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Abstract

Planets are born in disks around young stars called protoplanetary disks. It is there-
fore essential to understand the physical and dynamical conditions dominating these
disks. In the past decade, highly resolved observations of protoplanetary disks have
transformed the research field. Many observations revealed striking non-axisymmetric
structures. Some of these structures can be explained by a shadow cast from a possi-
bly unresolved misaligned inner disk region. The abundance of such observed shadows
suggests that misalignments might be common.

In this thesis, I investigate the formation, evolution and appearance of warped pro-
toplanetary disks. To study their dynamics, I use three-dimensional grid-based simu-
lations, a method which is not commonly used in previous models of warps. I there-
fore extensively test its applicability to disks misaligned with the intrinsic geometry of
the grid. I find that warps can be modeled accurately under the condition of a suffi-
cient vertical resolution. My simulations show the expected wave-like warp evolution
and additionall reveal an internal twisting of the disk, which is not included in standard
one-dimensional models. My various tests suggest that the twisting is a physical effect
intrinsic to the three-dimensional warp evolution.

I apply the grid-based method to a formation scenario of warps: inclined stellar fly-
bys. 1 first investigate different configurations of the fly-by trajectory with respect to
the disk. The simulations show that inclined fly-bys can excite a warp of a few degrees
which can last for over ten thousand years. I then model RW Aur A, an observed star-
disk system that recently experienced a close encounter with another star with a well
constrained trajectory. My models show that a warp of about 5° misalignment is excited,
which is consistent with the observations.

Shadows, mainly observed in scattered light observations, can give insight into the
warp shape. In order to find limits on the observability of warps, I investigate the shad-
ows in radiative transfer simulations of disks viewed edge-on, where warps can cause
asymmetries. I find that under optimal conditions, small warps with a misalignment of
only 2° can create observable asymmetries. As the strength of the asymmetry depends
on the orientation of the warp with respect to the observer, it remains challenging to infer
constraints on warps from observations. However, rare orientations can lead to a bright-
ness swap between the disk surfaces, a clear indication of a warp, which is observed in a
handful of disks.






Kurzfassung

Planeten entstehen in protoplanetaren Scheiben. Die physikalischen und dynamischen
Bedingungen in diesen Scheiben sind daher wichtig. Im letzten Jahrzehnt haben neue
hochauflosende Beobachtungen das Forschungsfeld grundlegend verdndert. Viele dieser
Beobachtungen zeigten auffallige, nicht-achsensymmetrische Strukturen. Manche dieser
Strukturen konnen durch Schatten von einer inneren, geneigten Region der Scheibe ent-
stehen. Scheiben mit einer solchen geneigten Region heifien S-férmig verformte Scheiben
(engl. warped disks).

In dieser Arbeit untersuche ich die Entstehung, Entwicklung und das Erscheinungs-
bild dieser gewarpten Scheiben. Dafiir simuliere ich die Dynamik der Scheiben mithilfe
von dreidimensionalen, gitterbasierten Modellen. Diese Methode wurde bisher kaum fiir
gewarpte Scheiben eingesetzt, weil die Geometrie des Gitters das Ergebnis numerisch be-
einflussen konnte. Deshalb untersuche ich ausfiihrlich, unter welchen Bedingungen die
Methode fiir gewarpte Scheiben anwendbar ist. Meine Tests zeigen, dass Warps bei aus-
reichender vertikaler Auflosung gut modelliert werden kdnnen. Die Simulationen von
gewarpten Scheiben ergeben die erwartete wellenartige Entwicklung des Warps. Zusétz-
lich beobachte ich eine innere Verdrehung der Scheibe, die bisher in eindimensionalen
Modellen nicht gefunden wurde. Meine verschiedenen Tests legen nahe, dass diese Ver-
drehung durch einen physikalischen Effekt der Warpdynamik entsteht.

Ein Warp kann durch den Vorbeiflug eines Sterns entstehen, wenn die Flugbahn im
Vergleich zur Scheibenebene geneigt ist. Solche Vorbeifliige werden Fly-bys genannt. In
meinen Simulationen untersuche ich zundchst verschiedene Bahnen der Fly-bys. Dabei
entstehen Warps von wenigen Grad, die iiber zehntausend Jahre bestehen bleiben kon-
nen. AnschliefSend simuliere ich RW Aur A, eine reale Scheibe, die kiirzlich an einer na-
hen Begegnung mit einem anderen Stern beteiligt war. Meine Simulationen ergeben einen
Warp von etwa 5°, was mit den Beobachtungen {ibereinstimmt.

In Streulichtbeobachtungen von gewarpten Scheiben sind Schatten sichtbar, die Auf-
schluss tiber die Form des Warps geben konnen. Ich untersuche die Schatten in Strah-
lungstransfersimulationen, um Grenzen der Beobachtbarkeit zu bestimmen. Dabei kon-
zentriere ich mich auf Scheiben, die von der Seite mit Blick auf den Rand beobachtet
werden. Aus diesem Blickwinkel konnen Asymmetrien durch Warps beobachtet wer-
den. Ein Ergebnis meiner Arbeit ist, dass unter optimalen Bedingungen beobachtbare
Asymmetrien bereits fiir kleine Warps von nur 2° entstehen kénnen. Da die Starke der
Asymmetrie von der Orientierung der gewarpten Scheibe relativ zur Beobachtungsrich-
tung abhingt, bleibt es jedoch schwierig, aus Beobachtungen genaue Riickschliisse auf
die Warps zu ziehen. Seltene Orientierungen konnen jedoch zu einem Helligkeitstausch
zwischen den Scheibenoberfldchen fiihren, was ein klares Indiz fiir einen Warp ist und
bereits in einigen Scheiben beobachtet wurde.
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Introduction

What is shaping the gas and dust around a star to form planets, moons, and
asteroids as in our Solar System? Protoplanetary disks hold the answer to this
fundamental question that has been asked for centuries. A brief look at historical
literature and art makes it very apparent that people have always been fascinated
by the night sky. And truly, how can anyone not be fascinated by the sheer end-
lessness of the Universe? The image in Figure 1.1 shows an impressive insight
into the deep Universe. Except for the few dots with cross-shaped diffraction
spikes, which are stars and other bright objects within our Milky Way, most dots
in this image are whole galaxies containing hundreds of millions of stars. And
the vast majority of the stars in these galaxies likely hosts at least one planet. This
is an estimation by Cassan et al. (2012) with respect to our own galaxy, but it is
not far-fetched to extend this estimation to other galaxies as well.

Figure 1.1: A part of the Universe imaged by the JWST telescope, re-
leased on Dec. 4th, 2024. Credit: ESA/Webb, NASA & CSA, H. Dannerbauer.
CCBY 4.0
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Discovering planets outside our Solar System, called extrasolar planets or exo-
planets in short, is far from easy. So far, it is only possible to detect planets within
our Milky Way, as other galaxies are too distant to be resolved well enough. Even
in our Milky Way, planets can only be detected within a confined region. One
of the farthest detected exoplanets (called OGLE-2014-BLG-0124Lb) lies nearly
4 kpc away from our Solar System. For comparison, the Milky Way has a radius
of about 13 kpc. As of now, 7454 exoplanets have been detected!, with this num-
ber rapidly growing. Only a few years ago, when I started my undergraduate
research in this field, there were merely 4000 discoveries. This is a big leap con-
sidering the challenges of exoplanet detection, as planets often have radii ten to
a hundred times smaller than the radius of their star. Trying to catch their light is
like trying to see a firefly next to a light house hundreds of meters away.

102
° [J ® “~. o, L ]
W SRR St
o0 °o L )
Y [ ]
10 ¢ *0g o ° °
o ° °
0%
L]
2 ¢~ [Satun|
3
s 107
— @ *
o X X Uranus N
= e Radial Velocity [uranus]
107%F e Transit . o
e Directlmaging ° o Ay PR A Earth|
e Astrometr ® M —
103 y ° L] ° .
Other ’
. Solar System ° N
10-4 1 Planets
1074 1073 1072 1071 100 10! 102 103

semi-major axis a [aul

Figure 1.2: Discovered exoplanets with their mass and distance to the
star. The colors indicate the detection method. For comparison, the Solar
System planets are plotted with light blue diamonds. Data for exoplanets
obtained from the exoplanet.eu database, and for the Solar System planets from
NASA.

