disk winds, which remove material from the disk, and may thus change the final masses and
locations of planets by altering the dust-to-gas ratio and halting inward migration (see e.g. Alexander &
Pascucci, 2012; Ercolano & Rosotti, 2015; Ercolano et al., 2017b; Carrera et al., 2017; Jennings et al.,
2018; Monsch et al., 2019, 2021b).

While current literature agrees on two major scenarios that can drive disk winds – that is magnetics-
and photoevaporation-driven outflows (see e.g. Owen et al., 2010; Gressel et al., 2015; Bai et al., 2016;
Wang et al., 2019; Picogna et al., 2019; Wölfer et al., 2019; Rodenkirch et al., 2020) – it remains un-
clear which mechanism dominates during which evolutionary stages (see e.g. Ercolano & Pascucci, 2017;
Coutens et al., 2019; Gressel et al., 2020). Consequently, many efforts have been focussed on determining
which varieties of winds can be encountered in protoplanetary disks. One approach is to look for and
model wind signatures in gas tracers (e.g. Pascucci et al., 2020; Gangi et al., 2020; Weber et al., 2020,
for some recent works). However, gas tracers identified so far are difficult to interpret and cannot be
unambigously inverted to obtain mass-loss rates from the winds (e.g. Ercolano & Owen, 2016); hence,
forays to quantify dust entrainment in winds have recently gained traction (Hutchison et al., 2016a; Jaros
et al., 2020; Vinković & Čemeljić, 2021) despite their high computational cost (see e.g. Tamfal et al.,
2018).

Miyake et al. (2016) have shown that magneto-rotational turbulences can support an outflow of dust
grains of several tens of µm from the inner disk region. Observationally, dust grains above the midplane
of protoplanetary disks have been suggested mainly for regions close to the star, where high densities
may lead to a significant shadowing of the stellar luminosity (Dodin et al., 2019; Petrov et al., 2019).(1)

Dust entrainment in photoevaporative extreme-ultraviolet- (EUV-) driven winds has first been inves-
tigated by Owen et al. (2011a), later by Hutchison et al. (2016a,b), and very recently by Hutchison &
Clarke (2021) and Booth & Clarke (2021), building on the semi-analytical modelling of Clarke & Alexan-
der (2016) (which has recently been generalised by Sellek et al., 2021). All studies found an entrainment
of dust grains of several µm in size. In an earlier work (Franz et al., 2020, henceforth Paper I), we studied
dust motion in X-ray-driven winds based on a new generation of X-ray and EUV (together: XEUV) gas
models developed by Picogna et al. (2019), and found dust particles up to about 10 µm to be entrained,
moving on a much faster timescale than in the disk midplane (see Misener et al., 2019).

Despite the evident interest in the subject, the question of whether dust outflows driven by photoe-
vaporation are currently observable has remained unanswered to date. At the time of writing, no firm
detection of such a dusty wind component exists in the literature, but this might be due to the sample
selection. Thus, in this work, we aim to provide a theoretical prediction of the observability of this wind
component, which may guide future observational campaigns and help interpret the datasets that are
currently available.

This chapter is organised as follows: The calculations to obtain the dust densities and synthetic obser-
vations are outlined in Sect. 4.2. In Sect. 4.3, the resulting density maps and observational concurrences
are shown. We discuss our findings in Sect. 4.4 and summarise them in Sect. 4.5.

4.2 Methods

Picogna et al. (2019) have provided models of protoplanetary gas disks with a photoevaporative XEUV
wind, computed using Mocassin (Ercolano et al., 2003, 2005, 2008a) for the radiative transfer computa-
tions,(2) and Pluto (Mignone et al., 2007) for the successive hydrodynamical (HD) evolution.(3) In Paper
I, we have used such a gas disk to simulate a collection of dust grain trajectories in its wind region, and
we refer to that work for details about the modelling set-up. We now proceed to use these individual
trajectories for the creation of dust density maps and successively, synthetic observations.

(1)Gárate et al. (2019) have presented an additional theoretical model to explain these observations.
(2)Mocassin: https://mocassin.nebulousresearch.org/.
(3)Pluto: http://plutocode.ph.unito.it/. Version 4.2 was used for this work.
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4.2. METHODS

4.2.1 Dust densities in the XEUV wind
The gas disk employed in Paper I models a Mdisk ≃ 0.01 M∗ primordial disk around a young M∗ = 0.7 M⊙
T-Tauri star with an X-ray luminosity of LX = 2 · 1030 erg/s (Preibisch et al., 2005),(1) driving a gas
mass-loss rate of Ṁgas ≃ 3.7 · 10−8 M⊙/yr (Picogna et al., 2019). The Ṁgas encountered in this one gas
disk snapshot is somewhat higher than the 2.6 · 10−8 M⊙/yr given in Picogna et al. (2019) because in the
latter work, a time-averaged value was used.

The dust grain motion was modelled on top of this gas snapshot using the Lagrangian-particle ap-
proach of Picogna et al. (2018); this yielded a collection of individual grain trajectories for a variety of
grain sizes (i.e. radii) a0 in the XEUV-driven wind region of the disk.

4.2.1.1 Dust grains: From trajectories to distributions

As detailed in Paper I, these dust grains were launched from the disk surface into a 2D gas disk with 3D
velocity information. They are accelerated by the gravity of the central star and the gas drag, and may
experience turbulent kicks while within the disk; disk gravity was shown to be negligible in Paper I.

As expected, small dust grains were found to be mostly entrained in the gas flow, whereas larger ones
decoupled from it; the largest grains entrained by the wind (for an internal grain density of ϱgrain =
1 g/cm3) had a size a0 = 11 µm and a Stokes number St < 0.4 when initially lifted up. So in order to
sensibly model dust densities, we chose to create density maps for a discrete sample of a0, that is a0 ∈
{0.01, 0.1, 0.5, 1, 2, 4, 8, 10} µm; this limitation to eight discrete values is due to the high computational
cost for simulating the trajectories. From a physical point of view, the listed sizes cover all major
cases between full entrainment, slow decoupling and fast decoupling (for which a0 ∈ {0.1, 4, 10} µm were
showcased in Paper I).

As listed in Table 4.1, we have modelled at least 200 000 dust grain trajectories for each of the a0
investigated in order to provide reasonably high spatial resolution. The grains were initially positioned
along the disk surface, using a uniform distribution within 0.33 < r [AU] < 200, with r =

√
x2 + y2 + z2,

yielding more than 1000 grains per radial AU of disk surface for each a0.(2) The varying amounts of
particles modelled are due to the fixed simulation time of ∆t ≃ 3.8 kyr (corresponding to one orbit at
200 AU).(3) For all a0, the concurrent amount of particles in the simulation is 200 000; when a particle
exits the computational domain (0.33 ≤ r [AU] ≤ 300 and 0.001 ≤ ϑ [rad] ≤ π/2), it is re-inserted at
a random position along the disk surface, starting an additional trajectory. Thus, we obtained more
trajectories for smaller grains which move faster.

The high entrainment fractions of Table 4.1 match the results of Hutchison & Clarke (2021), who
have performed a semi-analytical modelling of dust trajectories below and in an EUV-driven wind, and
find entrainment for almost all the grains that could be delivered to the ionisation front. The fractions
for the largest entrainable grains seem to drop, yet these do not necessarily reach the surface area in the
first place (see Hutchison et al., 2016b; Booth & Clarke, 2021, Paper I, and below).

The dust density maps were obtained by mapping the dust trajectories to a grid via the particle-
in-cell method, applied independently for each a0. We employed an underlying (r, ϑ)-grid with cell
sizes ∆r = 1 AU (∆r = 0.1 AU for r ≤ 2 AU) and ∆ϑ = 0.5◦.(4) Dust trajectories were grouped together
according to their initial coordinates, and then used to retrieve one dust map per initial (r, ϑ)-bin, yielding
a grid with particle counts per cell. These counts were obtained from the recorded grain positions and
velocities, based on a simplified equation of motion:

r⃗(t2) = r⃗(t1) + 1
2 (v⃗(t2) + v⃗(t1)) (t2 − t1) . (4.1)

The overall contribution of one particle per each (constant) simulation time step to the entire map
was normalised to one. The resulting particle counts (i.e. dust masses) were successively converted to
densities by dividing by the 3D cell volumes of the bins, assuming full azimuthal symmetry for the 2D
grid. Subsequently, the base cells were used to normalise the dust flow originating from them. In a last
step, they were weighted by the actual fraction of the disk surface within them.

(1)When using the term primordial disk in this work, we mean a primordial Class-II disk (i.e. without a cavity).
(2)For a more comprehensive take on the disk surface, see Paper I; in short, it is defined as the location of the largest

drop in gas temperature.
(3)Doubling ∆t results in very sparse, relative local errors < 25% (mostly ≪ 10%) for the dust densities. This error is

negligible compared to the uncertainties in the base density estimation of Sect. 4.2.1.2.
(4)As a0 ≪ ∆r and a0 ≪ r ∆ϑ, no smoothing kernel was applied when mapping the particles onto this grid.
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CHAPTER 4. FROM DUST TRAJECTORIES TO DENSITIES AND SYNTHETIC IMAGES

4.2.1.2 Base densities

While it is widely assumed that grains of mm-size quickly settle towards the midplane, the vertical mixing
of µm-sized particles is less well-constrained. For instance, Pinte et al. (2008) have found a non-negligible
signal from 1.6 µm grains from the surface of the inner disk of IM Lup, yet it is important to note that
the signal is significantly weaker already for ≳ 3 µm. More recently, the general presence of vertical
settling has been verified by a series of ALMA observations (ALMA Partnership et al., 2015; Pinte et al.,
2016; Villenave et al., 2020, and many others). Additionally, as pointed out by Avenhaus et al. (2018)
based on a sample of T-Tauri disks observed with SPHERE, protoplanetary disks are in all likelihood
rather diverse; vertical mixing may hence vary between individual objects. This has been corroborated
by Villenave et al. (2019). Thus, theoretical estimates range from a globally constant dust-to-gas ratio for
µm-sized grains (e.g. Takeuchi et al., 2005, and references therein) to a strong dependence of the vertical
dust scale height on a0 even for small grains (e.g. Dullemond & Dominik, 2004; Fromang & Nelson, 2009;
Birnstiel et al., 2010, 2016; Hutchison et al., 2016a, 2018).

Because the base densities have a considerable impact on the resulting dust density maps in our model,
we decided to investigate two different setups. Firstly, we assumed a fixed dust-to-gas ratio throughout
the disk; we refer to this model as ‘fixed’ below.

For the second case, hereafter denoted as ‘variable’, we used a dust scale height prescription providing
a rather strong fall-off of the dust densities with a0 over z; this was done via the disklab scripts collection
(Dullemond & Birnstiel, in prep.). In this approach, we used the gas disk data and the same dust-to-gas
ratio. The gas disk was then rendered into hydrostatic equilibrium (see e.g. Armitage, 2010) such that

∂

∂z

(
c 2

s · ϱgas
)

= −ϱgas · G M∗ z

r3 , (4.2)

with
√

Pgas/ϱgas = cs =
√

(kB T )/(µ mH) the speed of sound and µ = 1.37125 the mean atomic mass
in proton masses mH (same value as in Picogna et al., 2019, and Paper I). The dust densities were then
computed for a vertical settling-mixing equilibrium (Fromang & Nelson, 2009) such that

∂

∂z

(
ϱdust

ϱgas

)
= −Ω 2

K tstop

D
· z , (4.3)

with ΩK =
√

G M∗/r3, tstop the dust grain stopping time, and D the diffusion coefficient (see Fromang
& Nelson, 2009, and sources within).

For both the ‘fixed’ and ‘variable’ cases, we employed a MRN distribution (Mathis et al., 1977) with
n(a) ∝ a−3.5 da, using a logarithmically-spaced grid with 400 bins for 1 nm = amin ≤ a ≤ amax = 1 mm
to quantify the relative abundances of dust grain sizes. The underlying total dust-to-gas (mass) ratio was

Table 4.1: Statistics for the dust trajectories used to create the density maps: grain size, number
of all trajectories modelled, number of fully entrained trajectories thereof.

a0 [µm] Nall Nentrained

0.01 5 495 998 4 497 540
0.1 5 492 527 5 012 884
0.5 4 555 823 4 329 718
1 3 968 894 3 730 741
2 3 138 379 2 834 014
4 1 537 412 1 274 661
8 508 545 217 772
10 337 515 33 294

The differing numbers stem from a constant sample size of 200 000 grains processed simultaneously
over similar simulation time spans, with grains being reinserted at a random position along the
disk surface once they exit the computational domain. (Nentrained is smaller for 0.01 µm than for
0.1 µm because the former grains are even more coupled to the gas stream which points slightly
back towards the disk surface at larger R, see Paper I.)
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Figure 4.1: Base density profiles for a vertical slice at R ≈ 20 AU: gas in blue (identical values in
both plots), total dust (for amax = 1 mm) in orange and individual dust species used for modelling
the wind in grey, according to Sect. 4.2.1.2. Left: Results for a globally ‘fixed’ dust-to-gas ratio
of 0.01, and right: for the ‘variable’ dust scale height dependent on a0. The disk-wind interface
(green dotted line) is characterised by a sharp drop-off of both gas and dust densities. This drop-
off is particularly pronounced for the ‘fixed’ total dust density at the disk surface, since we have
no grains > 11.5 µm in the wind.

set to the usually assumed value of 0.01;(1) this yields a dust mass fraction of ≈ 10−3 for grains ≲ 10 µm
in relation to the gas. A maximum grain size of 1 mm for the total dust content of the disk is a lower
limit (see e.g. Hutchison & Clarke, 2021), but corresponds to the largest grains proven to exist by ALMA
(e.g. ALMA Partnership et al., 2015); hence it serves our intention of providing a maximum estimate, as
higher amax would entail a lower dust content for the wind.

These 400 bins of the MRN distribution were combined into eight bins for the eight grain sizes included
in our model. This was done by fully attributing the contribution of a bin to the (linearly) closest grain
size. Contributions from grains > 11.5 µm were discarded since these cannot be entrained (see Paper I)
and hence cannot populate the wind region.(2)

The resulting base densities for the ‘fixed’ and ‘variable’ setups are shown in Fig. 4.1 for R = 20 AU
(with R =

√
x2 + y2), the approximate value from which the largest grains are entrained (see Paper I).

For the same underlying gas density profile, we see a clear difference in dust scale heights between the
‘fixed’ and ‘variable’ models, especially for the larger a0. Furthermore, as the density profiles of the eight
a0 happen to be comparable in magnitude for the ‘fixed’ setup, its mass contributions of the grain size
bins are similar.

4.2.1.3 Dust densities in the wind

For the dust densities within the disk, we directly used those computed in Sect. 4.2.1.2; for the wind
region, we combined the densities at the disk surface with the dust maps from Sect. 4.2.1.1. For clarity,
the whole process is sketched in Fig. 4.2.

Since the dust grids were computed for the wind region, the base densities need to be extracted from
the position of the disk surface which is already affected by the wind; this corresponds to the minimum
value along the density drop at the disk surface seen in Fig. 4.1. This approach also mostly reproduces
the results of Booth & Clarke (2021), who find the rate of dust flux to gas flux across the ionisation front
to be ≲ 1 for a setup similar to ours.

The dust densities in the wind region were slightly smoothed with a Gaussian filter (σ = 2 AU) in
order to smear out numerical artefacts in the form of very narrow, overdense outflow channels next to
sparsely populated areas, caused by employing Lagrangian particles on top of a Eulerian grid. This
affected neither the total dust masses in the wind, nor the results of the radiative-transfer computations.

The ‘fixed’ setup represents the highest (maximum) base densities possible, and the ‘variable’ one
produces a more realistic estimate. In order to provide a minimum case as well – and to allow for a better

(1)Larger values of the dust-to-gas ratio are possible (see e.g. Miotello et al., 2017; Soon et al., 2019), and would lead to
a higher dust content in the wind.

(2)The large grains cannot be in the wind region; they could be in the disk region, where they might marginally increase
brightness. So disregarding them will either not affect or slightly enhance wind visibility.
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Figure 4.2: Schematics for determining ϱdust in the wind region: The dust densities in the disk
are computed from ϱgas (see Sect. 4.2.1.2). ϱdust at the disk surface is directly taken from these;
it is then combined with the density maps from Sect. 4.2.1.1 to obtain ϱdust in the wind (see Sect.
4.2.1.3).

estimation of the visibility of XEUV winds – we further added models with a fully dust-free wind region
(‘no wind’) for both setups.

4.2.1.4 Dust mass-loss rates

From the individual dust trajectories, we also know the velocities at which the dust travels when leaving
the computational domain at r ≃ 300 AU.(1) In addition, we found a very clear correlation between
the launching point of a grain along the disk surface and its final velocity; having a mean velocity per
radially outermost (r, ϑ)-bin and knowing its volume (assuming azimuthal symmetry), this allows for the
computation of the wind mass-loss rates for each a0. Simple numerical integration was then employed to
obtain a total dust mass-loss rate.

4.2.2 Synthetic observations
In order to get a handle on the observability of the dust outflows of our XEUV wind model, we pro-
duced synthetic images for inclinations of i ∈ {0; 30; 60; 75; 90}◦, using RadMC-3D (Dullemond et al.,
2012).(2) These were further converted into simulated instrument responses for the James Webb Space
Telescope (JWST) Near Infrared Camera (NIRCam) scattered-light imaging (Rieke et al., 2003, 2005)
using Mirage (Hilbert et al., 2019),(3) and the JWST pipeline,(4) and polarised-light imaging with the
Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) + InfraRed Dual-band Imager and
Spectrograph (IRDIS) instrument of the Very Large Telescope (VLT) (Beuzit et al., 2019).(5)

4.2.2.1 Dust opacities

We employed the dsharp_opac package (Birnstiel et al., 2018) to compute two sets of opacities:(6) Firstly,
Disk Substructures at High Angular Resolution Project (DSHARP) opacities, employing optical constants
from Warren & Brandt (2008, for water ice), Draine (2003b, for silicates), and Henning & Stognienko
(1996, for troilite and organics). The overall material density for this mix was combined with a porosity
of ≃ 0.4 to maintain the internal grain density of ϱgrain = 1.0 g/cm3 from Paper I. Secondly, astrosilicate
opacities, also using dsharp_opac with ϱgrain = 1.0 g/cm3.

The RadMC-3D runs revealed dust temperatures Tdust < 115 K for r > 35 AU in the wind region; so
the wind may be too hot to contain (water) ice. Additionally, the stellar radiation field may further
photo-desorb any ices. Thus we used the DSHARP opacities for the disk region and pure astrosilicate
opacities for the wind region of the dust density maps; this will slightly enhance the visibility of dust
grains in the wind, which serves our intention of providing a best-case scenario for their observability.

(1)The dust grains reach escape velocity before leaving the domain, see Paper I.
(2)RadMC-3D: http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/. Version 2.0 was used for this work.
(3)Mirage: https://mirage-data-simulator.readthedocs.io/. Version 2.1.0 was used for this work.
(4)jwst: https://jwst-pipeline.readthedocs.io/.
(5)Overview of the available filters: https://jwst-docs.stsci.edu/near-infrared-camera/nircam-instrumentation/

nircam-filters for JWST NIRCam, https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst/
filters.html for SPHERE.

(6)dsharp_opac: https://github.com/birnstiel/dsharp_opac/.
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4.2.2.2 Radiative transfer

The dust density maps were expanded to full 3D models by assuming midplane and azimuthal symmetry.
Our grids were illuminated by the star detailed in Sect. 4.2.1, modelled as a simple black body with
R∗ = 2.5 R⊙ and T∗ = 5000 K,(1) and the radiative transfer was performed with 400 logarithmically
spaced wavelength points in the interval 10−1 ≤ λ [µm] ≤ 104. Using the full anisotropic scattering of
RadMC-3D, we created SEDs, and also I, Q, and U images at a resolution of 800 × 800 pixels (i.e. > 1
pixel per AU).

As wavelengths λobs for the simulated images, we chose 0.7 µm (for JWST NIRCam’s F070W filter),
1.2 µm (for JWST NIRCam’s F115W filter, and SPHERE IRDIS’s J-band), 1.6 µm (for JWST NIRCam’s
F150W, F150W2+F162M and F150W2+F164N filters, and SPHERE IRDIS’s H-band), and 1.8 µm (for
JWST NIRCam’s F182M filter in combination with the MASRK210R coronagraph). Additionally, we
investigated λobs ∈ {0.4, 3.2} µm.

For the results shown in this work, we used N therm
phot = 108 photon packets for the Monte-Carlo

computation of the dust temperature maps, and N scat
phot = 106 photon packets for the imaging. We

furthermore checked that for the results with the most prominent wind signature, these do not significantly
change (a) for N scat

phot = 107, and (b) when re-mapping the dust densities to a grid logarithmic in r (and
thus providing better resolution close to the star).(2)

4.2.2.3 Scattered-light instrument response for JWST NIRCam

JWST NIRCam will provide both high sensitivity and high angular resolution for upcoming observations.
If this instrument is able to pick up an outflow signature from a dusty XEUV wind, then observational
probes into the existence of XEUV winds (as modelled here) would become possible.

Using Mirage, we synthesised a scattered-light instrument response for the wavelengths and filters
listed in Sect. 4.2.2.2. As we find in Sect. 4.3 that the dust in the wind should be more visible at shorter
wavelengths, we forwent the integration of an additional long-channel filter.

The protoplanetary disk was assumed to be located at a distance of 100 pc; this resulted in a rather
bright (probably overexposed) region around the star for lower i. We ran synthetic imaging for the
SUB320 subarray of module B1, using ten integrations with ten groups each for various readout patterns
(RAPID, MEDIUM8, DEEP8, etc).(3) The resulting uncalibrated images were post-processed using the
jwst pipeline.

As shown by Beichman et al. (2010, their Fig. 6), the JWST NIRCam coronagraphs provide a contrast
≳ 10−4 for separations ≲ 0.′′3 (i.e. 30 AU at 100 pc), and are available for filters corresponding to λobs ≳
1.8 µm. Mirage does not yet support full coronagraphic imaging simulations, so we only mimicked
the effect of a coronagraph by applying an intensity reduction to the RadMC results, according to the
instrument transmission, before processing them with Mirage.(4),(5)

4.2.2.4 Polarised-light instrument response for SPHERE IRDIS

The Stokes images Q(r⃗) and U(r⃗) emergent from RadMC-3D, in native resolution, can be used to predict
the instrumental response in a polarisation observation with SPHERE IRDIS. As in Sect. 4.2.2.3, a
distance of 100 pc to the hypothetical object was assumed for this.

A convolution with a Gaussian kernel, bdiff , whose dispersion σdiff is set at the diffraction limit,
σdiff = 1.2

2
√

2 ln(2)
λ
D , represents an ideal adaptive-optics correction for a telescope of diameter D. The

IRDIS coronagraph is taken as a pill-box with diameter 0.′′25, T (r⃗), and the diffracted Stokes images are
thus approximated as Qs = (bdiff · Q) × (bdiff · T ) and Us = (bdiff · U) × (bdiff · T ).

An estimate of the polarised intensity P =
√

Q2 + U2, alleviated from the positive-definite bias, can
be obtained with a linear combination of Qs and Us in the so-called radial-Stokes formalism (Schmid
et al., 2006). The idea, adapted to axially symmetric sources, is to assume that the polarisation direction

(1)We checked that our results are not affected by changing T∗ to 4000K.
(2)For an analysis of the amount of photon packets needed for viable results in RadMC-3D, see Kataoka et al. (2015).
(3)The Astronomer’s Proposal Tool (APT, https://www.stsci.edu/scientific-community/software/

astronomers-proposal-tool-apt/) gives science durations between 107 s (RAPID) and 2010 s (DEEP8) for these
parameters.

(4)The transmission data have been retrieved from https://jwst-docs.stsci.edu/near-infrared-camera/
nircam-instrumentation/nircam-coronagraphic-occulting-masks-and-lyot-stops: https://jwst-docs.stsci.edu/
files/97978137/97978146/1/1596073154569/transmissions.tar

(5)The science duration for coronagraphic imaging is higher, ranging from 2095 s (RAPID) to 39350 s (DEEP8).
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is azimuthal, as in the case of single scattering (Schmid et al., 2006; Avenhaus et al., 2014; Garufi et al.,
2014; Canovas et al., 2015; Avenhaus et al., 2017, 2018; Monnier et al., 2019). Here we follow the same
convention as in Avenhaus et al. (2018), with

Qϕ = Qs cos(2 ϕ) + Us sin(2 ϕ), (4.4)
Uϕ = −Qs sin(2 ϕ) + Us cos(2 ϕ), (4.5)

where ϕ = arctan(−∆α/∆δ) is the position angle and ∆α, ∆δ are offsets along right-ascension and
declination. Another application of these radial Stokes parameters can be found in Casassus et al.
(2018).

The Qϕ(r⃗) image approximates the polarised intensity field in the case of perfectly azimuthal polari-
sation, that is when Uϕ(r⃗) ≡ 0. However, as discussed by Canovas et al. (2015), the emergent radiation
from an intrinsically axially symmetric object such as a protoplanetary disk, when seen at even moderate
inclinations, undergoes multiple scattering events that produce a radial polarisation component, with a
non-vanishing Uϕ and negatives in Qϕ. The radial Stokes parameters are nonetheless widely used in the
field, as they convey the same information as Q and U , and we therefore estimate instrumental responses
using this formalism.

In adaptive-optics-assisted imaging, it is often the case that an unresolved and very strong central
signal, due for example to an inner disk or to net stellar polarisation, is spread out by the PSF wings to
large stellocentric separations. Since we use a Gaussian PSF to estimate the instrumental response, this
effect should be negligible in the bulk of the disk in the synthetic images, but might be important near
the edges of the synthetic coronagraph. For consistency with the procedure applied to actual data, we
also implemented the correction for ‘stellar polarisation’, which refers to the subtraction of the large-scale
pattern due to the convolution of the unresolved central component with the PSF. For a synthetic ‘stellar
polarisation’ subtraction, we simply define a radius, in polar coordinates R =

√
∆α2 + ∆δ2, that encloses

all of the ‘stellar polarisation’ signal, and set Q⋆ = Q and Q⋆(R > R⋆) = 0, and similarly for U⋆. In
practice, we chose the same radius for R⋆ as that of the synthetic coronagraph, or R⋆ = 0.′′125. We
then applied the same radial Stokes formalism to Q⋆ and U⋆ to produce Q⋆

ϕ and U⋆
ϕ , which were then

subtracted from the predicted Qϕ and Uϕ images. The stellar polarisation subtraction had but a small
impact on the resulting images.

The IRDIS observations of DoAr 44 in H-band, presented in Avenhaus et al. (2018), can be compared
with the RT predictions in Casassus et al. (2018) to estimate the expected instrumental response for
similar targets, that is other T-Tauri stars such as considered in this work. We calibrated the observed
Qϕ and Uϕ images of DoAr 44 by scaling with the RT predictions, thus extracting the noise level in
H-band.

The synthetic images of the emergent polarisation in this work were thus cast into the radial-Stokes
formalism, and reinterpolated to match the IRDIS CCD array, with the addition of Gaussian noise. This
ensures that the predicted instrumental response represents a concrete setup in realistic conditions.

4.2.3 Limitations of the model
In order to limit computational costs, we made a number of simplifying assumptions. Firstly, we neglected
dust sublimation. The inner boundary of the computational domain is placed at r = 0.33 AU; this allows
us to capture the full extent of the photoevaporative wind (Picogna et al., 2019). This inner boundary
also is well beyond the sublimation radius; assuming a dust sublimation temperature Tsub ≈ 1500 K
(Pollack et al., 1994; Muzerolle et al., 2003b; Robitaille et al., 2006; Vinković, 2009), RadMC-3D yields
Tdust ≪ Tsub for r > 0.2 AU in the wind regions of our models.

Secondly, radiation pressure for grain acceleration was not included in our model (see Paper I).
Recently, Owen & Kollmeier (2019) have argued that radiation pressure may drive the bulk of the dust
mass loss if grains are fragmented to small enough sizes (a0 ≲ 0.6 µm for our setup, see Paper I); and
Vinković & Čemeljić (2021) have shown that radiation pressure may severely affect dust trajectories in a
magneto-hydrodynamic (MHD) wind region within r ≲ 30 R∗. However, almost all of our smaller grains
are entrained from the disk surface anyways (see Table 4.1), implying that additional radiation pressure
should be negligible for our setup (the fraction of entrained grains could not be much higher anyways).
Furthermore, radiation pressure could lead to a small speed-up of the grains in the wind region; this
would then lead to slightly reduced densities there as the grains would be blown out faster. Yet Booth
& Clarke (2021) have argued that radiation pressure should not strongly affect grain entrainment by
(X)EUV winds at least for an advection-dominated scenario.
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4.3 Results

4.3.1 Dust distribution in the wind
4.3.1.1 Dust densities

The dust density maps in (R, z) for the eight a0 modelled are shown in Figs. 4.3 (‘fixed’) and 4.4
(‘variable’). The ‘fixed’ setup entails relatively high dust densities in the wind region for all a0, albeit with
bigger grains reaching lower maximum z in the wind for a given R (as expected from Paper I). The disk
surface, that is the transition region from the very smooth-looking disk regions to the outflow-dominated
wind regions, is clearly visible for all a0. It marks a density decrease of about two orders of magnitude,
as expected from Fig. 4.1.

For the ‘variable’ setup, the high-density regions for larger a0 are compressed towards the disk mid-
plane, and the dust content of the upper disk layers is strongly reduced. This leads to a wind re-
gion much less populated by dust grains of µm size; the very light green regions in Fig. 4.4 indicate
ϱdust < 10−28 g/cm3.

As expected, especially small dust grains are well-coupled to the gas. Fig. 4.5 shows the deviation
between the dust-to-gas ratio computed according to Sect. 4.2.1.2 and the ratio yielded by our ‘fixed’
model for small grains (a0 = 0.1 µm). Simply put, this illustrates the deviation of the dust densities
we computed, from a model assuming a constant dust-to-gas ratio for the wind region as well. The gas
streamlines are included as dotted grey lines; the directions of the gas flow and the dust outflow channels
match well, as would be expected (see Paper I). This, in turn, validates our approach of using the dust
densities at the wind-dominated side of the disk surface (see Sect. 4.2.1.3).

For wind-driven outflows originating from R ≲ 10 AU, we notice a slight decrease of the relative dust
content. This matches the results of Hutchison et al. (2016a); Hutchison & Clarke (2021), who find a
decrease of the dust-to-gas ratio in the wind region in their models. Conversely, we see enhanced densities
close to the disk surface far from the star (R ≳ 100 AU). These are caused by grains being picked up by
the wind at large R, and then travelling only slightly above the disk surface at a comparably low speed.
This density enhancement occurs for all grain sizes investigated. Conversely, in the ‘variable’ model, the
relative dust-to-gas ratios in the wind are smaller than for the ‘fixed’ setup, and < 1 for a0 ≥ 0.5 µm.

Interestingly, in Fig. 4.5, the uppermost outflow channel with slightly enhanced dust densities starts
from R ≈ 20 AU (also somewhat visible in Figs. 4.3 and 4.4), which coincides with the R-value from
which we found the largest grains to be entrained in Paper I. This shows a correlation between general
wind strength, material outflow and maximum entrained grain size.

4.3.1.2 Dust mass-loss rates

The XEUV-induced gas mass-loss rate is Ṁgas ≃ 3.7 · 10−8 M⊙/yr (see Sect. 4.2.1). The dust mass-loss
rates Ṁdust per a0 for the ‘fixed’ and ‘variable’ cases are shown in Fig. 4.6; the corresponding (cumulative)
values are listed in Table 4.2.

Table 4.2: Total Ṁdust per grain size per model and cumulative values.

Ṁdust [M⊙/yr]
a0 ‘fix’ ‘var’

0.01 5.5e-12 5.8e-12
0.1 8.1e-12 4.6e-12
0.5 6.8e-12 9.9e-13
1 6.0e-12 1.1e-13
2 7.3e-12 7.1e-15
4 6.6e-12 3.6e-17
8 1.0e-12 3.6e-22
10 1.9e-13 9.5e-30

(sum) 4.1e-11 1.2e-11
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Figure 4.3: Dust densities for the XEUV-irradiated primordial disk in (R, z) for a ‘fixed’ dust-
to-gas ratio throughout the disk. Enough material of all grain sizes is present at the base of the
XEUV-driven outflow, resulting in high dust densities in the wind. Due to the model setup, the
disk-wind interface is clearly discernible.
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Figure 4.4: As Fig. 4.3, but for a ‘variable’ dust-to-gas ratio in the disk; same grain sizes and
colour bar. The (lower) ‘variable’ dust scale height results in much lower dust densities in the
wind than in the ‘fixed’ model, even for very small grains. The slightly wiggly appearance of the
in-disk densities at R ≃ 150 AU is caused by the underlying gas disk; it can be ignored as most
dust entrainment occurs for smaller R (in respect to both total mass and radius).
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Figure 4.5: Ratio between gas density and dust density for a0 = 0.1 µm for the ‘fixed’ model,
normalised to the value in the disk for clarity. The density of this small, and hence well-coupled
grain species closely follows the gas density. For comparison with the density variations in the
dust, the gas streamlines (one per 5% Ṁgas) are added as dotted grey lines.

For the ‘fixed’ setup, the dust mass-loss rate is fuelled by grains of all sizes, with only the contribution
from a0 ≳ 8 µm falling off; this is expected since it represents the underlying mass distribution (see
Sect. 4.2.1.2) and entrainment rates (see Table 4.1). For all a0, Ṁdust peaks closer to the disk surface
than to the jet region. The cumulative mass-loss rate is Ṁdust ≃ 4.1 · 10−11 M⊙/yr ≃ 1.1 · 10−3 Ṁgas.
Coincidentally, the sum of the mass contributions from the MRN distribution for a0 < 11.5 µm is ≈ 11%;
so accounting for the underlying dust-to-gas ratio of 0.01, this matches with the setup. Of course, not all
large grains are entrained; considering that the eight size bins we employed have approximately similar
mass contributions in the disk, this hints at a possible over-estimate for the dust masses in the wind (which
suits our purposes), most probably due to the convolution of base densities and dust maps described in
Sect. 4.2.1.3.

The ‘variable’ setup entails a lower Ṁdust, yielding a cumulative value of Ṁdust ≃ 1.2 ·10−11 M⊙/yr ≃
3.2 · 10−4 Ṁgas, about one third of the values for the ‘fixed’ scenario. Here, the bulk of the dust mass-loss
is due to the grains < 1 µm. The contribution from the smallest a0 is even slightly higher than in the
‘fixed’ case; this is most likely due to the vertical settling-mixing equilibrium employed favouring higher
vertical scale heights for small grains.
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Figure 4.6: Median-filtered (for clarity) Ṁdust over R for the ‘fixed’ (right) and ‘variable’ (left)
scenarios, accounting for an assumed midplane symmetry. For no grain size do we find high Ṁdust
in the jet region.
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Figure 4.7: Radiative-transfer intensities for λobs = 1.6 µm. The max(I) for the logarithmic
colour scale is taken for each plot individually, after application of an artificial coronagraph of
radius 10 AU. The (τ = 1)-surfaces from r = 0 and z = ∞ are indicated by dotted orange and
blue lines, respectively. Rows: inclinations i ∈ {60; 75; 90}◦, columns: results without (first and
fourth) and with (second and third) dusty wind outflow; ‘fixed’ model on the left, ‘variable’ one
on the right. The wind signature is most noticeable at high inclinations, revealing a chimney-like
structure with a distinctly narrower opening angle than the disk surface; it remains clearly less
bright than said disk surface. The ‘variable’ dust scale height yields a much fainter outflow signal.

4.3.2 Synthetic observations

The scattered-light intensities simulated from the dust densities of Figs. 4.3 and 4.4 for λobs = 1.6 µm
are shown in Fig. 4.7. The ‘wind’ images (inner columns) are accompanied by corresponding ‘no wind’
images (outer columns) for direct comparability. To provide better visibility of fainter features, an
artificial coronagraph of r = 10 AU was introduced at the location of the star.

The differences between the ‘fixed’ and ‘variable’ models are much more pronounced than between
their respective ‘wind’ and ‘no wind’ cases. In all cases, the wind appears featureless at low inclinations
i (i ≲ 45◦) and for hence more face-on disks, even despite using logarithmic stretch.

For the ‘fixed’ setup (left columns of Fig. 4.7), cone- or chimney-like features start to envelop the z-
axis for more edge-on objects (i ≳ 60◦); however, they are distinctly less bright than the disk component.
The relative intensity of the wind features is I/Imax ≲ 10−4.5, Imax ≡ max(I), at i = 90◦ (best case),
rendering these wind features at least challenging to observationally detect.

For the ‘variable’ model, the dusty outflow is less bright, and is noticeable at i ≳ 75◦; it is qualitatively
similar to the ‘fixed’ results. Furthermore, due to the reduced dust scale heights, the disk appears flatter,
which is also illustrated by the (τ = 1)-lines indicating where the optical depth reaches one starting from
r = 0 (orange lines in Fig. 4.7). In addition, the disk appears smaller at i < 90◦, caused by the decreased
delivery of grains ≳ 1 µm to the disk surface (see Fig. 4.4).