A trick to directly image a planet is to use a coronograph to block the light
from the star. A famous system that contains four directly imaged planets is
HD 8799. By monitoring the planets over time, astronomers have been able to
trace their orbits. Another famous directly imaged planet is PDS 70b, a planet
still embedded in a protoplanetary disk. Observations like these are technologi-
cal marvels and offer invaluable insight into the formation of planetary systems.
However, direct imaging is only possible for a few large (and therefore bright)
planets with large orbital separation around stars close to the Sun.

TAs of April 21th, 2025, https://exoplanet.eu/
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There are multiple indirect methods to detect exoplanets. One of the two main
methods is the radial velocity method, where the small motion of the star around
the common center of mass with the planet can be measured (Mayor & Queloz,
1995). This method tracks the star’s spectral lines, which are red- and blue-shifted
as the star moves away from and toward us along the line of sight, respectively,
and thereby indirectly reveals the presence of a planet. The first planet around a
main sequence star was detected using this method. However, the radial velocity
method is only feasible for massive planets, as they have a stronger effect on the

star’s movement.

The second main method is the transit method, where the flux of the star is
continuously measured (Charbonneau et al., 2000). If the planet’s orbit is oriented
in such a way that it passes in front of the star in our line of sight, the planet
covers a tiny portion of the star, which leads to a tiny but measurable decrease in
the star’s flux. With this method, the Kepler and TESS missions have found the
vast majority of the currently detected exoplanets. It is especially reliable when
multiple orbits can be captured, it therefore favors planets on close orbits with

small semi-major axes.

Further methods involve astrometry, micro-lensing, kinematics, and transit-
timing variations. Of course, each of the detection methods holds their own
advantages as well as limitations. Together, they can reveal a larger picture of
exoplanet diversity (see for example Lunine et al., 2009). The Gaia mission of-
fers a promising future: Combining the use of three methods, namely astrometry,
transit, and radial velocity methods, the mission might lead to the new detection
of ten thousands of exoplanets. The next data release (DR4) is expected by the
end of the year 2025.

Figure 1.2 shows the exoplanets discovered with the different methods. The
planetary masses M, (in terms of Jupiter masses Mjyp) are shown on the y-axis,
while the x-axis marks the distance to their host star, characterized by the semi-
major axis 4. This figure reveals a wide spread of planet properties. Especially
the large population of massive planets very close by their host stars, often called
hot Jupiters, was one of the surprising and puzzling finds in the history of exo-
planet detection, as such planets do not exist in our Solar System. Knowing this
variety of exoplanets, a very natural question is: How do those planets form? As
the diversity of these planets suggests, the planet-forming environment is highly
complex, governed by many dynamical processes. This is one of the reasons why

it is important to research the planet-forming environment: protoplanetary disks.
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1.1 Protoplanetary disks

Planets are born in protoplanetary disks. Those disks encircle a young star and
contain gas, mainly hydrogen and helium, as well as dust. Let us take a closer
look at the evolution and observation and characteristics of these birth environ-
ments of planets.

1.1.1 Origin of disks

A protoplanetary disk forms as a result of angular momentum conservation dur-
ing the formation of a star, which in turn forms from a collapsing molecular cloud
(Shu et al., 1987). A molecular cloud is governed by dynamical motions and
flows, forming irregular structures in the large-scale star-forming region (Lada,
2005; Draine, 2011). This leads to local variations of density in the molecular
cloud that form clumps, also called cloud cores. These cloud cores have a typical
size of ~ 0.1 pc, and within this region pressure forces and gravity balance each
other. Figure 1.3 shows observations of the Taurus star-forming region, which

contains many cloud cores and already-formed stars hosting disks.
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Figure 1.3: The Taurus star-forming region, showing substructures and
many newly formed stars hosting a disk. Credit: Garufi et al. (2024).
CCBY 4.0
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Due to the dynamic flows, some cloud cores can become so dense that self-
gravity wins over the thermal pressure forces, and the core begins to collapse. The
collapse of a cloud core begins when the core’s mass exceeds a critical mass, called
Jeans-mass Mj (Jeans, 1902). This mass can be derived by energy considerations

T \3/2 n -1/2
My =25Mo (10_1<> (Trems) (1)

where T is the temperature of the cloud core and n the number density of gas and

and reads

dust particles in the core. Once the collapse has started, the material is free-falling
toward the center of the cloud core, forming a pressure-supported protostar. The
free-fall timescale depends on the cloud’s density, but is typically on the order of
10* — 10° years.
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Figure 1.4: Sketch of star formation and different types of protoplanetary
disks. a) Star forming region with dense (purple) cloud cores. b) Class 0:
Collapsing cloud core. ¢) Class I: Circumstellar disk embedded in an enve-
lope, where jet outflows are present. d) Class II: Planet-forming disk with
accretion processes, residual inflow from the envelope, dust settling and
trapping, and more. e) Class III: Debris disk containing dust and rocks,
but no or little gas. f) Planetary system. Inspired by Greene (2001).

During this process, a disk can form around the young star. This occurs when
the initial cloud contains angular momentum due to the natural dynamic move-
ment and flows. In the collapse, the angular momentum is conserved, but be-
cause the cloud shrinks by several orders of magnitude, the orbital velocities

increase, which allows some material to collect in a disk. Because a molecular
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cloud is unlikely to have zero initial angular momentum, disks form around most
young stars. However, disks are transient and only last up to several million
years, which is ~ 107% — 1073 of the lifetime of a main-sequence star. This means
that with respect to all stars, disks are rare (Armitage & Kley, 2019). Note that
this is a simplified picture of star and disk formation and evolution. Additional
processes, such as magnetic fields and turbulence, contribute to the complexity
of the development.

Disk systems can be classified (see e.g. Williams & Cieza, 2011), as indicated
in Figure 1.4. The classification scheme for this was created at a time when pro-
toplanetary disks could not yet be spatially resolved in observations. The only
indication for the presence of disks was found in the spectral energy distribution
(SED, energy plotted against wavelength) of stars, which showed an excess of in-
frared radiation compared to a black body. This excess occurs because the disk is
heated up by the star and thermally radiates, adding to the infrared emission. The
classification scheme I describe in the following is based on this infrared excess
in the SED (Lada, 1987).

Class 0 objects show no optical or near-infrared emission, because they are
deeply embedded in surrounding material and therefore heavily obscured, lead-
ing to a peak emission in the sub-millimeter wavelength regime. This surround-
ing envelope typically has a size of around ~ 0.1pc = 20,000au. This class is
usually interpreted as a very early stage where the molecular cloud is still col-
lapsing and disks are only just starting to form.

On the other hand, Class I sources show emission in the optical and near-
infrared with a strong excess and peak emission in the far-infrared regime. These
objects are disks that are still embedded in an envelope, causing violent condi-
tions as the material is falling onto the disk. Jets can form ejecting material and
clearing a part of the envelope. Typical radii of Class I systems are around 300 au.
On the other hand, Class II disks have a flatter excess in the infrared, which leads
to an emission peak in the near-infrared. These disks are more compact with only
little envelope surrounding the object. Here, angular momentum transport pro-
cesses play a significant role and lead to an active accretion of material through
the disk and onto the star. Class III disks consist mainly of rocks and dust with
only little gas. Therefore, their emission peak lies in the visible regime of the
spectrum, and they only show a weak infrared excess in the SED.

A special class of disks show a strong excess in the far-infrared radiation of
the SED, but no excess at all in the mid-infrared wavelengths. This can be caused
by a large cavity, as found for example by Calvet et al. (2002). Disks with a large
cavity are called transition disks (see Espaillat et al., 2014), as they were originally

thought to be a transitional phase between Class II and Class III disks. However,
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developments in research have shown that the classification scheme is likely not
an evolutionary sequence, as there is for example no evidence that Class III disks
are generally older than Class II disks. Nevertheless, the term transition disks
remains in use for these types of disks.