The low dust densities in the outflow do not lead to a notable enhancement in apparent dust scale
heights; again, this can be seen from the (τ = 1)-surfaces for an observer at z = ∞ (blue lines in Fig.
4.7). These surfaces do not visibly differ between the respective ‘wind’ and ‘no wind’ models.
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Figure 4.8: Radiative-transfer intensities for λobs = 0.4 µm, all else equal to Fig. 4.7. Both the
‘fixed’ and ‘variable’ models produce a noticeable wind signature (in logarithmic stretch), and the
disks look quite similar.

The scattered-light images for λobs = 0.4 µm = 400 nm are shown in Fig. 4.8. For smaller a0, the
density maps for the ‘fixed’ and ‘variable’ models are more similar (see Figs. 4.3 and 4.4); this results
in more similar images at λobs = 0.4 µm compared to 1.6 µm. Thus, the scattered-light intensities for
the ‘no wind’ cases are almost model-independent at i = 90◦; at i < 90◦, the ‘variable’ disk still appears
smaller. Yet it looks considerably more puffed up than at λobs = 1.6 µm, as would be expected from a
size-dependent vertical-settling prescription.

The XEUV-driven dust outflow signature is quite comparable for the ‘wind’ models, and reaches
relative intensities of I/Imax ≲ 10−3.5 at i = 90◦. The (τ = 1)-surfaces are still almost identical within
the ‘fixed’ and ‘variable’ models, meaning that the apparent dust scale height is still not significantly
impacted. Furthermore, the opening angle of the emerging cone feature(s) does not really change in
comparison to λobs = 1.6 µm, indicating that it is unrelated to the maximum outflow heights parametrised
in Paper I.

When comparing the SEDs from disks without and with a dusty wind, we found no features that clearly
stood out above the Monte-Carlo-induced noise. This indicates that the emission at the wavelength range
investigated is dominated by the bound disk.

4.3.2.1 Scattered-light images

Due to the comparatively very bright inner area around the star, sporting radiative-transfer intensities
of up to ≈ 2 · 108 nJy/arcsec2 ≃ 2 · 105 nJy/pix, JWST NIRCam images synthesised without accounting
for a coronagraph are clearly over-exposed even using the RAPID readout pattern; this leads to an
overexposure pattern which bleeds far into the disk. The relative brightness of the dusty XEUV outflow
is thus too low to be picked up, or contaminated by overflow from the inner region. This means that we
cannot use the F070W filter for our purposes.

Instead, we switched to λobs = 1.8 µm with the F182M filter in combination with the simplified
coronagraph implementation as described in Sect. 4.2.2.3; the resulting synthesised images are shown in
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Figure 4.9: Synthesised intensities for JWST NIRCam’s F182M filter with a simulated MASK210R
coronagraph (MEDIUM8 readout pattern, 10 groups for 10 integrations). The orange and blue
lines indicate the (τ = 1)-surfaces from r = 0 and z = ∞. We find a slight difference in the vertical
extent of the ‘no wind’ and ‘wind’ ‘fixed’ models. At i ≳ 75◦, a faint cone-like pattern emerges, in
agreement with the direct radiative-transfer results of Fig. 4.7.

Fig. 4.9. For these, the MEDIUM8 readout pattern was employed, providing the best middle ground
between an overexposed central region (DEEP8) and noisy outer regions (RAPID). Varying the number
of groups and integrations yielded very similar results.

For the ‘fixed’ setup, we find a slightly enhanced vertical extent for i ≳ 75◦, reminiscent of the cone-
shaped feature of the radiative-transfer results (see Fig. 4.7). However, the cone itself does not stand out
as clearly, and the corresponding difference between the ‘wind’ and ‘no wind’ images may be too small
to be used as a definite outflow indicator without detailed modelling of the source. The ‘wind’ and ‘no
wind’ images of the ‘variable’ model do not differ in any noticeable way.

4.3.2.2 Polarised-light images

Fig. 4.10 displays the Qϕ signal synthesised for SPHERE IRDIS’s H-band for the inclinations of interest.
There is no feature differentiating the dusty XEUV ‘wind’ models from their ‘no wind’ counterparts; this
holds if we look at the data in logarithmic instead of linear stretch. While differential imaging reveals a
faint enhancement of the ‘variable’ ‘wind’ model compared to its ‘no wind’ counterpart at i = 90◦, the
difference is too small to be useful for distinguishing between them. This implies that, at least for the
setup investigated here, XEUV-driven outflows may be too faint to be picked up by current instruments.
As can be seen from Avenhaus et al. (2018, their Fig. 3), SPHERE IRDIS can detect a signal down to a
relative intensity of ≳ 10−5 under optimal conditions; however, we do not find significant wind features
when looking at Fig. 4.10 in logarithmic stretch, mainly because any possible signal disappears in the
instrument noise. Higher mass-loss rates, as for instance provided by a centrally concentrated MHD wind
model, might provide a more distinct signal; this should be explored in future calculations.

Synthesised J-band images (λobs = 1.2 µm) do not exhibit any notable ‘wind’ features either, and
neither do images for P . When looking at Qϕ maps for λobs = 0.4 µm without a synthesised instrument
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Figure 4.10: Qϕ maps (logarithmic stretch for the inner inner 200 AU × 200 AU) synthesised
for SPHERE IRDIS’s H-band (λobs = 1.6 µm); (τ = 1)-surfaces from r = 0 and from z = ∞
added as dotted white and black lines, respectively. No distinct difference emerges between the
disks without (first and fourth columns) and with (second and third columns) a dusty wind; the
difference between the ‘fixed’ and ‘variable’ dust scale heights has a much larger impact on the
synthesised instrument response.

response, a wind signature starts to emerge for Qϕ/ max(Qϕ) ≲ 10−3 (i = 90◦) in the same chimney-
shaped region we have seen in Fig. 4.8. This contrast is comparable to the one needed to see a wind
signature in said image.

4.4 Discussion

Theoretical models of photoevaporative winds agree that qualitatively, a certain amount of dust is en-
trained in the outflow above the protoplanetary disk (e.g. Clarke et al., 2001; Owen et al., 2011a, 2012;
Ercolano & Pascucci, 2017). However, to our knowledge, there has not yet been an estimate of the actual
dust content of this outflow, and hence its observability.

4.4.1 Dust distribution

4.4.1.1 Dust densities

The ‘hovering’ (or at least slow-moving) dust grains seen for the ‘fixed’ case in Fig. 4.5 at larger R
might potentially cause a diffuse signal in scattered- and polarised-light images at high inclinations;
the polarised-light images provided by SPHERE IRDIS for RY Lup (Langlois et al., 2018), 2MASS
J16083070-3828268 (Villenave et al., 2019), and MY Lup (Avenhaus et al., 2018) could be examples of
this. As pointed out by Booth & Clarke (2021), the vertical transport mechanisms at play will heavily
influence the vertical disk height, and thus the size of these grains. The disk scale height itself would need
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to be better constrained via observational data sets for our models to be more refined.(1) Nonetheless,
our results seem to match the findings of Pinte et al. (2008); Villenave et al. (2020) and others, who find
µm-sized dust grains well above the disk midplane; in addition, the presence of µm-sized dust grains at
the disk surface (and probably above) is well-documented by early SED data (Dullemond & Dominik,
2005, ‘small-grains problem’) and scattered-light images of edge-on disks. Furthermore, the absence of
big grains in the wind matches the results of Hutchison & Clarke (2021); Booth & Clarke (2021), who
find that the majority of grains in the wind has sizes well below the theoretically possible value; we also
match their result that almost all grains delivered to the base of the outflow will be entrained (within a
given Stokes number range).

4.4.1.2 Mass-loss rates

Due to Ṁdust/Ṁgas being smaller than the assumed dust-to-gas ratio, the dust-to-gas ratio in the disk will
increase as a result of photoevaporation, particularly in the regions where the latter is most efficient (i.e.
around the gravitational radius). Not accounting for probably varying rates and various other effects, the
gas and dust masses in our model would be equal about 0.15 Myr after XEUV photoevaporation starts.

This could potentially explain high dust-to-gas ratios as found for instance by Miotello et al. (2017).
It is also expected to favour planetesimal formation by the streaming instability; however, recent studies
which assume a dust-free photoevaporative wind, disagree on the efficiency of this process (Carrera et al.,
2017; Ercolano et al., 2017b). Moreover, as found for instance by Kunitomo et al. (2020), photoevaporative
winds are supposed to dominate over MHD outflows in the later stages of the disk lifetime, at least in
terms of Ṁgas. And indeed, dust entrainment may be significantly enhanced once the transition disk
phase begins, that is when the midplane dust at the outer gap edge would automatically be located at
the disk-wind interface without the need for efficient vertical transport mechanisms.

4.4.2 Observability of XEUV winds
We find a chimney-like outflow signature in Figs. 4.7 and 4.8; however, MHD winds may well dominate
in terms of dust entrainment in the immediate vicinity and the jet region of a star (see e.g. Miyake et al.,
2016). These MHD winds could even be prominent all the way down to the disk surface (Rodenkirch
et al., 2020).

Villenave et al. (2020, and sources therein) have presented a collection of images of highly inclined
disks in scattered light at µm-wavelengths (0.4 ≲ λobs [µm] ≲ 2.2). Most of these objects (e.g. HH 30,
2MASS J04202144+2813491, HV Tau C) do not exhibit well-defined cone-like features as those shown in
Figs. 4.7 and 4.8. Nonetheless, a diffuse emission above the disk surface is visible in some objects, and
may be due to ‘hovering’ dust grains. Some other objects (e.g. IRAS 04158+2805, see Villenave et al.,
2020) exhibit a distinct region of enhanced outflow above the disk midplane; yet this feature appears to
extend to large scale heights above the disk midplane and involves the entire jet region. Thus, it is quite
difficult to trace the origin of this emission without a tailored modelling of the source.

The ‘variable’ dust scale height entails a darkening of the outer disk regions (R ≳ 140 AU). This
is probably caused by shadowing from the inner 140 AU of the disk, after which the density especially
of large grains around the disk surface drops due to vertical settling (see Fig. 4.4). In principle, this
is comparable to the model ‘B’ of Dullemond (2002), which shows a puffed-up inner rim to produce a
shadow. It is not an effect caused by photoevaporative winds because the ‘wind’ and ‘no wind’ models
are both affected.

4.4.2.1 Predictions in scattered light

Hubble Space Telescope (HST) images of disks have not yet shown any evidence for disk winds driven by
internal photoevaporation; this may be because the signal is too faint,(2) or the jet contaminates fainter
features (Wolff et al., 2017). JWST NIRCam will provide notably higher contrast. In theory, this means
that as we have seen from Fig. 4.9, the XEUV-driven dusty outflow modelled here may actually produce
an observable signature, at least for the highly inclined disks of the ‘fixed’ model. Since the cone shape of
the wind-driven dusty outflow does not stand out strongly, and provides only a slight increment in vertical
height for the ‘wind’ images over their ‘no wind’ counterparts, it is debatable whether an isolated image

(1)Constraining the dust delivery at the base of the wind would require modelling the evolution of disk material, and
self-consistently accounting for dust growth together with gas and dust hydrodynamics; this complex task is well beyond
the scope of this work, where we take the approach of showing limiting cases.

(2)External photoevaporation may have already been imaged, see O’Dell & Wen (1994); Miotello et al. (2012).
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Figure 4.11: Qϕ images of MY Lup in J- and H-band, based on a new reduction of the data
presented in Avenhaus et al. (2018). For both bands, the images are shown without and with
smoothing by a denoising algorithm (Price, 2007). There is a faint signal from the minor axis of
the disk, which hints at a dusty outflow.

of a primordial disk would suffice to determine the presence or absence of a wind. Reducing (extending)
the cutoff radius (here: r ≃ 300 AU) of the model would likely enhance (degrade) the visibility of the
outflow.

The ‘variable’ setup does not exhibit any outflow pattern, despite the synthesised images showing
faint traces of overexposure in their centre (which should enhance the visibility of far-out features). On a
different note, a higher underlying dust-to-gas ratio (see Sect. 4.2.1.2) may lead to a more distinct wind
pattern for the setup presented here (see also Dahlbüdding et al., in prep.).

The synthetic observations shown in this work have been computed from and for a primordial disk.
We conclude that intriguingly, with JWST NIRCam the observation of wind signatures is entering the
realm of possibilities.

4.4.2.2 Comparison to observations in polarised light

The differential-polarised imaging data presented in Avenhaus et al. (2018) and Garufi et al. (2020)
target 29 nearby T-Tauri stars, with stellar masses in the range 0.5 ≤ M∗ [M⊙] ≤ 1.0 (Garufi et al.,
2020, hereafter DARTTS-S sample), and correspond to the domain considered by our model predictions.
The DARTTS-S sample includes high-inclination sources, with a favourable view of material away from
the disk midplanes. In general, none of these T-Tauri stars display any evidence for nebulosity along
the disk minor axis that might correspond to an XEUV wind; for instance, one can look at the Qϕ

image of DoAr 25 in H-band presented by Garufi et al. (2020, their Fig. 1). The absence of conspicuous
wind features is consistent with our predictions, and does not indicate the absence of XEUV-driven
photoevaporative winds.

By contrast, MY Lup is the one object in the DARTTS-S sample with diffuse emission along the
disk minor axis. Some extended negatives along the disk minor axis in the data originally presented by
Avenhaus et al. (2018) prompted us to reduce the images using the IRDAP pipeline (van Holstein et al.,
2020), with special attention to stellar polarisation subtraction; for this, the IRDIS images have been
processed using an adaptive kernel smoothing technique called denoise (part of the splash suite, Price,
2007).(1) The resulting data are presented in Fig. 4.11; they show some diffuse signal indicating a dusty
outflow. Furthermore, the signal is more conspicuous in J-band (λobs ≈ 1.2 µm) than in H-band, which
is consistent with Rayleigh-scattering if the entrained dust is smaller than ∼ 1 µm. New polarisation
observations at shorter wavelengths, for instance with SPHERE ZIMPOL in the V -band broad-band
filter, could confirm this tentative detection.

As found by Alcalá et al. (2019), MY Lup likely does not have a dust cavity, which would allow for
an almost direct comparison to our primordial disk model. Alternatively, they allow for the possibility
that the high CO depletion found by Miotello et al. (2017) could explain the high mass-accretion rates
and enhanced winds (Wölfer et al., 2019). Furthermore, the presence of a dusty wind could explicate the
anomalous extinction law towards the central star, which may have led to an overestimate of the age of
the system (≈ 17 Myr, see Alcalá et al., 2017, 2019).

As seen in Fig. 4.10, we do not find a distinct signal enhancement along the disk minor axis for the
Qϕ images synthesised for SPHERE IRDIS from our ‘wind’ models; we checked that this also holds for

(1)denoise: https://github.com/danieljprice/denoise/.
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λobs = 1.2 µm. Thus, while we would argue that the outflow seen in Fig. 4.11 is indeed driven by a wind,
we cannot say whether said wind is an MHD wind, or possibly a CO-depleted, thus enhanced, XEUV
one. In any case, however, its corresponding Ṁdust supposedly must be at least an order of magnitude
higher than the values we have reported for our models (Ṁdust ≲ 4.1 · 10−11 M⊙/yr, see Sect. 4.3.1.2),
which would indicate a rapid depletion of dust at and around the disk surface. This, in turn, would raise
the question whether such a strong outflow could be stable for prolonged periods of time, or whether it
may be a periodical or short-lived phenomenon.

So the possible detection of a dusty wind in MY Lup, while it is absent in the other DARTTS-S
sources, suggests that our model is missing some of the diversity of real physical systems; more custom-
tailored models for this source are needed in order to answer this question. In addition, our findings
lead us to expect dusty XEUV winds from primordial disks to be detectable at 0.4 µm (in logarithmic
stretch), which is only a factor of ∼ 3 in wavelength from the possible detection in MY Lup.

4.5 Summary
Based on the trajectories of dust grains in the XEUV-driven wind region of a protoplanetary disk around
a T-Tauri star, we have computed the dust density in said wind region. Our main findings are as follows:

• Photoevaporative winds can entrain µm-sized dust grains.

• The dust densities at the base of the disk wind heavily impact the dust content of the wind.

• The dust mass-loss rate due to XEUV winds is significantly lower than expected from the corre-
sponding gas mass-loss rates. This may lead to an enhancement of the dust-to-gas ratio in the
disk.

In addition, we have used these dust densities to synthesise observations in scattered light (for JWST
NIRCam) and polarised light (for SPHERE IRDIS). The results have led us to the following conclusions:

• Observations of dusty disk winds are challenging with current instrumentation – which is limited
to comparably large wavelengths –, even if the base of the wind is rich in µm-size grains. It is thus
not surprising that current observational campaigns in scattered light have yet to find a definite
wind signature. This does not necessarily imply the absence of a photoevaporative wind.

• Dusty winds launched from primordial disks should, in the majority of cases, not lead to a strong
vertical puff-up of the disks.

• There is a tentative detection of a disk wind in MY Lup. This could be confirmed by tailored
modelling of deeper observations, and observations at shorter wavelengths.

However, the models presented here are only applicable to primordial disks. In a next step, we
intend to investigate disk models with an inner cavity, which may produce more distinct signatures of
XEUV-driven disk winds.
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4.6 Additional material
4.6.1 Outflow speed
To expand on the outflow velocities shown in Fig. 3.4 (also in the light of the results of Rodenkirch &
Dullemond, 2022), and to provide an illustration for the correlation between grain launching position
(along the disk surface) and final velocity claimed in Sect. 4.2.1.4, we show the latter in Fig. 4.12. There,
the terminal radial outflow speeds (vr,out, when reaching the computational domain boundary) of the
dust grains are plotted in relation to their starting position R0. The small grains reach outflow velocities
comparable to the gas (see also Sect. 3.3.2), while the larger, but still entrainable grains move more
slowly.
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Figure 4.12: Final radial velocities vr for fully entrained dust grains of various sizes launched from
the disk surface at R0. There is a very clear correlation between R0 and vr, and also a0 and vr.

4.6.2 Images
In order to provide a complete suite of theoretical and observational predictions, additional plots are
included here. Figs. 4.13 and 4.14 show the radiative-transfer results for the scattered-light intensity I
at λobs = 0.7 µm and 1.2 µm, respectively. The relative intensities of the wind features lie between those
of Fig. 4.8 (0.4 µm) and Fig. 4.7 (1.6 µm); the cone feature is already significantly darker at 0.7 µm than
at 0.4 mum. This underlines the importance of observations (and, on a long term note, development of
instruments) with both high contrast and high resolution.

For brevity, we excluded the radiative-transfer results for polarised-light Qϕ from Sect. 4.3; the images
for λobs = {0.7, 1.2, 1.6}µm are shown in Figs. 4.15, 4.16, and 4.17. in contrast to the synthesised
instrument responses of SPHERE IRDIS, there is a difference in signal between the ‘wind’ and ‘no wind’
cases, which is more prominent for the ‘fixed’ than for the ‘variable’ case. The colour of the wind region
(i.e. Qϕ < 0 or Qϕ > 0) varies with λobs; it may also depend on the opacity prescription used (see Sect.
5.6.1).

The Qϕ signal seen in Figs. 4.15 to 4.17 is however too faint to be detectable with SPHERE IRDIS;
this is the case for both H-band (as shown in Fig. 4.10) and J-band (see Fig. 4.18).
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Figure 4.13: Radiative-transfer results for the scattered-light intensities I for λobs = 0.7 µm, all
else equal to Fig. 4.7.
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Figure 4.14: Radiative-transfer results for the scattered-light intensities I for λobs = 1.2 µm, all
else equal to Fig. 4.7.
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Figure 4.15: Radiative-transfer results for the polarized-light intensities Qϕ for λobs = 0.7 µm, all
else equal to Fig. 4.10.
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Figure 4.16: Radiative-transfer results for the polarized-light intensities Qϕ for λobs = 1.2 µm, all
else equal to Fig. 4.10.
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Figure 4.17: Radiative-transfer results for the polarized-light intensities Qϕ for λobs = 1.6 µm, all
else equal to Fig. 4.10.
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Figure 4.18: Qϕ maps synthesised for SPHERE+IRDIS’s J-band (λobs = 1.2 µm), all else equal
to Fig. 4.10.
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Chapter 5

Synthetic observations of transition
disks

The contents of this chapter have been published as Franz et al. (2022b).(1)

Credit: Franz et al., Astronomy & Astrophysics, Volume 659, Article A90, 2022, reproduced with per-
mission © ESO.

Chapter abstract
Context: X-ray- and extreme-ultraviolet- (XEUV-) driven photoevaporative winds acting on proto-
planetary disks around young T-Tauri stars may strongly impact disk evolution, affecting both gas and
dust distributions. Small dust grains in the disk are entrained in the outflow and may produce a de-
tectable signal. In this work, we investigate the possibility of detecting dusty outflows from transition
disks with an inner cavity.

Aims: We compute dust densities for the wind regions of XEUV-irradiated transition disks and deter-
mine whether they can be observed at wavelengths 0.7 ≲ λobs [µm] ≲ 1.8 with current instrumentation.

Methods: We simulated dust trajectories on top of 2D hydrodynamical gas models of two transition
disks with inner holes of 20 and 30 AU, irradiated by both X-ray and EUV spectra from a central T-Tauri
star. The trajectories and two different settling prescriptions for the dust distribution in the underlying
disk were used to calculate wind density maps for individual grain sizes. Finally, the resulting dust
densities were converted to synthetic observations in scattered and polarised light.

Results: For an XEUV-driven outflow around a M∗ = 0.7 M⊙ T-Tauri star with LX = 2 ·1030 erg/s, we
find dust mass-loss rates Ṁdust ≲ 2.0 · 10−3 Ṁgas, and if we invoke vertical settling, the outflow is quite
collimated. The synthesised images exhibit a distinct chimney-like structure. The relative intensity of
the chimneys is low, but their detection may still be feasible with current instrumentation under optimal
conditions.

Conclusions: Our results motivate observational campaigns aimed at the detection of dusty photoe-
vaporative winds in transition disks using JWST NIRCam and SPHERE IRDIS.

(1)This work resulted from a collaboration with the coauthors listed in the corresponding bibliography entry, that is G.
Picogna (GP), B. Ercolano (BE), S. Casassus (SC), T. Birnstiel (TB), Ch. Rab (CHR), and S. Pérez (SP). In particular, GP
provided the steady-state gas models of the transition disks and the foundation for the code for the dust motion, see Chap.
3, SC provided the noise estimate for SPHERE IRDIS (as for Chap. 4) as well as the code to retrieve the spectral indices
and their differences, and TB provided guidance on the disklab package with respect to transition disks and proposed the
investigation of different opacity models. GP, BE, SC, TB, CHR, and SP helped with the interpretation and discussion of
the results. The author (RF) adapted the code base of Chaps. 3 and 4 to work with transition disk models, computed the
dust trajectories, converted them to dust density maps, retrieved the dust base densities from disklab and the dust opacities
from dsharp_opac, produced the radiative-transfer images (via RadMC-3D) as well as the JWST NIRCam predictions (via
Mirage), and drafted the manuscript.
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5.1 Introduction
Planets form from the reservoir of gas and dust within the protoplanetary disk initially surrounding the
host star (see e.g. Armitage, 2018); once this material has been dispersed, planet formation necessarily
comes to a halt. Photoevaporative winds, driven by highly energetic radiation from the central star, are
one of the mechanisms proposed to clear out disk material (e.g. Clarke et al., 2001); especially X-ray
and extreme-ultraviolet (together: XEUV) winds are thought to be very efficient at driving outflows that
eventually disperse the disk from the inside out, via the formation of a transition disk (Ercolano et al.,
2009; Owen et al., 2010, 2012). Transition disks, that is disks with an inner cavity, may also be formed by
other processes, such as dynamical interactions with giant planets or magneto-hydrodynamical (MHD)
winds (see e.g. Kunitomo et al., 2020; Pascucci et al., 2020). The detection of photoevaporative winds is
important in order to assess their role in disk evolution; so determining possible observational tracers is
key to refine our understanding of this important mechanism.

The presence of disk winds can be inferred in a variety of ways; for instance, Monsch et al. (2019,
2021a,b) predicted orbital distributions of hot Jupiters in XEUV-irradiated disks, and Ercolano & Owen
(2010), Ercolano & Owen (2016), and Weber et al. (2020) modelled line profiles for disks impacted by
photoevaporation. Furthermore, Owen et al. (2011a), Hutchison et al. (2016a,b), Booth & Clarke (2021),
and Hutchison & Clarke (2021) have worked to model and analytically formulate dust entrainment in
photoevaporative winds. In Franz et al. (2020, henceforth Paper I) and Franz et al. (2022a, henceforth
Paper II), we numerically simulated the dust content and observability of dusty XEUV-driven outflows
around a primordial protoplanetary disk based on the hydrodynamical (HD) models of Picogna et al.
(2019) (which have since been refined by Ercolano et al., 2021; Picogna et al., 2021). The results of
Papers I and II have shown that a dusty outflow signature is indeed expected at µm-wavelengths for the
primordial disk model investigated there (hereafter ‘PD’), but its detection and interpretation would be
challenging with current instrumentation.

In this work, we set out to investigate possible signatures of dust entrained in photoevaporative winds
launched from transition disks, that is disks where an inner cavity has already formed. In these objects,
the stellar radiation reaches the disk midplane at the gap edge, allowing more material to be entrained
from this location where gas and dust densities are much higher than at the disk-wind interface; the
latter is several scale heights above the midplane (see e.g. Ercolano & Pascucci, 2017).

This chapter is organised as follows: The calculations to obtain the dust densities and synthetic obser-
vations are outlined in Sect. 5.2. In Sect. 5.3, the resulting density maps and observational concurrences
are presented. We discuss our findings in Sect. 5.4 and summarise them in Sect. 5.5.

5.2 Methods
Our goal is to investigate the observability of photoevaporative winds in transition disks as traced by the
entrained dust grains. To this end, we have followed the approach of Paper I to first simulate dust grain
trajectories, and of Paper II to then obtain dust density maps and synthetic observations. The general
methods employed will be briefly summarised in the next subsections, but we refer to Papers I and II for
a more detailed description.

5.2.1 Gas models
We consider two model disks with cavities of rgap ≈ {20, 30} AU, which we refer to as ‘TD20’ and ‘TD30’
below, respectively. Significantly larger gap sizes lead to instabilities with the employed setup (see Wölfer
et al., 2019). Much smaller gap sizes would be difficult to observationally distinguish from primordial
disks with current instruments; in addition, we wanted to investigate radii close to which the XEUV wind
reaches its full potential for this model (see Paper I). This corresponds to the overall goal of Paper II
to present a best-case scenario for the observability of a photoevaporative wind launched from the disk
model. As in Papers I and II, the gas models for the disks – in this case, slightly modified versions of
the transition disks presented by Picogna et al. (2019) – were computed using a modified version of the
Pluto code (Mignone et al., 2007) for the hydrodynamical evolution.(1) This modified version includes a
temperature prescription obtained via Mocassin (Ercolano et al., 2003, 2005, 2008a). In these simulations,
azimuthal and midplane symmetries were assumed as well as an α-viscosity (Shakura & Sunyaev, 1973)
of 1 · 10−3 (to match the new setup of Picogna et al., 2021) and a mean atomic mass of 1.37125. The

(1)Pluto: http://plutocode.ph.unito.it/. Version 4.2 was used for this work.
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initial density distributions of Picogna et al. (2019) were obtained from a steady-state primordial disk
profile, adding an exponential cut-off function at the location of the gap. The steady-state profile of the
transition disks used in this work are the result of the interaction of the viscous spreading of the initial
density profile, and the increased mass-loss rate due to the photoevaporative wind at the inner disk edge.

The system consists of a M∗ = 0.7 M⊙ T-Tauri star with an X-ray luminosity of LX = 2 · 1030 erg/s
(which represents the median of the stars in Orion, see Preibisch et al., 2005). The mass of the primordial
disks, prior to gap opening, was Mdisk ≃ 0.01 M∗, of which about 60% (TD20) or 45% (TD30) remain in
the transition disk models. The corresponding photoevaporation-driven gas mass-loss rates are Ṁ TD20

gas ≃
3.0 · 10−8 M⊙/yr and Ṁ TD30

gas ≃ 2.9 · 10−8 M⊙/yr.(1)

The region between the star and rgap has been completely cleared in our models. We do not consider
transition disks with an inner disk (see e.g. Francis & van der Marel, 2020); in the case of an inner disk
blocking the stellar radiation, one can assume that these objects behave similar to primordial disks, unless
a strong difference in gas scale heights between the inner and outer disks exists.

5.2.2 Dust in the wind
To summarise the methodology of Paper II, the gas distribution in the disk (taken from Picogna et al.,
2019, see above) was used to compute the dust distribution up to the disk-wind interface (the ‘base’ of
the wind or disk surface, determined as the location of the largest drop in gas temperature, see Paper I).
There, the gas and dust densities (ϱgas and ϱdust) are thus directly linked. Then, a collection of dust grain
trajectories was simulated using the prescriptions of Picogna et al. (2018); they were launched directly
from the base in order to focus on the dust motion in the wind. We did not use a physical density
prescription for their initial placement. This allowed us to derive normalised wind density maps from the
trajectories via a particle-in-cell approach; these were combined with the base densities to obtain ϱdust
in the wind.

5.2.2.1 Trajectories

We employed a grid extending to r ≲ 300 AU, with r =
√

x2 + y2 + z2 to model trajectories for eight
distinct grain sizes a0, in this case a0 ∈ {0.01, 0.1, 0.5, 1, 2, 4, 8, 12} µm, with an internal grain density of
ϱgrain = 1.0 g/cm3 (as in Papers I and II). The grains were initially placed along the disk surface within
rgap ≲ r ≲ 200 AU. To fully cover the strong vertical slope close to the outer gap edge,(2) we placed the
particles along the (r, ϑ)-coordinates of the disk surface using a uniform random distribution.

The simulations were evolved for about 3.8 kyr; a constant amount of 200 000 particles was kept in
the simulations at all times, with blown-out particles being replaced by ones newly spawned along the
disk surface. The resulting dust grain counts are summarised in Table 5.1.(3)

The resulting trajectories were then used to create dust maps, using the method described in Paper II
and employing a grid with ∆r = 0.5 AU for r < 50 AU and ∆r = 1 AU from there on out, and ∆ϑ = 0.5◦.
The dust grains reach escape velocity within 102...103 yr just like for the PD (see Paper I), which signifies
a much smaller timeframe than the 105...106 yr on which the overall dispersal of the gas happens (see
e.g. Mamajek, 2009). Thus, dust entrainment can still be regarded as a separate process, and using a
steady-state gas snapshot should not affect our results.

5.2.2.2 Densities

In order to retrieve our dust density estimates for the wind, the dust maps need to be combined with
sensible estimates for the dust densities at the wind launching region. As a basis, we selected 400 grain
species, spaced logarithmically in size for 1 nm ≤ a0 ≤ 1 mm, and drawn from a MRN distribution with
n(a) ∝ a−3.5 (Mathis et al., 1977). We then constructed two different setups: Firstly, we assumed a
globally fixed dust-to-gas ratio of 0.01, labelled ‘fixed’.(4) Secondly, in a setup referred to as ‘variable’
below, we used disklab (Dullemond & Birnstiel, in prep.) to compute densities accounting for hydrostatic
equilibrium in the gas (see e.g. Armitage, 2010), and vertical settling-mixing equilibrium in the dust

(1)Picogna et al. (2019) found Ṁgas to be higher for transitional than for primordial disks. Our values of Ṁgas are
lower than for the PD of Paper II solely due to differences in the model setup. As laid out in Sect. 5.3.3, this does not
detrimentally affect our results.

(2)With ‘outer gap edge’, we refer to the outer edge of the (inner) cavity.
(3)Since the entrainment rates for small grains are already very high, radiation pressure (see e.g. Owen & Kollmeier, 2019;

Vinković & Čemeljić, 2021) should not strongly affect our results. If anything, it would increase the outflow velocity of the
dust grains, thus enhancing Ṁdust by a factor < 10.

(4)As already pointed out in Paper II, real dust-to-gas ratios may be higher (see e.g. Miotello et al., 2017).
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Table 5.1: Statistics for the dust trajectories used to create the density maps: grain size, number
of all trajectories modelled, number of fully entrained trajectories thereof, for both transition disk
models.

TD20 TD30
a0 [µm] Nall Nentrained Nall Nentrained

0.01 3 897 202 3 366 326 2 708 677 2 466 946
0.1 3 782 149 3 405 947 2 630 424 2 427 226
0.5 3 324 900 3 044 384 2 352 484 2 147 716
1 2 870 286 2 620 235 1 997 824 1 793 465
2 2 381 287 2 125 436 1 677 729 1 474 215
4 1 760 818 1 446 631 1 252 860 1 038 191
8 512 372 144 423 604 993 140 355
12 236 155 8 640 206 440 2 055

The differing numbers stem from a constant sample size of 200 000 grains processed simultaneously
over similar simulation time spans, with grains being reinserted at a random position along the
disk surface once they exit the computational domain.

according to Fromang & Nelson (2009). The underlying dust-to-gas ratio at the midplane was assumed
to be 0.01 like in the ‘fixed’ case.

Preliminary investigations showed that grains ≳ 12.5 µm were not entrained in the wind; so we
discarded all size bins a0 > 12.5 µm from the original 400 species. The remaining grain species, equalling
about 11% of the total dust mass, were then re-binned into eight bins matching the eight a0 investigated.

In a last step, the dust densities at the disk surface of the ‘fixed’ and ‘variable’ models were used
to populate the wind regions via the dust maps created from the trajectories; this yields a total of four
setups: ‘fixed’ TD20 (fixTD20), ‘variable’ TD20 (varTD20), ‘fixed’ TD30 (fixTD30), and ‘variable’ TD30
(varTD30). Each of these ‘wind’ models is complemented by a counterpart with a wind region entirely
devoid of dust (‘no wind’), to provide a simple means of assessing the effect of the dusty outflow on the
observations. In order to smooth out artefacts resulting from the discrete trajectories and the rather fine
grid spacing, we applied a Gaussian filter (σ = 2 AU) to the densities in the wind region.

5.2.2.3 Mass-loss rates

From the HD simulations, we extracted the dust outflow velocities at the domain boundary (i.e. r ≃
300 AU). In combination with ϱdust, these were then used to compute the dust outflow rate Ṁdust.

5.2.3 Radiative transfer
RadMC-3D was employed for the radiative-transfer computations.(1) In a setup identical to the one used
in Paper II, we used a stellar temperature of T∗ = 5000 K, a logarithmically-spaced wavelength grid with
10−1 ≤ λ [µm] ≤ 104, and a photon count of Nphot = 106 to create 800×800 pixel images in scattered and
polarised light. We produced simulated images for λobs ∈ {0.4, 0.7, 1.2, 1.6, 1.8} µm. In order to obtain
the full Stokes parameters in full anisotropic scattering, we computed the scattering matrix coefficients
using dsharp_opac (Birnstiel et al., 2018).(2)

For the disk region, we used the opacities from the Disk Substructures at High Angular Resolution
Project (DSHARP), composed from the results of Henning & Stognienko (1996), Draine (2003b), and
Warren & Brandt (2008); for the wind region, we employed pure astrosilicate opacities (Draine, 2003b).
This distinction was made because we cannot be sure the wind is cold enough to host ice everywhere.
Furthermore, astrosilicates have a higher albedo, thus slightly enhancing their observability; this matches
our intent to investigate best-case scenarios for the observability of the winds. The impact of choosing
this opacity prescription is investigated in Sect. 5.6.1.

(1)RadMC-3D: http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/. Version 2.0 was used for this work.
(2)dsharp_opac: https://github.com/birnstiel/dsharp_opac/.
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5.2.3.1 Scattered light

The Near Infrared Camera (NIRCam, Rieke et al., 2003, 2005) of the James Webb Space Telescope
(JWST) will allow for state-of-the-art scattered-light imaging in the (sub-)µm wavelength range. In
Paper II, we have seen that smaller wavelengths should be most favourable for the detection of a wind
signature; so we are mainly interested in the F070W filter (λobs = 0.7 µm). Alternatively, in order to use
the smallest coronagraph (MASK210R, with a half-transmission radius of 0.′′4), λobs ≳ 1.8 µm is needed;
for our purposes, this means the F182M filter.

Mirage was employed to synthesise the instrument response for JWST NIRCam,(1) and the resulting
data sets were then post-processed with the jwst pipeline just as an actual observational data set would
be.(2) The coronagraph was simulated by simply applying a transmission mask to the input intensities;(3)

this should allow for a first-order estimate, although it disregards the peculiarities of the instrument.

5.2.3.2 Polarised light

We used the same procedure as described in Paper II to synthesise an instrument response for the
Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE, Beuzit et al., 2019) InfraRed Dual-
band Imager and Spectrograph (IRDIS) of the Very Large Telescope (VLT). In particular, we focussed
on the J- and H-bands (λobs ≃ 1.2 and 1.6 µm, respectively) in Qϕ = Q cos(2 ϕ) + U cos(2 ϕ), with
ϕ = arctan(x/y), and in P =

√
Q2 + U2. The noise level was extracted from the comparison between an

H-band observation of DoAr 44 (Avenhaus et al., 2018) and a radiative transfer modelling of that object
(Casassus et al., 2018).