Disks of Class I and II and transition disks are thought to be the main sites for
planet formation, therefore called protoplanetary disks. In the following sections,

I will focus on these disks.

1.1.2 Observations of protoplanetary disks

For a long time, the only observational evidence of protoplanetary disks was the
infrared excess in the SED of stars. In 2016, one of the very first spatially resolved
observations of a protoplanetary disk amazed the research community: The disk
around HL Tau (Figure 1.5) shows rings and gaps and other substructures that
were previously thought to be rare. Together with further observations, the in-
sight that substructures are common has advanced the research field, which led

the focus of the research on the origin of the substructures.

Figure 1.5: First spatially resolved image of the protoplanetary disk
around HL Tau, revealing substructures such as rings and gaps. Credit:
ALMA (ESO/NAOJ/NRAO). CC BY 4.0

Technology and imaging techniques have evolved even further since then,
and nowadays, there is a plethora of beautiful and well resolved images (see

Andrews, 2020, for a review), with a few examples presented in Figure 1.6.


https://creativecommons.org/licenses/by/4.0/
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In astrophysics, different astronomical objects emit light in different wave-
lengths, depending on their temperature and physical nature of the emission.
Therefore, the optimal observational technique depends on the target. Because
protoplanetary disks contain dust that is heated by the star, a good way to ob-
serve them is to look at the thermal emission by the dust. This occurs at long
wavelengths, especially in the radio regime (~ A = 1mm — 100 km). This is why
the images in Figures 1.5 and 1.6 are taken by the Atacama Large Millimeter /sub-
millimeter Array (ALMA) at A = 1.28 mm (HL Tau) and A = 1.25mm (DSHARP,
Andrews et al., 2018). As the dust is often settled to deeper layers, these observa-
tions trace the disk’s midplane.

Figure 1.6: Observations of multiple protoplanetary disks, showing the
diversity of substructures: rings, gaps, plateaus, spirals, cavities, non-
axisymmetric arcs etc. Credit: ALMA (ESO/NAOJ/NRAO), S. Andrews et
al.; NRAO/AUI/NSE, S. Dagnello. CC BY 4.0

The ALMA telescope is composed of 66 antennas” that can be interconnected
using interferometry to achieve a high angular resolution. Interferometry takes
advantage of the fact that light from the same source arrives at the different an-
tennas slightly phase shifted, because it travels slightly different distances. This
phase shift creates an interference pattern that can be evaluated to find the path
difference from the light source, giving insight into the exact location where the
light originated. This allows us to sample the two-dimensional structure of the
light source by pairwise measurements of amplitude and phase between the dif-
ferent antennas (see e.g. Léna et al., 2012). These pairwise measurements can then

be combined to obtain high resolutions.

Zhttps://www.almaobservatory.org/en/about-alma/
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The resolution of a (single instrument) telescope depends on the observed
wavelength A,,s and the diameter of the telescope D

A
Ores ~ 1.22 g’S, (1.2)

where 0res is the minimum angle that can be resolved with the telescope. The
smaller 0y, the larger the resolution. Interferometry can achieve a resolution as
if the telescope had a diameter equal to the longest distance between antennas
(= baseline b), with D = b. Therefore, longer baselines mean better resolutions
and sharper images, though it comes with a trade-off of a lower measured bright-
ness for longer baselines. The resolution depends not only on the distance of the
telescope antennae, but also on their placement. ALMA'’s antennas are movable
and can be rearranged in different configurations, with baselines ranging from
150 meters to 16 kilometers.

For ground-based observations, another factor that influences the resolution
is Earth’s atmosphere. The atmosphere can absorb and deflect light, and tur-
bulence can induce phase changes, leading to aberration effects that are often
summarized as seeing (see e.g. Chromey, 2010). For even better resolution, astro-
physical observations can be corrected for these seeing effects, for example using
the adaptive optics technology, which can change the shape of the telescope sur-
face according to the current atmospheric effects. Luckily for radio astronomy,
Earth’s atmosphere is almost completely transparent to radio emission and usu-
ally does not cause strong aberrations. Additionally, radio telescopes are often
built in dry and highly elevated locations (such as the Atacama desert) to achieve

the least amount of water vapor that pollutes the ground-based observations.

Protoplanetary disks can not only be observed in the radio wavelength regime.
In the visible light regime (380 — 700 nm) to the near-infrared regime (0.7 — 3 ym),
disks can be observed in so-called scattered light observations. This is the light
scattered by the disk from the star toward us observers, and can be separated
from the direct, much brighter light emitted by the star. These observations typ-
ically trace the surfaces of the disks. Because the midplane of disks is optically
thick in these wavelengths, which means that the light is absorbed or scattered
before it reaches the midplane, disks in these wavelengths show a typical sand-
wich shape, as seen in Figure 1.7, left panel.

Additionally, molecular line emission can give insight into the dynamics of
protoplanetary disks. Molecular lines are emitted because of transitions of exci-
tation states or rotations or vibrations of molecules, and always occur at the same
wavelength for the same transition. In protoplanetary disks, the most abundant

molecule is hydrogen (H;). However, most hydrogen in disks is cold and, there-
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Figure 1.7: Observations of protoplanetary disks in different wavelengths.
a) IM Lup observed in scattered light (near-infrared H-band, A = 1.62 ym)
with the VLT /SPHERE telescope. Credit: ESO/H. Avenhaus et al./DARTT-S
collaboration. CC BY 4.0 b) HCN 3-2 line observation (A = 1.13mm) of
HD 163296, showing the dynamics of the system. Presented is the velocity
along the line of sight (called Moment 1), where blue means gas moving
toward us and red means gas moving away. Credit: Oberg et al. (2021),
extracted from their Figure 3.

fore, not in an excited state. Only in the hot surfaces of the disk, stellar radia-
tion can excite hydrogen and cause low Lyman-alpha (Lyx) emission in the far
ultra-violet wavelengths. Additionally, because the architecture of hydrogen is
perfectly symmetric, it does not have rotational or vibrational transitions. This
makes hydrogen very hard to observe. In order to trace molecular line emis-
sion in protoplanetary disks, it is therefore necessary to resort to the second most
abundant molecule: CO, of which the main isotopologues are 12cO, 13CO, and
C180. These molecules are asymmetric and therefore can be observed through
their rotational and vibrational transitions in the near-infrared regime on the or-
der of A = 100 um. Other abundant molecules, such as CS, HCN, No,H*, or
water (H,O) can be observed as well (Dutrey et al., 2014). An example is shown
in Figure 1.7, right panel.

The advantage of molecular lines is that the exact emission wavelength is
known. This enables an investigation of the dynamics in a system by looking
at slightly red- and blue-shifted components of the line due to the Doppler effect,
tracing molecules moving away from or toward us, respectively. This method is
called kinematics. For a moderately inclined (with respect to the line of sight)
protoplanetary disk, we can thus observe the gas motion around the central star.
Note that this method fails for disks viewed perfectly face-on, as there are no
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velocity components along the line of sight. With kinematics, the dynamics of
surrounding material, such as streamers onto the disk, can also be investigated
(Pinte et al., 2023).

Observations play a vital role in the advancement of the research on planet
formation. They are crucial to understand the conditions in disks and to test and
refine the theoretical framework. On the other hand, theoretical insights are vital
for interpreting observational data. This integral synergy requires close collab-
oration between the two departments. While this thesis looks more closely at
the theoretical side, I aim to bridge the gap between theory and observations by
creating synthetic images of the models that can easily be compared with obser-
vations (see Section 2.5 for an introduction on the methods to create synthetic

observations).

1.1.3 Disk structure

Accretion disks have been investigated even before the discovery of planets and
protoplanetary disks. The theoretical ground work laid out for these accretion
disks applies well to protoplanetary disks and can give a good description of

their structure.

Vertical disk structure

To describe the structure of disks, a fundamental property is the density p. The
vertical density structure of a disk is a result of hydrostatic equilibrium, the bal-
ance between gas pressure and gravitation. The equilibrium can be expressed

as
dp

& = P8z (1.3)
where z is the height above the disk midplane, P is the pressure, and g, the verti-
cal component of the gravitational acceleration due to the host star g = GM.,./ r2,
with M, as the host star’s mass. For low-mass disks, which seem to be common
around young stars, we neglect the disk’s self-gravity and obtain from a geome-
try consideration that

8z = % sinf = ﬂ":ﬁz ~ Oz, (1.4)

rc+z (r2 + z2)
with 0 as vertical spherical coordinate, where we used the trigonometric relation
sinf = z/(r? + z2)1/2. For the last term, we used the approximation of a thin

disk, where z < r, and the Kepler frequency Q) = +/GM.,/r3. Applying the
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ideal gas equation

where ¢ is the sound speed, leads to a differential equation of the hydrostatic

equilibrium
dp
cgg = —Qipz, (1.6)
which can be solved with a Gaussian
72
p(z) = po exp _E . (1.7)

Here, we define the pressure scale height Hp, = ¢s/() and the midplane density
po. Figure 1.8, top right panel, shows the vertical density structure in an example.
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Figure 1.8: Cross-section of a standard protoplanetary disk model (top
left panel). The orange dashed line in the cross-section indicates the disk
midplane, and the green dashed line indicates the location of the vertical
density structure (following Equation 1.7) shown in the right panel. The
bottom panel shows the radial profile of the surface density (in log-log
scale to highlight the power law, Equation 1.8). In this model, the surface
density is exponentially cut off at the outer disk edge.
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Radial structure

The radial density structure of a disk can not be easily derived in an analytical ap-
proach because disks can be stable for a variety of radial structures. It therefore
needs to be measured in observations and/or investigated in numerical simula-
tions. A convenient way to describe the radial density structure is to define the
vertical column density ¥ = [ pdz. This is commonly referred to as surface den-
sity as it is measured in units related to a surface g/cm?. The surface density is
often assumed to follow a power law depending on the distance from the star r

Yoxr P, (1.8)

with the slope p typically ranging from p = 0.4 — 1, as often found in observa-
tions (Andrews et al., 2009). Additionally, a power law is convenient for numeri-
cal simulations as power laws are typically self-similar, meaning that the absolute
value can be scaled without affecting the qualitative outcome of simulations. In-
tegrating Equation 1.7, the surface density can be related to the density p with

1 X

. (1.9)

The azimuthal velocity of gas (velocity in the orbital direction) is typically
assumed to be Keplerian, which can be derived from an equilibrium between

centripetal and gravitational force

vy =V = 1/ G]rw*, (1.10)

where G is the gravitational constant.

Pressure gradients in the disk lead to an additional pressure support

v GM.  1dP
»

o (1.11)

which means that the azimuthal velocity (at the disk midplane) needed for an
equilibrium in the radial direction is less than the Keplerian velocity (v < vy). In
most disk models, this is corrected using an additional velocity term, which is on
the order of (Hp/ r)2. Potential dust particles, on the other hand, are not influ-
enced by the gas pressure gradients and therefore move at Keplerian speed. The
difference between gas and dust velocities (usually) results in an inward drift of
the dust. Note that this consideration relates to the velocity close to the disk mid-

plane. The vertical velocity structure is usually more complex, as more pressure
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gradients occur close to the disk surfaces.

Temperature structure

Another important quantity characterizing a disk is its temperature. The disk
temperature is determined by heating and cooling processes within the disk. The
heating in protoplanetary disks is mainly dominated by two factors: the irradia-
tion from the host star, and the friction due to viscosity and perturbations in the
disk. The effects causing viscosity will be discussed later in Section 1.2.2. For the
cooling of the disk, the main mechanism is the disk’s radiation, which occurs for
example due to thermal emission from the dust or molecular line emission.

The temperature determines the vertical thickness of the disk, because the
pressure scale height H, is proportional to the sound speed, which depends on
the temperature. The thermal physics in disks is very complex, and for a more
detailed context, I refer to reviews such as Armitage (2007) and Armitage & Kley
(2019). Even though it is not the most realistic treatment, the assumption of an
isothermal disk is often adopted to greatly simplify the treatment of the disk tem-
perature. As mentioned before, in an isothermal disk, we can use the ideal gas
equation P = pc2, where the isothermal sound speed relates to the temperature

o= BT (1.12)
Hmp

Here, kg is the Boltzmann constant, y is the mean molecular weight, which is

as

pu = 2.31in typical disk conditions (see for example Armitage & Kley, 2019), and
mp the mass of a proton.

In reality, the assumption of a globally isothermal disk is not very close to the
actual temperature, which is very likely to vary both vertically and radially. Ver-
tically, the midplane is usually warmer than the layers above, with the exception
of the surfaces, which are heated by the star. However, it is reasonable to assume
the vertical temperature to be constant in an optically thick disk, meaning that
light is not able to penetrate deep into the disk. Radially, a constant temperature
is not a good assumption. Usually, a radial power law dependence is assumed

for such so-called locally isothermal disks
Toxr 1. (1.13)

The slope g can be approximated from the heating processes in a disk. The tem-
perature is directly linked to the scale height in Equation 1.7. An optically thin,
completely flat disk, which is only heated by the star’s radiation, results in a slope

q = 3/4 (see Armitage & Kley, 2019). However, this is not always a good assump-
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tion for protoplanetary disks, as they have a significant vertical extent (Kenyon
& Hartmann, 1987). A typical and often assumed value is g = 1/2, which results
from an analysis of the disk’s radiative equilibrium (Chiang & Goldreich, 1997).

Figure 1.9: Schematic representation of the cross-sections of a thin, flat
disk (left panel) and a flared disk (right panel).

Setting the slope of the temperature determines the vertical thickness of the
disk: T « r~7=>cs o« r~9/2. This means for the pressure scale height (as de-
fined by Equation 1.7) that H}, « r3=0)/2_ The vertical thickness of the disk is
often expressed in the aspect ratio i = Hp /7, for which then & r(1=0)/2 For

174 which means that it increases for larger radii.

q = 1/2, the aspectratiois h « r
This generally occurs for g < 1 and leads to a disk structure that is commonly

called flared, an example shown in Figure 1.9.

1.2 Physical processes in protoplanetary disks

Like most things in the Universe, protoplanetary disks are not stable, but dy-
namic and evolve over time (Lesur et al., 2023). This evolution eventually leads
to the formation of planets. The conditions for planet formation are regulated by
the physical processes responsible for disk evolution, which I will summarize in

this section.

1.2.1 Hydrodynamics

For a perfectly accurate description of the state of a system, we would need to
take into account all molecules with all of their possible states and orientations,
leading to an enormous parameter space. Obviously, this is not feasible. Hence,
we need to use approximations in order to tackle the physics in protoplanetary

disks. The gas in disks can be approximated as a fluid, and for now, let us neglect
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the dust contained in disks. The gas motion can therefore be described with fluid
dynamics, also called hydrodynamics (see e.g. Clarke & Carswell, 2007).

The fundamentals of hydrodynamics are three conservation laws. The first is

the conservation of mass, described by the continuity equation

) >

a—‘; +¥ (p7) =0, (1.14)
with the time t and the velocity ¢. This equation can be understood easily: The
change of mass, or density more specifically (first term), at a specific location can
only change if material is moving toward or away from this location, creating
a flux (second term). The second conservation law follows the same idea, the

conservation of momentum

d (07)
ot

=

+V (07-74P) = —pV®, (1.15)

where P is the pressure and P the gravitational potential. This equation is a form
of the Navier-Stokes equation, which describes the motion of a fluid. Similar to
the continuity equation, it states that the momentum can change (first term on the
left-hand side) if momentum is added from the surroundings (second term on the
left-hand side), but it additionally includes a force arising from pressure gradients
(third term on the left-hand side). The right-hand side includes a source term,
in this case an external gravitational potential. Finally, the third law is energy
conservation

% +V[(pe +P)7] =5, (1.16)

with the total energy €, and radiative or gravitational sources S.