Furthermore, we used the predictions for the instrument response to compute the spectral index
α ≡ αJ,H between J- and H-bands, both for the ‘wind’ and ‘no wind’ cases (αw and αnw, respectively).
For each model, the difference ∆α = αw − αnw was then investigated to check for a possible colour excess
caused by the dusty wind.

5.3 Results
5.3.1 Trajectories
Following the trajectories of grains entrained in the wind, we see that the small grains in our simulation
tend to have low Stokes numbers St, and thus are well-coupled to the gas phase, resulting in trajectories
that hardly differ from the gas streamlines. Larger grains with higher St decouple much earlier from
the gas, and their trajectories depart from the gas streamlines shortly after launch. Just like for PD, no
grains are entrained from R ≳ 140 AU, with R =

√
x2 + y2. Some randomly selected trajectories are

presented in Figs. 5.1 (TD20) and 5.2 (TD30); for each model, we show three grain species to illustrate
slow, intermediate and fast decoupling.

The XEUV-driven outflow launching from the outer gap edge is more vigorous than what we have
seen for PD, thus grains up to a0 ≲ 12µm can be entrained; this however only holds for the strongly
curved disk surface region close to the holes. Their (almost) vertical launch into the wind even from
there, and for all grain sizes, corroborates the assumption of a vertical launch from a non-angled surface
made by Clarke & Alexander (2016) for a semi-analytical EUV-only gas model. These have since been
refined to include dust by Hutchison & Clarke (2021), and extended to allow for various launching angles
by Sellek et al. (2021). The qualitative agreement between our numerical results and the semi-analytical
work above would suggest that in theory costly hydrodynamical simulations as presented in this work
could be replaced by semi-analytical formulations. In practice however, as Booth & Clarke (2021) have
shown, differing assumptions as to the vertical delivery of the dust to the wind launching region will lead
to significantly different density estimates for the wind region.

5.3.2 Dust densities
The dust densities computed for our various models are shown in Figs. 5.3 (fixTD20), 5.4 (varTD20),
5.5 (fixTD30) and 5.6 (varTD30). The choice of dust settling prescription has a larger impact on the
morphology of the dusty wind than the ≈ 10 AU difference in hole size between TD20 and TD30.

(1)Mirage: https://mirage-data-simulator.readthedocs.io/. Version 2.1.0 was used for this work.
(2)jwst: https://jwst-pipeline.readthedocs.io/. Version 1.2.3 was used for this work.
(3)The transmission curves are available from https://jwst-docs.stsci.edu/near-infrared-camera/

nircam-instrumentation/nircam-coronagraphic-occulting-masks-and-lyot-stops.
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Figure 5.1: Random selection of dust trajectories in TD20, for three a0; the image has been zoomed
in to the inner 110 AU × 110 AU to give a better view of the region around the outer gap. The
grains are launched from the disk surface (orange dashed line) and if picked up by the wind, they
then follow the gas streamlines (grey dotted lines) more or less closely, depending on their local
Stokes number St (colourbar). A few of the grains are not entrained, and proceed to move into
the disk, following the gas flows there.

Figure 5.2: Dust trajectories for various a0 for TD30, all else equal to Fig. 5.1. There are no
systematic differences in the dust outflow patterns between TD20 and TD30.

For the ‘fixed’ setups (Figs. 5.3 and 5.5), the wind region is continuously populated by dust grains
between the disk surface and a maximum reachable scale height (see Paper I), even though there are some
outflow channels with slightly enhanced densities. This stands in stark contrast to the ‘variable’ models
(Figs. 5.4 and 5.6). In the latter, dust with a0 > 0.1 µm only populates the wind regions in significant
quantities if it has been launched from close to the edge of the hole, that is from low z; this leads to
quite distinct outflow channels, which become narrower for larger a0, and are close to the maximum scale
height max(z)|R the dust reaches in the wind (taken individually for each a0, compare Paper I). For
a0 ≲ 4 µm, the densities in the dominant outflow channels of the ‘variable’ models are very similar to
those found in these regions in the ‘fixed’ models.

This concentrated outflow pattern stands in clear contrast to the much smoother dust density maps
we have seen for PD. The smallest grains (a0 = 0.01 µm), which are (almost) fully hydrodynamically
coupled with the gas, still occupy as much of the wind region as in the ‘fixed’ cases, which serves as a
sanity check. Contrary to PD, even the largest grains show clear non-zero wind densities.

Several recent works have investigated the maximum entrainable a0 for MHD (Miyake et al., 2016;
Giacalone et al., 2019), EUV (Hutchison et al., 2016a,b; Hutchison & Clarke, 2021), and XEUV winds
(Booth & Clarke, 2021, and Paper I). However, as we can see from our ‘variable’ models (Figs. 5.4 and 5.6),
the gas densities cannot simply be converted into dust densities via a global ratio when invoking vertical
settling. So as laid out in Paper II (and also stated by many other authors, e.g. de Boer et al., 2017;
Villenave et al., 2020), observational constraints on the strength of the vertical settling in protoplanetary
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Figure 5.3: Dust densities for the XEUV-irradiated fixTD20 disk in (R, z). The presence of
small dust grains everywhere along the disk surface leads to a mostly smooth distribution of dust
densities in the wind.
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Figure 5.4: varTD20 counterpart of Fig. 5.3, using an identical colourbar. Dust settling leads
to an outflow which, for a0 ≳ 0.5 µm, is mainly fueled from the outer gap edge where the wind
interacts with the disk at low z.

disks are needed for more accurate modelling.

5.3.3 Mass-loss rates
For PD, we calculated Ṁdust/Ṁgas ≲ 1.1·10−3 and 3.2·10−4 for the ‘fixed’ and ‘variable’ cases, respectively
(Paper II). The upper limit corresponds to the dust-to-gas ratio assumed (0.01) multiplied by the mass
fraction of the entrainable grains in relation to the total dust population (≈ 11%).

The XEUV-driven mass-loss rates for the transition disks modelled here are listed in Table 5.2. Within
the ‘fixed’ and ‘variable’ setups, Ṁdust/Ṁgas has increased for the disks with an inner hole. This stands
to reason because the inner hole allows the photoevaporative wind to directly penetrate to, and thus
entrain material from, regions close to the disk midplane.

While Ṁgas decreases only slightly from TD20 to TD30, there is a clear decline in Ṁdust between the
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Figure 5.5: Dust densities for fixTD30, all else equal to Fig. 5.3. Apart from the larger inner hole,
the differences to the other ‘fixed’ model (Fig. 5.3) are minor.
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Figure 5.6: Dust densities for varTD30, all else equal to Fig. 5.5. As for the ‘fixed’ models, the
differences between the varTD20 (Fig. 5.4) and varTD30 disks in terms of dust content in the
wind are minor.

models. This is most likely due to the gas surface mass-loss rate Σ̇gas being higher at the gap edge for
TD20, leading to an overall stronger dusty outflow.

All of the recorded cumulative values for Ṁdust are above their counterparts for PD, which were
Ṁ ‘fix’

dust ≃ 4.1 · 10−11 M⊙/yr and Ṁ ‘var’
dust ≃ 1.2 · 10−11 M⊙/yr alongside Ṁgas ≃ 3.7 · 10−8 M⊙/yr. With

respect to the dust, this matches the general consensus that photoevaporative mass loss is enhanced in
transition disks compared to primordial objects (see e.g. Clarke et al., 2001; Ercolano & Pascucci, 2017);
it additionally coincides with a very rough time estimate for when the gas and dust mass of the disk
become similar: If we assume M

(dust)
disk = 0.01 M

(gas)
disk , and Ṁdust to be constant, we find M

(dust)
disk ≳ M

(gas)
disk

for t ≳ 0.13 Myr (TD20) or 0.11 Myr (TD30); for PD, this value was t ≳ 0.15 Myr. Considering that our
values for Ṁdust may be overestimates as laid out above, these values may be not entirely accurate, but
do show that an enhancement of the XEUV-driven mass loss is quite likely once our model has reached
its transitional phase.
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Table 5.2: Gas and dust mass-loss rates Ṁgas and Ṁdust for the models, in units of [M⊙/yr].

Ṁdust [M⊙/yr]
a0 [µm] fixTD20 varTD20 fixTD30 varTD30

0.01 7.6 · 10−12 6.6 · 10−12 6.4 · 10−12 5.0 · 10−12

0.1 1.1 · 10−11 3.1 · 10−12 9.1 · 10−12 2.2 · 10−12

0.5 9.8 · 10−12 1.8 · 10−12 7.2 · 10−12 9.9 · 10−13

1 9.8 · 10−12 1.7 · 10−12 6.9 · 10−12 1.0 · 10−12

2 1.0 · 10−11 1.7 · 10−12 7.2 · 10−12 9.1 · 10−13

4 9.3 · 10−12 1.4 · 10−12 6.1 · 10−12 6.1 · 10−13

8 3.2 · 10−12 3.9 · 10−13 2.1 · 10−12 2.4 · 10−13

12 2.1 · 10−13 2.3 · 10−14 8.9 · 10−14 2.8 · 10−14

(sum) 6.2 · 10−11 1.7 · 10−11 4.5 · 10−11 1.1 · 10−11

Ṁdust/Ṁgas 2.0 · 10−3 5.5 · 10−4 1.6 · 10−3 3.8 · 10−4

5.3.4 Scattered-light imaging
5.3.4.1 Radiative transfer

We performed radiative transfer calculations with RadMC-3D.(1) The resulting images at λobs = 0.7 µm,
which is the shortest wavelength accessible with JWST, are shown in Figs. 5.7 (TD20) and 5.8 (TD30).
To avoid saturating the central region and to enhance the visibility of the fainter outer disk and wind, we
applied an artificial coronagraph of r = 1 AU to the images in post-processing to block out the direct stellar
signal. This gives a contrast boost of ≲ {3.6, 3.2, 2.6, 0.8, 0.0} dex (TD20) or ≲ {4.0, 3.6, 2.9, 1.9, 0.0} dex
(TD30) at i = {0, 30, 60, 75, 90}◦.

At low inclinations (i ≤ 30◦ for the cases investigated here), the ‘wind’ and ‘no wind’ models distinctly
differ in the diameter of their inner holes. For TD20 (TD30) and at i = 0◦, the scattered light from the
dust in the wind extends inwards to r ≳ 7 AU (11 AU), in contrast to the r ≳ 18 AU (26 AU) of the
‘no wind’ models; this corresponds to the regions which are populated by dust grains because the dust
entrained from the outer gap edge moves inwards before being blown out of the domain (see Sect. 5.3.1).
The apparent difference in hole size is even more pronounced at i = 30◦, with the diffuse radiation from
the dust in the wind covering the full inner hole. At i ≳ 60◦, the effect disappears because a non-negligible
amount of dust is located along the line of sight. Instead, we find a more distinct wind signature. As in
Paper II, when comparing the ‘wind’ and ‘no wind’ images for i ≥ 60◦, we find an outflow pattern that
appears like a cone (or chimney) around the polar (z-) axis of the disk. It is quite faint at i = 60◦ and
rather pronounced at i = 90◦.

For the ‘fixed’ model, the wind cone is comparably wide and evenly illuminated. By contrast, the
chimney of the ‘variable’ model is much more condensed towards max(z)|R; this corresponds to the
underlying dust distributions (see Sect. 5.3.2). While the amount of dust around max(z)|R is similar
between the ‘fixed’ and ‘variable’ models, there is little dust elsewhere in the wind region for the latter
setup; this leads to a more collimated appearance of the cone. Furthermore, due to the lower vertical
extent of the dusty disk in the ‘variable’ models, the dust quantities in the wind exceed those of the
disk at lower z and thus r; hence the outflowing material is illuminated more strongly by the star. The
resulting steep chimney feature could potentially be used to identify a scenario in which the dust is
entrained primarily from the inner gap edge.

Despite the rather small λobs and accordingly large fractions of similarly-sized dust grains entrained
in the wind (see Table 5.1), the wind region is optically thin. Looking at the optical depth τ , the (τ = 1)-
surfaces for the corresponding ‘wind’ and ‘no wind’ models are almost identical for an observer placed
both at r = 0 and z = ∞; this was already the case for PD (Paper II).

With respect to PD, the relative brightness of the wind features in transition disks is distinctly higher.
At λobs = 0.4 µm, we found wind intensities I/Imax ≲ 10−3.5, Imax ≡ max(I), for PD; the cones of the
transition disks emerge already at I/Imax ≲ 10−2 (TD20) and I/Imax ≲ 10−3 (TD30). At λobs = 0.7 µm,

(1)In order to keep the manuscript concise, we did not include the results for all λobs here. Additional plots are however
provided in Sect. 5.6.2.

89



CHAPTER 5. SYNTHETIC OBSERVATIONS OF TRANSITION DISKS

200

100

0

100

200

z [
AU

]

i = 0°
fixed, no wind fixed, wind variable, wind

= 0.7 micron
variable, no wind

200

100

0

100

200

z [
AU

]

i = 30°

200

100

0

100

200

z [
AU

]

i = 60°

200

100

0

100

200

z [
AU

]

i = 75°

300 200 100 0 100 200 300
R [AU]

200

100

0

100

200

z [
AU

]

i = 90°

200 100 0 100 200 300
R [AU]

200 100 0 100 200 300
R [AU]

200 100 0 100 200 300
R [AU]

10 5

10 4

10 3

10 2

10 1

100

I/
m

ax
(I )

Figure 5.7: Scattered-light intensities for λobs = 0.7 µm for TD20; different models in different
columns, and different inclinations in different rows. An artificial coronagraph of r = 1 AU is used
to mask out the direct stellar signal. The max(I) for the scaling of the colourbar is taken for each
image individually (after application of the coronagraphic mask). The orange and blue lines in
the (i = 90◦)-row represent the (τ = 1)-surfaces for an observer at r = 0 and z = ∞, respectively.
At low i, the dusty wind obscures the cavity; at higher i, it produces a cone-like feature around
the z-axis.

the values are I/Imax ≲ 10−3.5 (TD20) and I/Imax ≲ 10−4.5 (TD30) for the most luminous features of
the ‘variable’ disks, underlining the importance of observations at short λobs.

Figs. 5.9 and 5.10 show the RadMC-3D scattered-light intensities for λobs = 1.6 µm. Here, the artificial
coronagraph grants a contrast boost of ≲ {3.5, 3.1, 2.7, 1.8, 0.0} dex (TD20) or ≲ {4.0, 3.5, 3.0, 2.4, 0.0} dex
(TD30). The main difference compared to λobs = 0.7 µm is that the wind cone disappears for the ‘fixed’
setup. By contrast, it persists for the ‘variable’ setup which, due to the vertical settling of the dust grains,
has a much lower dust disk scale height, making the chimney more distinct at similar z. The relative
intensities are I/Imax ≲ 10−3.5 (TD20) and I/Imax ≲ 10−4 (TD30), versus I/Imax ≲ 10−4.5 for PD.
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Figure 5.8: Scattered-light intensities for λobs = 0.7 µm for TD30, all else equal to Fig. 5.7. The
wind features are similar to those of TD20, but less distinct at high i.
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Figure 5.9: Scattered-light intensities for λobs = 1.6 µm for TD20, all else equal to Fig. 5.7. Vertical
settling of the dust in the disk enhances the relative strength of the cone-like outflow signature.
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Figure 5.10: Scattered-light intensities for λobs = 1.6 µm for TD30, all else equal to Fig. 5.7. At
this wavelength, the differences to TD20 (Fig. 5.9) are minor.

5.3.4.2 Synthetic observations for JWST NIRCam

As in Paper II, we encountered clear overexposure issues when synthesising the instrument response for
JWST NIRCam via Mirage, polluting the image quite far out. Again, these can be circumvented by
employing the MASK210R coronagraph, but that means that the smallest-wavelength filter usable is
F182M, not F070W.

The synthesised coronagraphic images are shown in Figs. 5.11 (TD20) and 5.12 (TD30). For these
images, the MEDIUM2 readout pattern was used; shorter science durations result in more noise obscuring
potential features, while longer times lead to a more pronounced overexposure of the central regions, which
may bleed out into high-r areas. Despite the transmission mask, the innermost region still exhibits high
brightness; this is due to the point-spread function of the instrument.(1) The coronagraph diameter of

(1)For illustrations of the instrument PSF, see https://jwst-docs.stsci.edu/jwst-near-infrared-camera/
nircam-predicted-performance/nircam-point-spread-functions.
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Figure 5.11: Synthesised observations of TD20 with JWST NIRCam’s F182M filter, assuming
the MASK210R coronagraph and MEDIUM2 readout pattern. The coloured lines indicate the
(τ = 1)-surfaces as in Figs. 5.7–5.10. At higher i, the cone-shaped outflow feature is visible for
both the ‘fixed’ and ‘variable’ models.

0.′′8 (≃ 80 AU at the assumed distance of 100 pc) renders a differentiation of the ‘wind’ and ‘no wind’
models by their inner hole sizes unfeasible.

As in the direct RadMC-3D results, the TD20 models show a more prominent wind signature than the
TD30 ones. The ‘fixed’ setup produces a somewhat fuzzy wind signature at higher inclinations, that is
i ≳ 60◦ for fixTD20 and i ≳ 75◦ for fixTD30. Depending on the actual outer radius of the dusty disk
(here assumed to be r ≃ 300 AU), the chimney structure caused by the wind may be more or less visible
in reality; looking at the fully edge-on disks, it is furthermore questionable whether a clear distinction
between a ‘wind’ case and a slightly puffed-up disk could be made from a single observational image.

The flatter disk structure of the ‘variable’ models allows their dusty XEUV outflow pattern to emerge
more clearly and already at lower inclinations than for their ‘fixed’ counterparts. A faint, non-distinct
vertical bump already appears at i = 30◦ for varTD20, and a more pronounced cone feature at i ≳ 60◦
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Figure 5.12: Synthesised observations of TD30 with JWST NIRCam’s F182M filter, assuming the
MASK210R coronagraph and MEDIUM2 redout pattern; all else equal to Fig. 5.11. The relative
intensity of the wind signature is slightly smaller than for TD20.

for both varTD20 and varTD30.

5.3.5 Polarised-light images
SPHERE IRDIS’s J-band corresponds to λobs ≃ 1.2 µm, thus we chose to present our results for this
wavelength here. As smaller dust grains are more likely to be entrained in the XEUV outflow, H-band
observations (i.e. λobs ≃ 1.6 µm) exhibit less distinct wind features (see Sect. 5.6.2).

5.3.5.1 Radiative transfer

The RadMC-3D results for Qϕ in polarised light at λobs = 1.2 µm are shown in Figs. 5.13 (TD20) and
5.14 (TD30); no artificial coronagraph has been applied to these images. Just like for the scattered-light
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Figure 5.13: Polarised-light Qϕ for λobs = 1.2 µm for TD20. While the layout of the rows (inclina-
tions) and columns (models) is the same as for the scattered-light images, no artificial coronagraph
is applied. The dotted white (black) line indicates the (τ = 1)-surface as seen from r = 0 (z = ∞).
The wind produces a distinct signature especially around the jet region.

intensities, we see that the inner hole of the transition disks appears much smaller in the presence of a
photoevaporative wind.