In this set of three equations, there are four unknown variables: density, pres-
sure, velocity (vector), and energy. We can link the internal energy with pressure
with the ideal gas equation, which reduces the dimensionality of the problem
to three variables, closing the set of equations. We can further assume the (lo-
cally) isothermal case described above that links the pressure and density by a
prescribed sound speed (Equation 1.12), which eliminates another dimension. In
this case, we only need to solve the mass and momentum equations to describe
the full system, and the energy equation does not need to be solved explicitly.

In hydrodynamics, there are two different approaches to treat these funda-
mental equations: the Eulerian and the Lagrangian approach. This means for
simulations that there are two different ways to model the motion of fluids. The
two approaches mainly differ in their frames of reference. Figure 1.10 provides a
schematic view of these two ways. The above equations are expressed in the Eu-

lerian way, focusing on specific locations in space through which the fluid flows.
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Figure 1.10: Schematics of the two main numerical ways to solve hydrody-
namics. Lagrangian methods such as Smoothed Particle Hydrodynamics
(left side) divide the fluid into macro-particles and follows the motion of
these particles, while Eulerian methods (right side) create a fixed grid and
keep track of the fluid motion through the grid, thus often called grid-
based methods.

This concept is commonly used in grid-based simulations, where the computa-
tional domain is divided into grid cells tracking the fluid’s motion through the
cells. In contrast, the second way (Lagrangian approach) follows individual fluid
(macro-)particles along their path. This is the basis for particle-based simulations,
such as Smoothed Particle Hydrodynamics (SPH). Mixed methods exist, such as
the Moving Mesh Method. Discussing the computational methods for hydrody-
namics in detail would go beyond the scope of this thesis, which is why I refer to
reviews such as Bodenheimer et al. (2006) and Springel (2010).

Both computational methods have their advantages, while also having their
limitations. A closer comparison of grid-based to particle-based methods was
conducted for example by Agertz et al. (2007). For example, Eulerian methods
such as the finite difference methods solve the hydrodynamics equations in a
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straight-forward fashion by appropriately approximating the differentials in dif-
ference quotients. Because of the fixed grid, these methods perform well in con-
tinuous flows, and boundaries can be well defined. However, the grid can in-
fluence the simulation in an unphysical way, and systems containing flows on
different size scales can lead to computationally expensive simulations. Depend-
ing on the scheme, numerical diffusion can be an issue. Lagrangian methods,
on the other hand, have very good conservation properties, for mass, energy,
and both linear and angular momentum. They are not constrained by a specific
grid geometry. But the disadvantages are that, depending on the number of par-
ticles, a simulation of a large system can quickly become unfeasible. Further,
they resolution is low in regions of low density, which makes the application to
low-density flows like streamers challenging. They are also intrinsically noisier,
which is the reason for the high numerical diffusion in SPH methods. In physics,
the appropriate method depends on the specific characteristics and goals of the
hydrodynamic problem.

In this thesis, I chose to employ grid-based methods, which had not previ-
ously been applied to the particular scenario of warped disks. Traditionally, SPH
methods were considered more suitable for these disks, because the grid was
thought to create numerical interference. However, one of the key motivations
behind my approach was the low viscosity typically observed in these disks,
which is more accurately captured using grid-based models. I will address my

choice of computational method in more detail in later sections.

1.2.2 Accretion processes in disks

Multiple processes can lead to accretion in protoplanetary disks. Although the
term accretion technically refers to the flow of material from the disk onto the star,
it is often used to describe the angular momentum transport processes leading
to a flow through the disk. These flows are typically inward and hence lead to
an accretion onto the star (Armitage, 2022). In current protoplanetary disk the-
ory, there are two main mechanisms for angular momentum transport: viscous
accretion and accretion due to magnetically driven disk winds (see Lesur et al., 2023).
While these mechanisms were originally thought to be competitive theories, re-
search in the field led to the understanding that both mechanisms are likely to
operate at the same time. The interplay between both mechanisms is an ongoing

topic in the field.
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Viscous accretion

The viscous accretion is driven by turbulence in the disk. This turbulence is typi-
cally summarized with the term viscosity. However, it is important to understand
that there are two different types of viscosity present in an accretion disk: the
molecular viscosity (V1) of the gas and the effects resulting from turbulence,
which can be described analogously to a viscosity. A simple way to estimate the
dominant viscosity type is the Reynolds number

Re = UL (1.17)

Vmol

Here, U is a typical velocity in the system and L is a typical length scale. One
problem with this estimation is that these typical quantities are not well defined.
A reasonable choice for protoplanetary disks is U = ¢s and L = Hp, as for ex-
ample pointed out by Armitage & Kley (2019). However, even with a different
choice, the Reynolds number turns out to be a large number in the case of proto-
planetary disks, usually on the order of Re ~ 10!, Experiments have shown that
for Re > 10, turbulence always occurs (see review by Eckhardt et al., 2007). This
demonstrates that protoplanetary disks are prone to turbulent effects and that
turbulent viscosity is likely to dominate over effects due to molecular viscosity.
Possible origins of turbulence are summarized in Section 1.2.3.

This turbulent viscosity is commonly parameterized using the Shakura-Sunyaev
a-viscosity (Shakura & Sunyaev, 1973)

v= aé—gk = acsHp. (1.18)
The a-parameter is often assumed to be constant throughout the disk, both radi-
ally and in time. While this is a convenient assumption, it may not always reflect
the nature of a realistic system. In the research field, there are efforts to obtain
a more realistic treatment based on analytical and numerical analyses, as well as
observations. Yet, a constant a is often used to parameterize the turbulence in
protoplanetary disks.

In isolated protoplanetary disks, mass and angular momentum are conserved.
We can therefore apply the continuity and Navier-Stokes equations. To investi-
gate radial flows, we can take advantage of the circular geometry of disks and
re-write the equations in cylindrical coordinates

X 1

0
TR (rZovy) =0 (1.19)
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and
dL(r) , 10 _ 10G(r)

ot rar( (r)vr)—; or ’

where L(r) = Zr2Q)y is the angular momentum, and G(r) is the internal torque

(1.20)

on an annulus in the disk. For the internal torque, we only consider viscosity at
this point, and therefore can express the viscous stress

2d) _ 8 520, (1.21)

G=vX
Vrdr 2

where the last part applies to Keplerian disks with Q)(r) = Q. Note that in lit-
erature, the internal torque G is sometimes defined differently, for example with
a factor of —1/r in Martin et al. (2019) or a factor of 1/(27tr) in Ogilvie & Latter
(2013a,b).
From these equations, radial velocity in a steady-state disk can be derived and
results in -
vr=—7- (1.22)
for a thin, Keplerian disk. The minus sign indicates an inward flow. The accretion

flow through the disk can then be described by the accretion rate
M = —2mrYo,. (1.23)

If we assume the power laws £ &« r"7 and T « r™ 1, we get from Equation 1.18
and 1.12 a relation of v o T/Qy o r~9+3/2, and with Equation 1.22 we get v,
r~1t1/2_ For a constant accretion rate M = const., we can derive that

3
p+4q= > (1.24)

for a steady-state accretion flow. With the typical assumption of g = —1/2 (see
Section 1.1.3), we then need to set p = —1 for a steady-state disk.

We can additionally estimate the viscous timescale 7, on which density gra-
dients are smoothed out by diffusion due to the viscosity

N

.
TR (1.25)

In recent years, measurements of viscosity in observed protoplanetary disks
seem to indicate rather low viscosity on the order of & ~ 1073 — 10~* (Flaherty
et al.,, 2017; Andrews, 2020). Only a decade ago, a typically assumed value was
a = 107! — 1072, which would be the strength of viscosity required to explain the
observed accretion rate onto stars (Alexander et al., 2014; Hartmann et al., 2016).

With the recent observational evidence that turbulence is low in protoplanetary
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disks (Rosotti, 2023), different explanations for angular momentum transport are

needed.

Magnetically driven disk winds

As an alternative process for angular momentum transport, magnetically driven
disk winds gain in popularity (Pascucci et al., 2023). The theory for this was
introduced by Blandford & Payne (1982) as magneto-centrifugal wind model. Note
that the model I introduce here is greatly simplified, as full non-ideal magneto-
hydrodynamics in protoplanetary disks is a highly complex field (Balbus, 2009;
Béthune et al., 2017; Lesur, 2021). A full discussion would be outside the scope of
this thesis.
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Figure 1.11: Magnetic field configuration in a protoplanetary disk for the
magneto-centrifugal disk model. The blue lines indicate the magnetic field
lines, the black dashed line represents the Alfvén surface, where the dom-
inant pressure changes from magnetic to gas ram pressure.

As schematically indicated in Figure 1.11, the magnetic field lines in a disk
are bent, which can develop during the formation process of the disk and star if
an external, initially homogeneous magnetic field was present in the molecular
cloud (Rodenkirch et al., 2020; Pattle et al., 2023). These bent magnetic field lines
are anchored in the disk at the so-called foot-point rg. Above the disk, the area
is divided into two regimes, divided by the Alfvén surface, which is defined as a
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balance between the magnetic pressure force

Prag = 5= (1.26)
where |B| is the absolute value of the magnetic field, and the gas ram pressure
Pgas ram = p0°. (1.27)

In the regime directly above the disk below the Alfvén surface, the magnetic pres-
sure force dominates the gas ram pressure. Here, the magnetic field lines co-rotate
like a solid rod with the angular frequency of their foot points. This is a key point
of the model: If a charged particle is launched from the disk, it can only move
along the field lines. Because the angular frequency is constant along the field
line, the particle is accelerated because its distance from the star increases due to
the bent shape of the field line. This outflow of particles resembles a wind, hence
the name of the mechanism. Depending on the parameters of the magnetic field
and the amount of outflowing particles, this wind can be highly effective. The
particles in the wind gain angular momentum, which is in turn removed from
the disk at the foot point of the magnetic field line. As the disk loses angular

momentum, an inward accretion flow develops through the disk (Spruit, 1996).

The particle accelerates up to the point where it reaches the Alfvén surface
at a distance ro. In the second regime, the magnetic pressure is weaker than
the ram pressure, and the magnetic field lines start to bend. Because of the disk’s
rotation, they wind up in this regime. At this point, the charged particle no longer
accelerates. In order to estimate the angular momentum transfer, the magnetic

lever arm A is an important quantity, defined as

’
A=A (1.28)
TF
From a consideration of the magnetic torque arising from the disk wind, the ac-
cretion velocity can be estimated as

. Z.1‘wi11d 2
D = 25 </\ 1), (1.29)

where X.,inq is the mass outflow due to the wind.

In a steady accretion flow, the accretion rate (Equation 1.23) is constant. Note
that for this consideration, we assume the mass loss to be negligible, as in the gen-
eral case, a steady accretion flow cannot be achieved (as for example discussed

in Tabone et al., 2022). For the radial flow due to the magnetic wind v, and a
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mass outflow depending on the present surface density and the orbital frequency
Ywind & Qi X(r) o« r~3/27F (as adopted in a model by Kimmig et al., 2020), the
accretion rate M o« r'/277, and a steady-state is reached for

p=7 (1.30)

However, the actual outflow rate could differ, as disk winds are hard to measure
in observations (Moscadelli et al., 2022), leading to a different surface density
morphology in a steady-state disk.

1.2.3 Disk instabilities

Even with the observational evidence of low viscosity, the concept of viscosity
and turbulence remains very relevant in accretion disks. The origin of turbulence
often lies in hydrodynamic disk instabilities. In this section, I summarize some
of the most important instabilities. I will keep each description brief as it is not
the main focus of my thesis. Nevertheless, it remains important since I use the
concept of viscosity in my disk models.

magneto-
rotational vertical
instability shear

vortices instability

overdensities

l

self-gravity

Figure 1.12: Overview on the main instabilities occurring in protoplan-
etary disks. Figure adapted from Armitage & Kley (2019). Reproduced with
permission from Springer Nature, License Number: 6004130189916.
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Gravitational instability

This instability occurs for massive disks. If the mass of the disk is so high that
its own gravity (called self-gravity) becomes significant, the disk can become un-
stable to perturbations in the surface density if the gravitational contraction is
stronger than the rotational support and the thermal pressure arising from the
compression. In this case, overdense parts of the disk can collapse in a cascade
effect, leading to fragmentation (Kratter & Lodato, 2016).

Comparing the different timescales, specifically the sound-crossing time (the
time it takes for sound waves to cross a particular region) and the free-fall time
(the time it would take for a region to collapse if no forces would act against the
collapse) leads to a stability criterion called Toomre-Q (Toomre, 1964):

Cst
GY’

Q= (1.31)

Here, G is the gravitational constant (not to be confused with the internal torque
in protoplanetary disks). Disks with Q < Qit(~ 1) are unstable to self-gravity.
A typical signature of a gravitationally unstable disk are large-scale spiral struc-

tures.

Magnetorotational instability

The magnetorotational instability (short: MRI; Balbus & Hawley, 1998) can occur
when a magnetic field is present and coupled to the material in the disk. This
coupling can occur when the disk material is electrically charged, for example
by thermal ionization. This also implies that in cold, dense regions the magnetic
field does not have an effect on the disk. These regions are called magnetic dead
zones. Dead zones can gain importance when a lot of dust is present, as they can
mediate recombination of ions, causing the material to be neutral.

In regions with sufficient coupling, the MRI can operate (in ideal magnetohy-

drodynamic conditions; Gammie, 1996), when

d0

5 <0 (1.32)

This condition is always satisfied in Keplerian (and also close to Keplerian) disks,
which is why the MRI is thought to play an important role. However, the range of
dead zones is still unknown, especially in the inner disk regions, where the level
of ionization is largely unknown due to a lack of resolved observations (Williams
& Mohanty, 2025). The occurrence of dead zones may prevent the MRI in wide
parts of protoplanetary disks.
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Figure 1.13: Schematic representation of the MRI, where a vertical mag-
netic field is radially disturbed, leading to an instability. Credit: Armitage &
Kley (2019). Reproduced with permission from Springer Nature, License Num-
ber: 6004130189916.

The basic idea behind the MRI is a coupling of one magnetic field line to ma-
terial at different radii due to a radial perturbation of a vertical magnetic field
line. This idea is represented in Figure 1.13. A vertical magnetic field is radially
disturbed so that a part of the line is coupled to material in the disk closer to the
star. This material has a larger velocity due to its Keplerian velocity, therefore the
field line is azimuthally distorted. Because of this distortion the magnetic field
line is stretched, with the magnetic tension is acting against the stretching. Due
to the magnetic tension angular momentum is transferred from the inner to the
outer anchor of the field line. The material at the inner location therefore loses
angular momentum and hence moves inward, while the outer material moves
outward for the same reason. This leads to an even larger separation, creating an
even stronger effect and eventually building up to the instability.

Vertical shear instability

The vertical shear instability (short: VSI; Urpin & Brandenburg, 1998) can arise
when the angular frequency varies vertically, which naturally occurs when a disk
has a radial temperature gradient. Typically, the gas is slower higher up in the
disk because the gravity decreases with z. The vertical difference in angular fre-
quency leads to a shear between material of different height. This shear generates
free energy, triggering the VSI, which creates an upward and downward motion

of the gas in the disk, shown in Figure 1.14.
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Figure 1.14: Cross-section of a protoplanetary disk, where the VSI is oper-
ating, creating upward (blue) and downward (red) motion. Adapted from
Dullemond et al. (2022b).

Creating disk conditions for the VSI to be effective is easy in the assumption of
vertically isothermal disks, but more complicated in more realistic disk models,
where the temperature vertically varies. In the latter case, the VSI can only occur
if the cooling is faster than the orbital timescale (Lin & Youdin, 2015; Malygin
et al., 2017). If the conditions are right, the vertical shear instability can create
turbulence leading to a viscosity on the order of & ~ 10~* (Nelson et al., 2013;
Stoll & Kley, 2014).