Furthermore, the wind causes an area of Qϕ < 0 above (and below) the bulk of the disk, which even
cuts somewhat into the high-z, low-R regions that otherwise exhibit Qϕ > 0. This feature is rather broad
in the ‘fixed’ models, and more spatially confined in the ‘variable’ ones; it resembles the overall cone
shape of the wind signature of the scattered-light images (see Figs. 5.7–5.10). In the ‘fixed’ setups, it can
already be seen at i = 30◦; apart from the inner hole radius, this is the only outflow feature occurring at
i ≲ 30◦.

The maximum relative intensities of the wind signal (i.e. the cone feature) are Qϕ/ max(Qϕ) ≲ 10−2

for λobs ∈ {0.4, 0.7, 1.2, 1.6} µm.(1) This stands in contrast to the strong fall-off of the relative brightness
(1)These values were retrieved for varTD20 at i = 90◦, which gives the strongest cone feature. About one to two orders
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Figure 5.14: Polarised-light Qϕ for λobs = 1.2 µm for TD30, all else equal to Fig. 5.13, the
characteristics of the wind signature included.

of the features with λobs seen in scattered light.

5.3.5.2 Synthetic observations for SPHERE IRDIS

The synthesised instrument responses for SPHERE IRDIS’s J-band are shown in Figs. 5.15 (TD20) and
5.16 (TD30). The wind features seen in Figs. 5.13 and 5.14 are drained in instrument noise; this is also
the case for H-band, so we do not include the corresponding plots.

While the coronagraph of SPHERE IRDIS obscures most of the difference in inner hole sizes found
in Sect. 5.3.5.1, an inner ring of Qϕ < 0 remains at i ≲ 30◦; probably due to the larger gap size, it is
more prominent for TD30 than TD20. The cone-like features seen in the clear Qϕ images (Figs. 5.13 and
5.14) are much less pronounced in the synthetic observations. They arguably still appear at intermediate
inclinations (especially 30◦ ≲ i ≲ 60◦), and are more pronounced for the ‘fixed’ models. Further post-

of magnitude need to be added if looking at different models and/or lower i.
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Figure 5.15: Synthesised Qϕ observations of TD20 in SPHERE IRDIS’s J-band. The dotted
white and black lines portray the same (τ = 1)-surfaces as in Fig. 5.13. The instrument noise
overshadows the wind features seen there.

processing with a dedicated noise removal tool such as denoise (Price, 2007) did not enhance the wind
signatures.(1)

By contrast, the difference in spectral indices ∆α (see Sect. 5.2.3.2) extracted from the SPHERE
IRDIS P predictions is clearly non-zero. In the plots of Fig. 5.17, we see a distinct blue excess above the
location of the star. It occurs for 35◦ ≲ i ≲ 75◦; for clarity and to avoid high noise levels, regions with
a weak predicted signal (P < 0.04 · max(P )) were masked out before computing α. This indicates that
above the star, αJ,H is greater in the ‘wind’ than in the ‘no wind’ cases, and thus that an XEUV wind
enhances the difference in P between J- and H-bands.

5.4 Discussion

5.4.1 Scattered light
The vertical settling of the dust has a significant impact on the observability of a dusty outflow; if the
disk is assumed to be large and the settling to be minimal (the ‘fixed’ case), large dust densities at high
z are required for a noticeable signal. For a smaller disk or stronger vertical settling, less dust is needed
for a current instrument to be able to pick up the signature; this is due to the radial trajectories on which

(1)denoise: https://github.com/danieljprice/denoise/.
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Figure 5.16: Synthesised Qϕ observations of TD30 in SPHERE IRDIS’s J-band, all else equal to
Fig. 5.15.

even the larger entrainable grains eventually leave the stellar gravity well, and which mean that the dust
densities decline with r.

In Paper I, we suggested that max(z)|R may be usable as a tracer for an XEUV wind, and thus allow
one to distinguish it from a scenario dominated by an MHD wind. This did not work in Paper II, and
also does not work here. Comparing the radiative-transfer results for λobs = 0.7 µm and 1.6 µm (see Figs.
5.7–5.10) does not show a big difference between the opening angles of the wind-induced cone features;
this is despite the ‘variable’ models having a strong concentration of entrained dust towards max(z)|R
(see Figs. 5.3–5.6) for almost all a0.

While we are not aware of any clear observations to date which show an outflow signature as suggested
by these RadMC-3D results, the synthesised coronagraphic images for JWST NIRCam imply that imaging
dusty winds will soon be a realistic possibility. Even if we have set up our models in Paper II and here
to present best-case scenarios, the wind signatures seen in the synthesised observations (Figs. 5.11 and
5.12) are prominent especially for the ‘variable’ model. In addition, while trying to maximise the signal,
we kept the dust-to-gas ratio at 0.01; while this value is generally used (see e.g. Andrews et al., 2009,
2010), it may underestimate the actual dust content of the disk as noted in Sect. 5.2.2.2.

For more face-on transition disks, the intensity profile of the inner hole may allow a tentative distinc-
tion between disks with and without dusty winds, as long as an estimate of the gap size can be retrieved
by other means and there are no other dusty outflows (e.g. magnetically-driven jets). Planetesimals
and planets (which are likely present once the disk enters its transition stage) may also strongly impact
the radial brightness profile; the differences between planet-carved and photoevaporative gap intensity
profiles will be investigated in a future work (Schäfer et al., in prep.).
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Figure 5.17: Difference ∆α between the spectral indices αJ,H of the ‘wind’ and ‘no wind’ models
for fixTD20 (left) and varTD20 (right); plots for the individual α values are provided in Sect.
5.6.2. For intermediate inclinations (35◦ ≲ i ≲ 75◦), the dusty wind causes a clear colour excess,
which appears particularly blue above the star.

5.4.2 Polarised light
While the clean Qϕ images (Figs. 5.13 and 5.14) show a clear wind signature, the noise in the synthesised
observations for SPHERE IRDIS (Figs. 5.15 and 5.16) mostly obfuscates it. As is shown in Sect. 5.6.2, a
reduction in instrument noise by a factor ≲ 10 would allow for the detection of an observational signature,
in particular at intermediate i. The narrow spatial extent of the high-intensity (Qϕ < 0)-regions seen in
Figs. 5.13 and 5.14 (especially for the ‘variable’ model) may render their detection unfeasible, considering
that the contrast achievable with SPHERE IRDIS drops off at small angles (see e.g. Boccaletti et al.,
2008, their Fig. 5). In that case, it may be worth looking into which coronagraphic pupil delivers the
best contrast at small angles.(1)

Furthermore, analyses of Qϕ data are often performed in linear stretch in the literature. Due to
the low relative intensities of the material in the wind, switching to logarithmic stretch may reveal
interesting additional features (see e.g. Avenhaus et al., 2018, and Paper II). In the case of very strong dust
entrainment in specific systems, signatures like the ones showcased here may be present. Speculatively,
this could also be the case for MY Lup (see Paper II, Fig. 11); but whereas the analyses of Alcalá et al.
(2017, using X-shooter on the VLT) suggest low accretion rates and thus a cleared inner hole similar to
the models shown here (but maybe with a smaller rgap), later data retrieved by Alcalá et al. (2019, using
HST) seem more in line with an intact inner disk.

The polarised signal may be more prominent when observing at smaller wavelengths. The Zurich
Imaging Polarimeter (ZIMPOL) of SPHERE would be able to do exactly that, however we do not yet

(1)Due to the many other uncertainties of the model, we decided to not explore this avenue further in this work.
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have a noise profile for this instrument. Furthermore, analyses as performed for instance by Thalmann
et al. (2015) and de Boer et al. (2017) do not find clear outflow signatures. This may in part be due to
most current investigations using data from SPHERE ZIMPOL to investigate systems at lower inclinations
with regards to planet(esimal)s or companions (e.g. de Boer et al., 2016; Stolker et al., 2016; Avenhaus
et al., 2017; Bertrang et al., 2018; Cugno et al., 2019; Willson et al., 2019).

Once a set of disks with and without confirmed dusty winds has been created from SPHERE ZIMPOL
observations and (deep) SPHERE IRDIS data, the retrieved colours could then be employed to establish
a baseline for the expected signal strength and morphology in polarised light. The colour excesses shown
in Fig. 5.17 could then be used to determine whether a wind is present in other sources.

5.4.3 Caveats and outlook
As noted above, this work aims to present a numerically simplified, best-case scenario for the observability
of XEUV winds, in order to investigate whether they could be detected via µm dust observations with
modern instruments at all. The ‘fixed’ model represents the simplest setup possible, and is illustrative as
it allows to decouple the effect of the wind from the complex dust evolution processes that happen in the
disk. Studying the differences between the ‘fixed’ and ‘variable’ models provides insights as to what wind
features may become more prominent when different physical processes drive the dust distribution at the
launch region; an example is the clear enhancement of the narrow outflow channels in the case of dust
settling. Nonetheless, our results may well overestimate the dust content of the photoevaporation-driven
outflow.

The presence of a gas pressure bump at the outer gap edge may invalidate the assumption of a direct
relation between ϱgas and ϱdust, which could reduce the dust densities in the wind, but could also enhance
the local dust-to-gas ratio (see e.g. Gárate et al., 2021). Further studies with a more realistic treatment
of the outer gap edge will be needed to more accurately assess this aspect.

In addition, the dust evolution in the disk has been assumed to be fully decoupled from the wind
model. The fast evolution of Ṁdust/Ṁgas, which would exceed unity in ≈ 0.1 Myr assuming a steady-state
case, is a direct consequence of this, and as such should be treated with care; thus, dust densities in the
wind may be lower than predicted here, or may vary over time. Both of these options would reduce the
observability of the features presented.

The outflowing dust must be replenished at the disk surface; for the low-z environment of the outer
gap edge, which accounts for the main portion of Ṁdust, the dominant process for this is radial drift.
A quick estimate of the required drift velocities via vr = Ṁdust/(2 π R Σdust) yields vr ≈ 10...0.1 m/s
(2 · 10−3...2 · 10−5 AU/yr) for a0 = 0.01...12 µm; here, R has been chosen at max(Σgas), that is R ≃
26 AU for TD20 and R ≃ 40 AU for TD30. Kanagawa et al. (2017) have reported drift speeds of up to
5.5 · 10−3 AU/yr for α = 10−3 and a dust-to-gas ratio of 0.01; but these values were found for St ≈ 1,
whereas µm-sized grains have St ≪ 1 in the midplane. Another question would be the amount of dust
already present at the gap edge, which may function as a buffer if material inflow from farther out is rather
low. So in conclusion, it is questionable whether the Ṁdust of Table 5.2 can be sustained over prolonged
periods of time, or the outflow is for instance somewhat periodic; this will need to be investigated in a
follow-up study.

5.5 Summary
In this work, we have modelled the XEUV-driven dusty outflow for two transition disks with inner
hole radii of about 20 and 30 AU, and produced synthetic observations to predict their observability
in scattered light with JWST NIRCam and in polarised light with SPHERE IRDIS. Throughout the
modelling process, we made assumptions as to provide a best-case scenario for the visibility of the wind.
Our findings can be summarised as follows:

• For a uniform dust-to-gas ratio, the dust mass outflow is still uniform as for a primordial disk. If dust
settling is accounted for, preferred outflow channels emerge especially for the largest entrainable
grains.

• These preferred outflow channels produce a distinct wind signature, consisting of a cone-shaped
feature around the polar axis of the disk, in both scattered and polarised light. The feature is
brighter at higher inclinations.
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• JWST NIRCam should be able to detect a dusty photoevaporative outflow if the underlying disk
is similar to the models presented here (i.e. M∗ ≈ 0.7 M⊙, LX ≈ 2 · 1030 erg/s, Mdisk ≈ 5 · 10−3 M∗,
dust-to-gas ratio of 0.01, gap size of 20...30 AU; see Sect. 5.2.2) and the observational set-up is
appropriately chosen. This also applies if no wind signature has been detected with SPHERE
IRDIS.

• Compared to wind-less disks, dusty winds cause a colour excess in polarised light.

For more realistic modelling, further studies are required to better constrain the dust densities at the
outer gap edge of transition disks; depending on the dust reservoir, steady or intermittent dusty wind
signatures may be possible. In addition, deep observations with current instruments can be employed to
try and identify objects with an XEUV-driven dusty outflow.
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5.6 Appendix
5.6.1 The impact of the opacity
For this work as well as Paper II, we used an opacity prescription assuming DSHARP values for the disk
and pure astrosilicates for the wind (see Sect. 5.2.3). To test the impact of the opacity prescription, we
performed additional radiative transfer simulations for the ‘wind’ models of TD20 at λobs = 1.2 µm and
i = 90◦, using different opacities. In these simulations, both the disk and wind regions of the model
employ the same opacity prescription. The opacities tested were, firstly, pure astrosilicates (Draine,
2003b), secondly, DSHARP values (Birnstiel et al., 2018, and references therein), and thirdly, Ricci
opacities (Ricci et al., 2010a, and references therein).(1) The results are shown in Figs. 5.18 (fixTD20)
and 5.19 (varTD20).

Expectedly, assuming a silicate-only material composition yields the highest intensities for both the
disk and wind regions; switching to DSHARP opacities for only the disk (as done in the main part of
this work) slightly reduces the signal from the dusty outflow. Conversely, using DSHARP-only or Ricci-
only opacities strongly reduces the signal caused by the XEUV wind; the latter results appear quite
similar, despite the difference in absorption opacities between the prescriptions.(2) All in all, the opacity
prescription used in this work (and Paper II) fits its purpose of providing a best-case scenario.

In addition, comparing (highly detailed) observational data in polarised light to models with various
opacities may help to identify the most realistic model for the dust composition and settling. This can
be seen from the varying signs of Qϕ in Figs. 5.20 and 5.21, where the only parameter varied between
the individual subplots is their opacity model.

5.6.2 Additional images
For clarity, we have not included all our radiative-transfer results in Sect. 5.3; however, some of them
may still be of interest for future observational campaigns. Figs. 5.22 and 5.23 show the scattered-light

(1)The Ricci opacities are computed for ϱgrain = 1.2 g/cm3; while this differs from our usual value of ϱgrain = 1 g/cm3,
the difference should be small enough to not significantly impact the overall results.

(2)At least for smooth disks, Ricci opacities might be more realistic than DSHARP ones, see Zormpas et al. (2022).
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Figure 5.18: Scattered-light intensities for fixTD20, λobs = 1.2 µm, i = 90◦. The panels show,
from left to right, the results for our opacity mix, pure astrosilicates, DSHARP opacities (Birnstiel
et al., 2018), and Ricci et al. (2010a) opacities. The coloured lines indicate the (τ = 1)-surfaces
as in Fig. 5.7.
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Figure 5.19: Scattered-light intensities for varTD20, λobs = 1.2 µm, i = 90◦; all else equal to Fig.
5.18.
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Figure 5.20: Polarised-light Qϕ for fixTD20, λobs = 1.2 µm, i = 90◦. The panels show, from left
to right, the results for our opacity mix, pure astrosilicates, DSHARP opacities (Birnstiel et al.,
2018), and Ricci et al. (2010a) opacities. The coloured lines indicate the (τ = 1)-surfaces as in
Fig. 5.24.
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Figure 5.21: Polarised-light Qϕ for varTD20, λobs = 1.2 µm, i = 90◦; all else equal to Fig. 5.20.
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Figure 5.22: Scattered-light intensities for λobs = 1.2 µm for TD20, all else equal to Fig. 5.7.

intensities for λobs = 1.2 µm. As can be seen from a comparison between these images and Figs. 5.7–5.10,
smaller λobs do not necessarily lead to stronger wind features; this is the case especially for the ‘variable’
model, probably due to the disk being more vertically settled for larger a0. At λ = 1.2 µm and i = 30◦,
varTD20 already exhibits a wind-driven cone feature.

The Qϕ images for λobs = 0.7 µm, which may be interesting also for SPHERE ZIMPOL, can be seen in
Figs. 5.24 (TD20) and 5.25 (TD30); their counterparts for λobs = 1.6 µm are shown in Figs. 5.26 (TD20)
and 5.27 (TD30). When including λobs = 1.2 µm (Figs. 5.13 and 5.14) for comparison, we see that the
sign of the Qϕ signal of the XEUV-driven outflow changes between the plots for 0.7 µm and 1.2 µm. In
all cases, we do however retain the cone-shaped feature above the disk midplane.

As noted in Sect. 5.4.2, reducing the instrument noise by a factor of 10 would result in a possible
distinction between a ‘wind’ and ‘no wind’ disk with SPHERE IRDIS. For reference, the corresponding
synthesised image for TD20 (to be compared to Fig. 5.15) is shown in Fig. 5.28.

Furthermore, in Sect. 5.3.5.2, we investigated the difference ∆α between the spectral indices α ≡ αJ,H

of the P -values of the ‘wind’ and ‘no wind’ models of TD20. For reference, the individual spectral indices
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Figure 5.23: Scattered-light intensities for λobs = 1.2 µm for TD30, all else equal to Fig. 5.7.

are included in Fig. 5.29; the noise masking of Fig. 5.17 has not been applied.
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Figure 5.24: Polarised-light Qϕ for λobs = 0.7 µm for TD20, all else equal to Fig. 5.13.
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Figure 5.25: Polarised-light Qϕ for λobs = 0.7 µm for TD30, all else equal to Fig. 5.13.
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Figure 5.26: Polarised-light Qϕ for λobs = 1.6 µm for TD20, all else equal to Fig. 5.13.
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Figure 5.27: Polarised-light Qϕ for λobs = 1.6 µm for TD30, all else equal to Fig. 5.13.

109



CHAPTER 5. SYNTHETIC OBSERVATIONS OF TRANSITION DISKS

150

100

50

0

50

100

150

200

z [
AU

]

i= 0°
fixed, no wind fixed, wind variable, wind

= 1.2 micron
variable, no wind

150

100

50

0

50

100

150

200

z [
AU

]

i= 30°

150

100

50

0

50

100

150

200

z [
AU

]

i= 60°

150

100

50

0

50

100

150

200

z [
AU

]

i= 75°

200 100 0 100 200
R [AU]

200

150

100

50

0

50

100

150

200

z [
AU

]

i= 90°

100 0 100 200
R [AU]

100 0 100 200
R [AU]

100 0 100 200
R [AU]

100

10 1

10 2

10 3

10 4

0
10 4

10 3

10 2

10 1

100

Q
IR

DI
S

nf
1.0

0e
01

/m
ax

(Q
IR

DI
S

nf
1.0

0e
01
)

Figure 5.28: Synthesised instrument response for TD20 for SPHERE IRDIS in J-band, assuming
a reduction of the instrument noise by a factor of 10; all else equal to Fig. 5.15. In contrast to said
Fig. 5.15, there are visible differences between the ‘wind’ and ‘no wind’ models, for both fixTD20
and varTD20.
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Figure 5.29: Spectral indices α ≡ αJ,H for the individual models of TD20, at the inclinations
shown in Fig. 5.17.
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Chapter 6

Conclusion

6.1 Summary
As laid out in Sect. 1.1, the purpose of this thesis has been to achieve a better understanding of one
of the many processes involved in the evolution of protoplanetary disks (outlined in Chap. 2), that is
a photoevaporative wind driven by X-rays and EUV photons from the central star; in particular, we
focused on dust entrainment in such an outflow.