However, the importance of the VSI in realistic protoplanetary disks is dis-
puted. For example, comparing models with observations, Dullemond et al.
(2022b) found evidence against the VSI, at least in disks where larger dust grains
are settled very strongly to form a thin dust disk at the disk’s midplane.

Vortices

Vortices typically refer to a circular flow, often leading to local overdensities. They
can form as a result of multiple different disk instabilities. There are two main
mechanisms leading to the formation of vortices.

The first one is the subcritical baroclinic instability (SBI, Petersen et al., 2007),
which is an instability linked to radial convection. It arises due to non-linear
buoyancy forces in the disk and creates vortices leading to a significant turbu-
lence in the disk (Lesur & Papaloizou, 2010).

The second mechanism is the Rossby wave instability (RWI, Lovelace et al,,
1999), a global, non-axisymmetric instability that arises when extrema in the pres-
sure (so-called pressure bumps) are present. Strictly speaking, the pressure is not
the actual quantity setting the criterion for the RWI, but a combination of en-
tropy and a quantity called vortensity (see for example Chang & Youdin, 2024).
Vortensity is the vorticity, a measure for the rotation of a flow, divided by the den-
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sity. However, vortencity bumps often correlate with pressure bumps and we can
remain in the more illustrative picture of the latter for the purpose of this consid-
eration. Pressure bumps can especially form at the gap edges, possibly created by
planets (Li et al., 2005). In low-viscosity disks, these pressure bumps can become
unstable, leading to vortex motion.

A recent study by Ziampras et al. (2025) investigated substructures caused by
planets and found that both the SBI and the RWI can operate in low-viscosity
disks. This means that both effects can coexist, creating vortices and turbulence
in protoplanetary disks.

Hydrodynamical studies of vortices in low-viscosity disks found that the vor-
tices should be long-lived (Rometsch et al., 2021; Rafikov & Cimerman, 2023).
However, vortices are rarely observed in disks, which could be an indication that
the viscosity of protoplanetary disks is larger than currently assumed, as vortices
dissipate faster for larger viscosity (see for example Hammer et al., 2021). On
the other hand, it could also mean that other effects leading to the destruction of
vortices are present in disks. For the vortex destruction, cooling mechanisms can
play a major role (Fung & Ono, 2021; Rometsch et al., 2021). Other destructive
effects can be the elliptical instability (Lesur & Papaloizou, 2009) or dust in disks
(Lovascio et al., 2022; Cui et al., 2025).

For now, the discrepancy between the predicted abundance of vortices in nu-
merical simulations and their absence in observations remains unresolved. This
highlights the dynamic nature of research in protoplanetary disks, where open
questions like these emphasize that substantial refinement of current models, as

well as further observational investigations, are urgently needed.

1.2.4 Planet formation

The desire to understand the origin of planets is one of the reasons for diving into
the study of protoplanetary disks. In this section, I outline the basic principles of
planet formation.

As planets form from dust, let us first have a look at the dust properties.
Dust is often assumed to consist of silicates, which are compounds including
silicon-oxygen bonds. These bonds can be negatively charged and are often com-
pensated with positively charged aluminum, iron, or magnesium ions, building
olivine (Mg, Fe),SiO4 or pyroxene (Mg, Fe)SiO3, for instance. These silicates are
the building blocks for the rocky components of planets.

In the current state of research, there are two main ways to form a planet,
however, other mechanisms can not be excluded (Drazkowska et al., 2023). The

tirst one is a direct formation of planets via the gravitational instability discussed
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in Section 1.2.3. In this scenario, parts of the disk collapse into solid bodies that
can grow even further by collecting smaller dust particles and gas. While this
theory remains plausible, current observational and theoretical research seems to
suggest that protoplanetary disks rarely meet the conditions required for the GI.

Therefore, a different model for planet formation is vital.

dust bunnies
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Figure 1.15: A schematic scale of the stages of planet formation in the core
accretion model.

The second scenario for planet formation, the core accretion model, is based on
the growth of small dust particles, summarized in Figure 1.15. These dust parti-
cles are on a size scale of 1 ym and hence need to grow many orders of magnitude
in order to become a planet. The first step in this growth is rather intuitive, as dust
can stick together to form larger dust bunnies®. These dust bunnies stick together
mainly due to Van-der-Waals forces. The sticking properties can experimentally
be studied (Blum & Wurm, 2008).

The fluffy dust bunnies can be compressed into small pebbles. This can for
example occur in collisions with other dust aggregates. The outcome of the com-
pression is often referred to as pebbles. However, the growth in this stage faces
multiple challenges. One of these challenges is the inward drift of dust particles,
which occurs because of the relative velocity difference between gas and dust. As
described in Section 1.1.3, the gas orbits usually with a slightly slower velocity
than the Kepler velocity because of pressure gradients in the disk. Dust parti-
cles do not feel this pressure gradient, therefore move at Kepler velocity. Thus
the dust particles are faster than the gas and therefore experience a headwind

3Just like in the corner of a living room, when someone™ forgot to vacuum clean.
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slowing down the dust particles. In slowing down, the particles lose angular mo-
mentum and therefore drift inward. In typical disk conditions, this inward drift
can be very fast, which means for the growth of dust particles that they need to
grow on a comparable speed to avoid being lost to accretion onto the star (Youdin,
2010). This challenge is called drift barrier.

Further growth challenges are related to the relative velocity of dust particles
in collisions. If the velocity is too fast, colliding dust particles break and fragment
into smaller particles instead of larger ones, which is referred to as fragmentation
barrier. Zsom et al. (2010) have shown that depending on the disk conditions
dust particles do not fragment, but bounce off each other (bouncing barrier) and
therefore also do not grow.

All of these challenges together are often called meter-sized barrier (purple
question mark in Figure 1.15). However, this is not an actual barrier, as the
plethora of existing exoplanets proves that it is possible to overcome these chal-
lenges. A possible solution are dust traps, locations that allow the so-called
Streaming Instability to occur, where the gas drag slows dust particles down,
which allows the particles to collect and form overdensities. These overdensi-
ties can in turn slow down the surrounding gas, allowing even more particles to
collect. This leads to the formation of filaments and structures that can gravita-
tionally collapse to planetary cores. Once a core or boulder, often called planetes-
imal, has reached a size on the order of ~ 10° cm, it begins to have a significant
gravitation so that the boulder can gravitationally collect smaller particles (called
pebble-accretion) to form a planets.

Planets come in different sizes and characteristics, as our Solar System already
shows. If a protoplanet formed under favorable conditions, so that it reached a
mass on the order of 10 Mg, it has the ability to absorb a significant amount
of the gas in the disk. This leads to giant gas planets like Jupiter or Saturn. Pro-
toplanets that do not reach such a large mass become rocky planets, which may
collect a low to moderate amount of gas to form an atmosphere. Rocky planets

are the only environment we know to host life as we know it.

1.2.5 Planet-disk interaction

Once planets have formed, they can have a large impact on the disk, shaping
large-scale structures and regulate physical processes on the disk (Paardekooper
etal., 2023). This is called planet-disk interaction. This interaction can also influence
the evolution of the orbital parameters of planets, especially their distance to the
star, known as planetary migration. The planetary migration might also be able to
explain the diversity of exoplanets discussed at the beginning of this chapter.
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Figure 1.16: Left: Numerical simulation of a planet in a protoplanetary
disk showing spiral arms excited by the planet. Right: Gas streamlines of
the corotation region in the reference frame of the planet. Gas on the blue
line follows a so-called horseshoe orbit. Figure inspired by Kley & Nelson
(2012).

In disks, where the viscous accretion model is assumed, there are two main
mechanisms causing planetary migration. Both mechanisms typically cause an
inward migration. In the first mechanism, spiral wakes caused by the planet
play an important role (Tanaka et al., 2002). These spiral wakes, pictured in Fig-
ure 1.16, left panel, occur because the planet excites radial overdensities which are
smeared into a spiral shape by the Keplerian shear in the disk. The spiral arms
act a torque on the planet, which is called Lindblad torque (Goldreich & Tremaine,
1979). The torque arises from both the inner and the outer spirals and usually

leads to an inward migration of the planet.