Owen et al. (2011a) modelled the dust component of an EUV-only wind; however, their simulations
were performed for a comparatively high-mass (M∗ = 2.5 M⊙) Herbig Ae/Be star, the wind was launched
from the disk midplane (hence also disregarding vertical transport of material to the disk-wind interface),
the computation of the dust trajectories was simplified, and only results for edge-on disks (i = 90◦) were
shown. The lack of a dedicated disk component for the retrieved radiative-transfer images rendered a
direct comparison to observational data somewhat complicated, and the rise of X-ray and FUV-enhanced
models in the following years – explicitly disregarded by Owen et al. (2011a) due to their increased
computational cost – invited an update.

In Chap. 3 (published as Franz et al., 2020), we used an adapted version of the particle code of
Picogna et al. (2018) to model dust trajectories for a variety of grain sizes a ≡ a0 in the wind region of
a protoplanetary disk; they were launched directly from the disk-wind interface because modelling their
motion also in the disk and up to its surface would have multiplied computing times. The gas model was
supplied by Picogna et al. (2019), simulating an XEUV-driven outflow from a circumstellar disk around
a T-Tauri star of M∗ = 0.7 M⊙ and LX = 2 · 1030 erg/s. The dust particle motion accounted for stellar
gravity, gas drag, and – below the disk surface – kicks induced by the vertical shear instability. As would
have been expected from theoretical considerations, we found small (a ≲ 0.1 µm) grains to follow the
gas motion very closely, particles with 0.5 ≲ a [µm] ≲ 5 to decouple during the outflow, and those with
6 ≲ a [µm] ≲ 11 to decouple from the gas flow rather soon after being picked up by the wind; when the
pick-up occurs, St ≪ 1 however. Grains larger than a ≈ 11 µm are not entrained, and particles with
a ≈ 11 µm only from a radial range of 15 ≲ R [AU] < 30. All grains picked up by the outflow are sped
up to escape velocity within a time frame of t < 103 yr and within r < 300 AU, and exhibit an almost
radial outwards motion. Said motion matches the (EUV) results of Owen et al. (2011a); furthermore,
our maximum entrainable particle size of a ≲ 11 µm is (roughly) of the same order of magnitude as their
a ≲ 2.2 µm, and the a ≲ 4 µm of Hutchison et al. (2016b).

Qualitatively, the grain size distribution in the wind looks similar to that of Owen et al. (2011a) down
to the region occupied by the largest grains; in our simulations, the area below is quite simply populated
by the disk, indicating the importance of including the latter. A cross-check with the simplified dust
motion prescriptions employed by Giacalone et al. (2019, in their model only for small a) illustrated the
importance of numerical simulations for our use case. A comparison to the MHD modelling of Miyake
et al. (2016) suggested that at least with respect to grain size, dusty outflows are mainly magnetically
driven at small R, and are primarily caused by photoevaporation at larger R.

In Chap. 4 (published as Franz et al., 2022a), we employed the trajectories of Chap. 3 to compute
the dust densities in the wind region of the same primordial disk. Since the initial setup lacked a self-
consistent density prescription for the dust densities at the base of the outflow, we compiled two different
models for the dust population within the disk. Firstly, ϱdust was assumed to be directly proportional
to ϱgas; secondly, it was retrieved from the vertical settling-mixing prescriptions of Fromang & Nelson
(2009) after invoking vertical hydrostatic equilibrium, hence lowering the amount of bigger grains at high
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altitude. This yields a dust population in the wind that is limited to a maximum z depending on R (as
expected from Chap. 3), and considerably less massive than its gas counterpart (since only small grains
are picked up by the outflow). Vertical settling proved to further reduce the population of the larger
still entrainable grains in the wind, as had already been predicted by Hutchison et al. (2016a,b) as well
as Booth & Clarke (2021) and Hutchison & Clarke (2021), highlighting the importance of an efficient
upwards transport mechanism for the dust.

In a next step, the retrieved ϱdust were used for radiative-transfer modelling at wavelengths 0.4 ≤
λ [µm] ≤ 1.8. The resulting images were additionally post-processed to produce synthetic observations in
scattered and polarised light (for JWST NIRCam and VLT SPHERE IRDIS, respectively); we decided
to focus on imaging predictions to complement other observational tracers of photoevaporative winds, in
order to allow for a better estimation of the importance of the latter in the grand scheme of protoplanetary
disk evolution.(1) Especially at smaller wavelengths, for which the corresponding grains are more populous
in the wind, the clean images show a faint cone-like signature for the dusty outflow in scattered light,
as well as wavelength-dependent polarisation above the disk. However, the synthesised data did not
reproduce these features, indicating that they would be drained out by instrument noise.

In Chap. 5 (published as Franz et al., 2022b), we modelled wind trajectories and densities for dust
grains in two transition disk models akin to those of Picogna et al. (2019), because photoevaporative
winds are thought to increase in strength once an inner cavity has opened; the hole sizes of 20 and 30 AU
were chosen such that they match the radial range from which the strongest mass loss is expected, and
from which the largest grains had been found to be entrained in Chap. 3. As for the primordial disk,
the dust grains are launched almost vertically into the wind, and then decouple from it more or less
quickly depending on their size. The largest entrainable grains, at a ≲ 12 µm slightly bigger than for
the primordial disk, are indeed entrained mainly from the outer edge of the inner cavity. Especially with
vertical settling, we encountered rather collimated outflows for dust particles with a ≳ 0.5 µm from the
low-altitude environment of the cavity edge; by contrast, without vertical settling, the dust densities in
the wind are about as smooth as for the primordial disk for all a.

For the transition disks, the synthesised images show tentatively detectable outflow signatures in
both scattered and polarised light; again, these take the form of a cone structure around the vertical axis.
This dusty wind tracer is more pronounced in the case of vertical settling, as the latter compacts the disk
more along the z-axis; this enhances the relative brightness of the dust in the wind, whose densities are
in all cases still significantly lower than within the disk. The location of the optical surfaces furthermore
illustrates this; for all disks modelled, they lie within the disk, not within the wind region.

The synthesised images of Chaps. 4 and 5 were set up as best-case scenarios, as this work was aimed
at establishing a framework for computing the dust densities in the wind, and at giving a first impression
of whether dust entrained in an XEUV-driven photoevaporative outflow can serve as an observational
tracer at all. While Sect. 6.2 elaborates on how to render the model more realistic, the overall result –
that picking up strong photoevaporation-driven dusty outflows in targeted observations is not entirely
unrealistic –, therefore holds value on its own.

In comparison to the work of Owen et al. (2011a), our cone-shaped patterns qualitatively resemble
their wingnut morphology; in particular, their simulations for Φ∗ ≤ 1042/s exhibit a similar, more distinct
pattern around the highest-|z| edges of the outflow. Yet the angles of their and our cones differ, probably
due to their assumption of a thin disk. Nonetheless, also other current models corroborate (their and)
our results. Rodenkirch & Dullemond (2022) used the gas models of Picogna et al. (2019) to simulate
dusty outflows driven by photoevaporative as well as magneto-thermal winds, from a disk with an inner
gap of 2 AU (hence providing an intermediate scenario between our primordial and transitional disks).
For their XEUV case, they report an outflow pattern similar to ours, and estimate comparable grain
sizes of a ≲ 4 µm to be picked up by the wind.(2) In addition, a dusty outflow signature matching our
predictions might have been detected in polarised light in RY Tauri, using VLT SPHERE ZIMPOL’s I ′-
band (0.79 µm; Garufi et al., 2019);(3) a simplistic, phenomenological modelling of the suspected wind by
Valegård et al. (in prep.) has yielded a cone-like signature resembling ours (Valegård, priv. comm.). Thus
even if our simulations are just a first step, they match other recent studies, which may be interpreted
as a first affirmation.

(1)Comparisons of synthetic SEDs for disks with and without winds did not yield any robust features.
(2)Since their full simulations only included a ∈ {0.1, 1, 10} µm, their size estimate stems from a streamline computation

from a single point (at R = 8 AU) along the disk-wind interface. Our Fig. 3.6 yields a0 ≲ 9 µm for this R, yet Tables 4.1
5.1 indicate that not all of our large grains are entrained.

(3)RY Tauri has a stellar mass of M∗ ≃ 1.9 M⊙, however (see Garufi et al., 2019, and references therein), rendering it
somewhat too massive for a direct comparison.
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6.2 Outlook

6.2.1 Observational benchmarking
In the spirit of Chap. 1, a series of high-resolution, high-sensitivity observational campaigns could and
should now be used to test our predictions, and hence to indicate how well the models developed and
presented in this work represent reality.

In scattered light, HST data cover the right wavelengths, but seem to lack especially the contrast
our synthetic imaging requires, see for instance the images of Pinte et al. (2008, IM Lupi), Wolff et al.
(2017, 2MASS J11111083-7641574), Wolff et al. (2021, 2MASS J16313124-2426281), or Madlener et al.
(2012, HH 30).(1) Optimally, a careful re-reduction of the data would yield refined results, but even
tentative detections of dusty winds with HST are very rare; and the example reported by Miotello et al.
(2012) was ascribed to external, not internal photoevaporation. Similarly, Keck (Wizinowich et al., 2000)
observations with its NIRC2 and Vortex coronagraph (Serabyn et al., 2017) have not yet yielded definite
results, although imaging of PDS 144N (a Herbig Ae/Be star part of a binary system; Perrin et al., 2006)
provides a tentative verification of the wingnut morphology predicted by Owen et al. (2011a, as argued
therein). Multi-band observations of HK Tauri B (McCabe et al., 2011) are inconclusive, as are various
other results (see e.g. Currie et al., 2012; Mawet et al., 2017).

So now that JWST has been launched successfully, its NIRCam is the best tool to try and find
dusty outflows at µm wavelengths in scattered light; due to the required coronagraphic imaging, the
observation times necessary are however significant, which is likely going to constrain the amount of
dedicated, targeted campaigns. Careful target selection is therefore paramount, accounting for factors
such as the evolutionary stage of the system (class II or III), (high) inclination, and (sufficient) distance
from external (FUV) radiation sources. To give just one example, HH 30 may be a promising target as
Louvet et al. (2018) have reported a gaseous outflow which they note could be caused by a disk wind.

In polarised light, VLT SPHERE’s IRDIS may be able to pick up a wind signature under optimal
conditions (see Sect. 5.6.2); however, here as well, careful (re)processing of the (existing) data and loga-
rithmic plotting are paramount, as our synthetic images do not show wind features in linear or r2-scaled
stretch.(2) In Sect. 4.4.2.2, we have presented a potential outflow signature in MY Lupi; either targeted
modelling of the source, or a high-contrast follow-up observation could provide a valuable reference point
for our simulations. Whereas synthetic observations in scattered light benefitted from smaller observa-
tional wavelengths, this is not the case for polarised light (see Sect. 5.3.5.1); VLT SPHERE ZIMPOL
may still be able to provide additional data points, even though the noise levels will probably be similar
(see e.g. de Boer et al., 2016, RX J1615.3-3255).

In the medium to long term, the quest for new instruments is always ongoing. Telescopes like the
next-generation Very Large Array (ngVLA; Selina et al., 2018), Twinkle (Wells, 2016), or Extremely
Large Telescope (ELT; Gilmozzi & Spyromilio, 2007) will open up new avenues of research (see e.g.
Pascucci et al., 2018; van der Marel et al., 2019b), and hopefully allow us to place better constraints on
dust entrainment in the process.

6.2.2 Possible model refinements
Our models have pioneered more detailed simulations of dust entrainment in protostellar winds, a field
which has recently been gaining traction (see Booth & Clarke, 2021; Hutchison & Clarke, 2021; Rodenkirch
& Dullemond, 2022). Judging from those studies as well as the results of Chaps. 4 and 5, these are
therefore quite interesting times to take a closer look at dusty disk winds. To help pave the way, and
potentially inspire future research, we will conclude this thesis by listing a few of the many possible model
refinements and expansions; this should also give a pointer as to what to do in case our predictions do
not match the data at all.

Coronagraphic modelling: As noted in Sect. 4.2.2.3, a dedicated module for synthesising corona-
graphic images with Mirage is still in development (Perrin, priv. comm.). Hence, the scattered-light
imaging predictions presented in Chaps. 4 and 5 are still preliminary; first data releases from JWST
NIRCam may convey a more accurate impression of what can (and cannot) be done with the corona-

(1)In addition, while the objects investigated by Schneider et al. (2014) are gas-depleted debris disks, their images still
illustrate the problem of determining the exact morphology of potential outflows.

(2)There are different quantities representing polarised intensities; in our investigations, Qϕ and P did not show strong
qualitative differences, but a corresponding re-analysis of observational data might still unearth some features in the data.
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graph. Accordingly, a re-post-processing of the radiative-transfer results may be in order to adjust the
model predictions.(1)

Spectral index: A comparison of the synthesised spectral indices between J- and H-bands in polarised
light (P ) showed a distinctive excess in case of a dusty wind launched from a transition disk (see Sect.
5.3.5.2); in principle, this is similar to the colour change posited by Owen et al. (2011a). We have not
yet evaluated observational data with regard to this spectral index, but that may be rather worthwhile;
depending on the results, it could enable a direct classification of the disks investigated, or (more realis-
tically) the creation of a database to be relied on once a colour baseline for disks without and with dusty
winds has been established via a set of high-contrast observations. In any case, analysis of the spectral
index could significantly simplify disk classifications, which would allow for high(er)-number statistics to
be performed on (dusty) photoevaporative outflows.

Dust composition: To match the simulational setup of Owen et al. (2011a), we chose an internal grain
density of 1 g/cm3; as discussed in Chap. 3.3.4, this clearly affects our results. Varying grain composition
(and porosity, see e.g. Joswiak et al., 2007) in one and the same disk could soften the size limits on
entrainment (see also e.g. Boehler et al., 2013), as could non-spherical geometries, which can realistically
be expected (see e.g. Rahul et al., 2020); the latter may also impact the scattering properties of the
dust (see e.g. Kirchschlager & Bertrang, 2020). But even when sticking with spherical grains, a basic
evaluation concerning the predominance of fluffy or compact aggregates should be possible (Kataoka
et al., 2014).

A closer inspection of the dust opacity prescriptions seems worthwhile. To optimise the visibility of the
dusty outflow, and to avoid issues due to potential dust sublimation at the disk-wind interface or in the
hot wind, we assumed astrosilicate opacities for the wind regions.(2) This matches the results of Pollack
et al. (1994), who found monochromatic opacities computed at mid-infrared wavelengths to correspond
to those of astrosilicates,(3) but still over-emphasises the wind because (smaller) DSHARP (Birnstiel
et al., 2018) opacities were subsumed for the disk regions. In Sect. 5.6.1, we tested different material
compositions for the particles in the outflow, that is the mixes of Birnstiel et al. (2018, DSHARP) and
Ricci et al. (2010a). The resulting images in polarised light (Qϕ) vary not only in intensity, but also in sign;
so high-resolution, high-contrast imaging could hint at the predominant composition of photoevaporated
and in-disk dust (the opacity of which may vary even within one and the same protostellar system, see
e.g. Chacón-Tanarro et al., 2019).

Overall dust mass budget: The ratio of dust to gas masses in protoplanetary disks is commonly, and
thus also in our models, taken to be εdtg = 0.01, the value for the ISM; yet as outlined in Sect. 2.2.1.3,
the validity of this assumption is questionable especially for evolved (class II & III) disks, where the
dust has had time to grow and drift (see e.g. Birnstiel et al., 2010; Birnstiel & Andrews, 2014; Villenave
et al., 2019). The global εdtg may thus vary by one or maybe two orders of magnitude (see e.g. Ansdell
et al., 2016; Miotello et al., 2017; Soon et al., 2019), which would impact ϱdust, wind accordingly. To better
constrain the latter especially for smaller a, more concise modelling, informed by targeted observational
campaigns, would be instrumental.

In addition, constraints on the overall disk masses are rather loose (see Sect. 2.2.1.3). So while a disk
mass of Mdisk ≲ 0.01 M∗ as used in our models (see Sects. 4.2.1 and 5.2.1) is certainly realistic, different
mass budgets (and hence dust masses) are possible. While a first approximation could be to simply scale
the photoevaporation-driven mass fluxes accordingly, secondary effect such as increased column depth
and gravitational instabilities could further influence the results.

Dust settling: Due to the aforementioned growth and drift, εdtg likely varies with both R and z; this
has also been suggested by observations (see e.g. Pinte et al., 2016). But while mm-sized grains are
known to settle more strongly than µm-sized ones (see e.g. Villenave et al., 2020; Wolff et al., 2021, and
Sect. 2.2.2.5), the relative dust scale heights of grains within the µm-size range are less well-constrained
(see e.g. Boehler et al., 2013), even though at the disk surface, dust decoupling from the gas may start to

(1)We employed a similar transmission mask for synthesising the SPHERE IRDIS data, however in that case, observations
have not revealed any systematic effects (Casassus, priv. comm.).

(2)Judging from the dust temperatures calculated in the radiative-transfer simulations, dust sublimation should be neg-
ligible at R ≳ 0.2 AU (see Sect. 4.2.3; also checked for the transition disks).

(3)More detailed testing for instance with the framework of Grassi et al. (2017) could nonetheless produce interesting
results.

116



6.2. OUTLOOK

become significant depending on the exact a (see e.g. Pinte et al., 2008). The current lack of data means
that theoretical models such as presented by Birnstiel et al. (2010, see also Sect. 2.2.2.5) cannot be fully
fine-tuned to realistic conditions.

The differences between our models with and without dust settling in Chaps. 4 and 5 have illustrated
the importance of accurately determining the material densities at the base of the outflow; this had
already been parametrised for the gas component by Clarke & Alexander (2016) – generalised by Sellek
et al. (2021) –, and for the dust by Hutchison et al. (2016b). Recent works have corroborated that
the (non-)delivery of material from within the disk to the disk-wind interface is the limiting factor for
the outflow in terms of mass and grain sizes (Booth & Clarke, 2021; Hutchison & Clarke, 2021). The
NIRCam filters of JWST, spanning 0.7 ≲ λ [µm] ≲ 4.8, applied to highly-inclined disks, could hence
provide a treasure trove of high-resolution data, and thus complement ALMA data (0.3 ≲ λ [mm] ≲ 8.5).
This should allow for various model refinements (see e.g. Duchêne et al., 2003); but already a concise
determination of the grain sizes in the wind would indicate which a are present at the disk surface in
non-negligible quantities, and thus allow for more realistic, although potentially targeted, modelling.

The amount of dust at the disk-wind interface is also impacted by the general location of the latter;
while simulations suggest |z| ≃ 4.5 Hgas (see e.g. Gressel et al., 2015; Bai, 2017; Picogna et al., 2019), this
is hard to verify observationally. Potentially, the inclination of the disk surface can be traced via dusty
winds by investigating their outflow angles and adjusting the modelling accordingly; yet a lot of different
factors can change these angles (see Rodenkirch & Dullemond, 2022). Nonetheless, better constraints on
the location of the ionisation front could help to inform models of vertical settling, too.

Dust growth: In our investigations, we have assumed the dust grains to be of constant size a ≡ a0 ≡
a(t = 0). This is probably a valid assumption for the wind region, in which the outflow is fast and laminar
(see Chap. 3), and where ϱdust is significantly lower than in the disk (see Chaps. 4 and 5). However, while
dust growth is certainly most important in and around the disk midplane (see Sect. 2.2.2.6), it may still
affect the respective densities of ≲ µm-sized species at higher altitudes; this depends on the nature of the
vertical transport processes, and the timescale on which particles close to the disk surface are picked up
by the wind; for example, the ‘floating grains’ of Miyake et al. (2016) could entail a shift in the dust size
distribution available for entrainment. While we would expect this to be of rather negligible consequence,
it may still be worth verifying.

Processes at the gap edge: The dusty wind signatures of the transition disk models of Chap. 5 are
in large parts fuelled by material from the edge of the cavity; yet, as noted in Sect. 5.4.3, this work
is not accurately accounting for the expected difference between the gas and dust distributions caused
by the pressure bump (compare e.g. Birnstiel et al., 2016; Drążkowska et al., 2019). A more detailed
prescription, using for instance the (1D) setup of Gárate et al. (2021), should be used to check ϱdust in
the midplane; then, either the existing vertical prescriptions could be used, or a 2D (R, z)-model for dust
transport along a photoevaporatively heated gap edge could be developed, in order to refine the densities
at the base of the outflow.

Furthermore, disk gravity could safely be ignored for the primordial setup (see Sect. 3.6.1); but it
may matter very close to the midplane in the case of transition disks. While we verified that regions
z ≳ 1 AU are mostly unaffected even when accounting for the full Mdisk for vertical acceleration, regions
at z ≪ 1 AU may be affected to some degree, in particular if there is a dust mass build-up due to the gas
pressure bump.(1)

Planet(s): More intricate simulations of dust distributions around pressure bumps could also be used
to investigate the influence of planets of various masses on the structure of a disk wind. For example,
Weber et al. (in prep.) have simulated gas distributions for a photoevaporating disk with a planet-carved
gap, in which the latter significantly changes the flow structure of the outflow; their gas maps could be
used as an input to the pipeline established in the course of this work.

Far-ultraviolet radiation: So far, the underlying disk model has been computed for only X-ray and
EUV irradiation, simply due to the additional computational cost accurate FUV (and microphysical)
modelling would incur.(2) Nonetheless, the dust densities retrieved could be used as a first input for

(1)As the outflow signature retrieved by Rodenkirch & Dullemond (2022) is qualitatively similar to ours (see Sect. 6.1),
we do not expect our results to be entirely invalidated.

(2)Efforts to reduce the cost of astrochemical modelling are underway, see for instance Grassi et al. (2020, 2021).
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opacity estimates. As laid out in Sect. 2.3.3.5, the exact impact of additional FUV photons is unclear.
For one thing, they might enhance dust mass-loss rates only at large R, or already further in. But
for the smaller species (a ≲ 4 µm), most dust grains are entrained anyways (see Tables 4.1 and 5.1);
so in particular when accounting for vertical settling, the direct impact of FUV photoevaporation on
mass loss should be minor, unless it also influences the flow structures within the disk (which is possible
due to its high penetration depth, see Table 2.1). For another thing, FUV irradiation could change the
morphology of the outflow, and hence the opening angle of the predicted cone. This should be kept in
mind if dedicated modelling of individual sources with XEUV setups does not yield sensible matches
to observations. Simulations combining X-ray, EUV, and FUV photoevaporation – and mitigating the
potential shortfalls of Gorti & Hollenbach (2009), Wang & Goodman (2017b), and Nakatani et al. (2018b)
– would allow to finally pinpoint the importance of the individual photon energy ranges in relation to
each other.

Especially FUV irradiation from the protostellar neighbourhood can also drive a photoevaporative
outflow (see Sect. 2.3.3.4). Depending on the exact circumstances like the angle of the disk to the
external photon source(s) and the luminosity of the latter, the resulting winds may overshadow the
internally-driven ones, or at least alter their morphology. While accurate models combining internally-
and externally-driven photoevaporation would be quite intriguing, a more reasonable approach would be
to focus observational data collection on objects thought to not be strongly affected by external effects
(see Sect. 6.2.1).

Radiation pressure: We have neglected the impact of radiation pressure as we presumed it to be
minor; the smaller grains most likely impacted by it are entrained anyway (see Sects. 3.4.1, 4.2.3, and
5.2.2.1).(1) Yet as stated by Vinković & Čemeljić (2021), radiation pressure may collimate dusty outflows;
this could change the shape of the cone-like patterns predicted from purely XEUV-driven winds. Since
radiation pressure acts to accelerate especially small grains radially away from the star, it might decrease
max(z) |R (i.e. the maximum height z of the outflow at a certain R). This would condense the density
maps towards lower z, and thus increase the opening angle of the cone features.

Magneto-thermal modelling: As outlined in Sect. 2.3.4, magnetic processes are expected to affect
disk evolution in the case of even relatively weak background fields; this has also been illustrated by the
recent work of Rodenkirch & Dullemond (2022), who compared gas and dust flows for one protoplanetary
disk model for different Bz with and without XEUV photoevporation. Their results highlight that the
presence of a non-negligible magnetic field will enhance Ṁwind, more so for the dust than the gas, and
that photoevaporative irradiation enables the (efficient) entrainment of grains with a ≳ 1 µm.(2)

This suggests that unless a star-forming region is shown to have β ≳ 107 (compare Rodenkirch et al.,
2020, and Sect. 2.3.4), including MHD modelling is probably unavoidable, especially when tailoring
simulations to match specific sources. In combination with accurate vertical transport, FUV irradiation,
microphysics, radiation pressure, and considerations as to the charge (distributions) of dust grains, such
simulations will most probably be extremely computationally costly; but in order to advance the field of
disk winds, they may not be avoidable, at least in the long run (see e.g. Lyra et al., 2019).(3)

Simultaneous gas and dust evolution: The dust trajectories presented and used in this work have
been computed using a steady-state gas snapshot; this is a valid approximation since Ṁwind stabilises
rather quickly (on the order of teq ≈ 103 yr, see Picogna et al., 2019; Rodenkirch et al., 2020; Rodenkirch
& Dullemond, 2022). However, a combined evolution of the gas and dust is computationally possible;(4)

it would allow to investigate a potential periodicity of the outflow, which may be caused by insufficient re-
supply of dust grains to the wind surface (see Sect. 5.4.3), the dust in the wind changing the temperature
and ionisation structure of the photoevaporative outflow (see e.g. Gárate et al., 2019; Kasagi et al., 2022,
and Sect. 2.3.3.2), or variability or flares in the stellar LX (see Sect. 2.2.1.5).(5) Due to the very small
timescales of the latter two aspects (tflare ≈ 0.1...1 yr ≪ teq, see e.g. Rodriguez et al., 2013), treating

(1)Depending on the grain properties and geometry, as discussed above, this assumption may need to be revised.
(2)Rodenkirch & Dullemond (2022) suggest an analysis of the opening angle of the outflow to discern between their

different scenarios; this would be very worthwhile, but may be complicated by the rather small – and probably also model-
dependent – differences especially for the better-detectable, smaller grains.

(3)When concocting such a numerical monstrosity, the warning words of Heng (2014) should nonetheless be heeded.
(4)The code base used in this work for evaluating the dust trajectories has been only partly generalised for the case of

simultaneous gas evolution.
(5)Normal stellar luminosity evolution should not affect the wind (see e.g. Kunitomo et al., 2020).
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them would require either full radiative-transfer modelling for each time step, or at least updates to the
temperature structure.

When evolving the gas and dust together, the back-reaction of the latter onto the former could
also be incorporated into the simulations. Dipierro et al. (2018) have shown this back-reaction to be
non-negligible, but the effect may be reduced depending on how much dust is present at the disk-wind
interface, and its height z; this may be a subject for an additional study.

Semi-analytical solutions: The update of the photoevaporation models of Picogna et al. (2019) by
Ercolano et al. (2021) as well as the additional parameter ranges introduced by Picogna et al. (2021)
mean that dust entrainment could be (updated and) examined at the very least in the parameter space
of (M∗, LX, Rdisk, Mdisk, rgap, α) with the existing set of gas models (and in terms of carbon depletion,
too, see Wölfer et al., 2019). However, although the numerical calculations have been optimised and fully
parallelised for this work, the computational cost of all of these models would still be enormous.(1)

One option to resolve this would be to sample the grain motion more sparsely; considering that the
outflow is quite laminar (see Sects. 3.3.2 and 5.3.1), the incurred error should be low. Furthermore, the
application of a Gaussian filter to the resulting dust densities (as already practiced, see Sects. 4.2.1.3 and
5.2.2.2) should smooth out inaccuracies.

A more elegant solution would be to derive semi-analytical descriptions of the dust motion in the
wind, based on the gas modelling by Clarke & Alexander (2016) and Sellek et al. (2021),(2) and possi-
bly also integrating the dust delivery prescriptions of Hutchison & Clarke (2021) and Booth & Clarke
(2021).(3) Fundamentally, for instance the near-vertical launch of dust grains of all sizes into the wind
region which we have seen in Sects. 3.3.2 and 5.3.1 already corresponds quite well to the aforementioned
theoretical formulations of the gaseous outflow, leaving in particular the dust motion after decoupling for
closer parametrisation.

In conclusion, there are many exciting possibilities to refine the work presented in this thesis, and in the
process, acquire new knowledge as to the formation of planets in general, and the Earth in particular.(4)

(1)The code is written in C, and uses MPI. A re-working of the particle code of Picogna et al. (2018) and its interface with
Pluto allowed us to have all CPU cores processing an identical number of grains.

(2)As we have seen in Sect. 3.4.2, overly simplified prescriptions for the dust motion are insufficient for our purposes.
(3)An integration of the semi-analytical modelling of MHD winds presented by Lesur (2021) may furthermore allow to

produce a fully magneto-thermal wind prescription.
(4)So, if we were to think back to Socrates’s ‘I think I know nothing’ of Chap. 1, the author would be happy to have

fooled their audience into thinking that now they do know something, and that they thus have made a small contribution
to the evolution of science.
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Appendix A

Nomenclature

A.1 Coordinate systems

Notation Name Conversion
r⃗ = x x̂ + y ŷ + z ẑ Cartesian x = x y = y z = z

r⃗ = R R̂ + z ẑ + φ φ̂ cylindrical x = R cos(φ) y = R sin(φ) z = z

r⃗ = r r̂ + ϑ ϑ̂ + φ φ̂ spherical x = r cos(φ) sin(ϑ) y = r sin(φ) sin(ϑ) z = r cos(ϑ)

n̂ denotes the unit vector in direction n⃗ ; the velocity along n̂ is vn .

A.2 Physical constants

Symbol Quantity Value
kB Boltzmann constant 1.380649 · 10−23 J/K
G gravitational constant 6.67430 · 10−11 m3/(kg s2)
h Planck constant 6.62607015 · 10−34 J/Hz
c speed of light 2.99792458 · 108 m/s

A.3 Units

Symbol Quantity Value
AU astronomical unit 1.495978707 · 1011 m
M⊕ Earth mass 5.9722 · 1024 kg
R⊕ Earth radius 6.3781 · 106 m
eV electronvolt 1.602176634 · 10−19 J
erg erg 1.0 · 10−7 J
Jy Jansky 1.0 · 10−26 W/(m2 Hz)
Mjup Jupiter mass 1.89813 · 1027 kg
pc parsec 3.0857 · 1016 m
mH proton mass 1.67262192369 · 10−27 kg
M⊙ solar mass 1.98847 · 1030 kg
R⊙ solar radius 6.957 · 108 m
yr year 3.1557600 · 107 s
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APPENDIX A. NOMENCLATURE

A.4 Abbreviations and acronyms
General terms

Abbreviation Name
CTTS classical T-Tauri star
GMC giant molecular cloud
HD hydrodynamic(s)
HR Hertzsprung-Russell [diagram]
HVC high-velocity component (of a protostellar wind)
IMF initial mass function
ISM interstellar medium
LVC low-velocity component (of a protostellar wind)
LVC-BC broad component of the low-velocity component (of a protostellar wind)
LVC-NC narrow component of the low-velocity component (of a protostellar wind)
MHD magneto-hydrodynamic(s)
MMSN minimum-mass solar nebula
MRN Mathis-Rumpl-Nordsieck (particle size distribution)
MS main sequence (on a HR diagram)
PAH polycyclic aromatic hydrocarbon
PD primordial disk
PE photoevaporation
SED spectral energy distribution
SN supernova
SPH smoothed-particle hydrodynamics
TD transition(al) disk
WTTS weak-lined T-Tauri star

Spectral ranges
See also Table 2.1.

Abbreviation Name
EUV extreme ultraviolet
FUV far ultraviolet
IR infrared
mm millimeter
micron micrometer
µm micrometer
UV ultraviolet (FUV and EUV)
XEUV X-ray and EUV

Symbols

Symbol Name
a or a0 dust grain radius
cs sound speed
Egrav gravitational energy

(continued on next page)
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A.4. ABBREVIATIONS AND ACRONYMS

Symbol Name
Ekin kinetic energy
Fdrag gas drag force
hgas or Hgas gas disk scale height (hgas = Hgas/R)
i inclination (of an observed disk)
Lacc accretion luminosity
ℓfp mean free path
LX (stellar) X-ray luminosity
Ṁacc mass-accretion rate (of the star)
Mdisk disk mass
Ṁdust dust mass-loss rate (wind-driven)
ṀEUV gas mass-loss rate due to EUV photoevaporation
Ṁext gas mass-loss rate due to external photoevaporation
ṀFUV gas mass-loss rate due to (primarily) FUV-driven photoevaporation
Ṁwind or Ṁgas gas mass-loss rate (wind-driven)
ṀX or ṀXEUV gas mass-loss rate due to (primarily) X-ray-driven photoevaporation
M∗ stellar mass
ngas gas number density
QToomre Toomre parameter
Rc characteristic (disk) radius
rgap inner-hole radius (of a transition disk)
Rgrav gravitational radius
R∗ stellar radius
rHill Hill radius
St Stokes number
tdisk disk lifetime
Tgas gas temperature
tstop stopping time
tν viscous time
T∗ stellar temperature
Z metallicity
α Shakura-Sunyaev α-viscosity parameter
α spectral index
β plasma parameter (of the magnetic field)
εdtg dust-to-gas ratio
λobs observational wavelength
µ mean atomic mass
ν kinematic viscosity
ξion ionisation parameter (due to X-rays)
ϱdust dust density
ϱgas gas volume density
ϱgrain internal density of the dust
Σgas gas surface density
Φ∗ EUV-photon emission rate of the star
ΩK Keplerian orbital velocity

Symbols (also if not listed here) are defined when they first occur in the running text.
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APPENDIX A. NOMENCLATURE

Institutions

Abbreviation Name
ANID Agencia Nacional de Investigación y Desarrollo de Chile
AUI Associated Universities, Inc.
CfA Center for Astrophysics | Harvard & Smithsonian
CIRAS Center for Interdisciplinary Research in Astrophysics and Space Exploration
C2PAP Computational Center for Particle- and Astrophysics
DFG Deutsche Forschungsgemeinschaft
ERC European Research Council
ESO European Southern Observatory (European Organisation for Astronomical

Research in the Southern Hemisphere)
IAU International Astronomical Union
LMU Ludwig-Maximilians-Universität (München)
MIAPP Munich Institute for Astro- and Particle Physics
NAOJ National Astronomical Observatory of Japan
NSF National Science Foundation
NRAO National Radio Astronomy Observatory
USM Universitätssternwarte München der Fakultät für Physik der Ludwig-

Maximilians-Universität

Instruments

Abbreviation Name
ALMA Atacama Large Millimeter/submillimeter Array
Chandra Chandra X-ray Observatory (formerly: Advanced X-ray Astrophysics

Facility)
ELT Extremely Large Telescope
HST Hubble Space Telescope
JWST James Webb Space Telescope
JWST NIRCam Near-Infrared Camera of JWST
Keck W. M. Keck Observatory
Kepler Kepler Space Telescope
ngVLA Next Generation Very Large Array
(SPHERE) IRDIS (SPHERE using the) Infrared Dual-band Imager and Spectrograph
(SPHERE) ZIMPOL (SPHERE using the) Zurich Imaging Polarimeter
VLA (Karl G. Jansky) Very Large Array
VLT Very Large Telescope
(VLT) CRIRES Cryogenic Infrared Echelle Spectrograph (of the VLT)
(VLT) SPHERE Spectro-Polarimetric High-contrast Exoplanet REsearch (of the VLT)

Observational campaigns

Abbreviation Name
COUP Chandra Orion Ultradeep Project
DSHARP Disk Substructures at High Angular Resolution Project
MAPS Molecules with ALMA at Planet-forming scales
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A.5. SOFTWARE

A.5 Software

Abbreviation Weblink
APT https://www.stsci.edu/scientific-community/software/

astronomers-proposal-tool-apt/
astropy https://www.astropy.org/
Debian https://www.debian.org/
denoise https://github.com/danieljprice/denoise/
disklab [not yet publicly available]
dsharp_opac https://github.com/birnstiel/dsharp_opac/
jupyter https://jupyter.org/
jwst https://jwst-pipeline.readthedocs.io/
matplotlib https://matplotlib.org/
MiniConda https://docs.conda.io/en/latest/miniconda.html
Mirage https://mirage-data-simulator.readthedocs.io/
Mocassin https://mocassin.nebulousresearch.org/
numpy https://numpy.org/
RadMC-3D https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
scipy https://scipy.org/
pandas https://pandas.pydata.org/
Pluto http://plutocode.ph.unito.it/
Python https://www.python.org/
TEX https://www.latex-project.org/
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