The second mechanism is called corotation torque (Ward, 1991) and arises in the
corotation region, a narrow radial range around the planet location (Figure 1.16,
right panel). With respect to the planet, gas orbiting closer to the star is faster,
whereas gas orbiting further out is slower. This leads to so-called horseshoe stream-
lines inside the corotation region, where the disk material turns inward in front
of the planet and outward behind the planet. In each of the turns, angular mo-
mentum is transferred from the planet to the disk material or vise-versa. This
leads to a net torque on the planet, especially if the horseshoe streamlines are
not completely filled (or unsaturated). This can for example occur due to pressure
gradients or radial flows in the disk.

The migration behavior of planets can be classified into different migration
regimes, mainly depending on the mass of planet and disk. In the migration
regime of type I, the planet has a low mass or the disk is very massive. In this

case, planets only mildly influence the disk. The migration is directly governed
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by the Lindblad and corotation torques and usually takes place on fast timescales
(D’Angelo & Lubow, 2010). If the planet is massive, it migrates in a regime of
type II (Kanagawa et al., 2018), where it opens a gap in the disk by pushing the
material in the corotation region aside. Because in this scenario, the corotation
region is mostly empty, the corotation torque is no longer important. However,
an additional migration torque arises from the disk, as the material of the disk
accretes inward due to viscosity, pushing the gap and hence the planet inward as
well. This takes place on slower timescales than migration type I. A mixture of
both migration scenarios is typically referred to as migration type III. This occurs
for example when the planet only partially opens a gap, making the corotation
torque significant again. Under some conditions, this can lead to a very fast mi-
gration, also called runaway migration.

Planets can also migrate in disks governed by other accretion mechanisms
such as magnetic disk winds (Kimmig et al., 2020; Lega et al., 2022, Hammer &
Lin, subm.). In this scenario, a radial inward flow of the gas (as discussed in
Section 1.2.2) causes a highly asymmetric corotation region, which can lead to
outward migration under favorable conditions.
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1.3 Motivation and outline of this thesis

The exciting new observations of protoplanetary disks with high angular resolu-
tion in the past decade are a breakthrough in the research field for understanding
the formation and evolution of planets. While the observations are able to shed
light onto many research questions, they simultaneously raise a wide range of
follow-up questions for further investigation. I dedicate my thesis to uncovering
another piece of the Universe’s puzzle.

The motivation for my work are non-axisymmetric features that are com-
monly seen in these new observations of protoplanetary disks. Such non-ax-
isymmetric features are for example spirals, bright arcs or “blobs”, broad dark
regions, or dark lanes in the radial direction of the disk. Some of these features
can be explained with an inner region tilted with respect to the outer part of the
disk, which can cast a shadow onto the outer region. Disks containing such dif-
ferent orbital planes are called warped disks. It is crucial to understand the origin
and evolution of the warp in order to interpret observations of non-axisymmetric

features.

In recent years, the research around warps has been on the rise. More and
more observations reveal these non-axisymmetric features, indicating that warps
might be common in protoplanetary disks. Therefore, the research on warped
disks gained new momentum. As warps can have a strong impact on the pro-
cess of planet formation, a deep understanding of the physics in warped disks is
essential to understand the morphology of fully formed planetary systems. My
work is part of this effort and contributes to both the understanding of the dy-

namics and the link between simulations and observations of warped disks.

Chapter 2: What are warped disks? In this part of the thesis, I introduce the
theory of warped protoplanetary disks. This includes observational indications,
possible causes for warps, and the evolution of warps. At the end of this chapter,
I outline radiative transfer methods, which are necessary for a good comparison

between simulations and observations.

Chapter 3: Is it possible to model warps and misalignments using grid-based
methods? The purpose of this chapter is to evaluate the applicability of grid-
based (Eulerian) numerical methods to warped disks. In the research so far,
most simulations of warps were performed using Lagrangian methods such as
Smoothed Particle Hydrodynamics (SPH). However, SPH methods have a great
disadvantage when it comes to modeling protoplanetary disks: most implemen-

tations of SPH contain a high numerical viscosity. Protoplanetary disks on the
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other hand are likely to have much lower viscosity than possible with typical
SPH integrations.

Grid-based methods are able to accurately model disks with such low vis-
cosity. However, these methods have a disadvantage as well, as the grid might
influence the disk’s orbital plane if it is not perfectly aligned with the geometry
of the grid. In Section 3.3, I thoroughly investigate this numerical effect on an

unwarped disk, which is tilted with respect to the grid geometry.

In Section 3.4, I then apply the tested grid-based method to a set-up of an ini-
tially warped disk. The warp evolution of this disk is undriven, which means that
no external torques act on the warp and the evolution is only driven by internal
processes. In my simulations, I find an internal precession within the warped
disk, which I then investigate to pinpoint whether this precession is of physical

or numerical origin.

Chapter 4: Application of the grid-based method: Can a stellar fly-by scenario
recreate the observations of the RW Aur system? The grid-based method estab-
lished in Chapter 3 is a valuable tool to investigate various aspects of warps in
protoplanetary disks. In this next chapter, I apply this tool to a physical formation
scenario of a warped disk: a stellar fly-by. In this scenario, a star passes an initially
unwarped disk around another star and creates a warp in the disk through its
gravitational pull. This gives insight into physically motivated shapes of warps,
as it is challenging to constrain the exact structure and geometry of warped disks
from observations. Additionally, a fly-by scenario provides a great environment
to further investigate the evolution of undriven warps, as the fly-by is a one-time
event. After the fly-by, the newly warped disk is able to evolve independently

from any external torques.

In order to use this knowledge to learn more about observed systems, I then
apply the fly-by scenario to an observed star-disk system: RW Aur. This system
consists of two stars with a disk around each star, with evidence of a recent close
encounter. The orientation of the disk around the star RW Aur A is relatively
well constrained from observations. The trajectory of star B around A can be ei-
ther bound or unbound. In either case, the eccentricity of the trajectory is close
to e &~ 1, which implies a highly eccentric binary for the bound case or a close
to parabolic trajectory in the unbound case. For my simulations, I assume the
latter case (which relates to a stellar fly-by scenario) in order to investigate the
dynamics of this system. Using radiative transfer simulations, I create synthetic
observations of the dust continuum, assuming small dust that is perfectly cou-
pled to the gas and therefore follows the warp movement of the disk. I compare

the synthetic observations to a real observation of the dust continuum.
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Chapter 5: What do observations of warped disks look like when observed edge-
on? In order to tighten the link between the theory of warps and observations,
this chapter is dedicated to the appearance of shadows in warped disks. Specifi-
cally, I investigate disks observed edge-on in scattered light. An unwarped disk
observed edge-on shows two bright spots separated by a dark lane which corre-
sponds to the optically thick midplane of the disk. The two bright spots are the
two disk surfaces and appear completely symmetric in a perfectly edge-on view.
In a warped disk, however, these surfaces can be shadowed by the warp in the
inner disk region. This can lead to an apparent shift of the bright spots with re-
spect to the axis of the dark lane, called lateral asymmetry. The goal of this chapter
is to explore the observability of this lateral asymmetry in edge-on disks.

Chapter 6: Conclusions and outlook. In this chapter, I summarize and conclude
the results of this work. In addition, I present an outlook on planned and poten-
tial projects following up the work of this thesis.



The physics of warped disks

The introduction on protoplanetary disks in the preceding chapter gives a glimpse
on the complexity of the physical processes occurring in disks. Additional pro-
cesses and mechanisms affecting disk evolution complicate this picture even fur-
ther. Warped disks, which are the focus of my work, include processes driving the
evolution of warps in addition to the general processes in protoplanetary disks.
My thesis is dedicated to understanding these additional processes, which I in-

troduce in this chapter.

Figure 2.1: Artist’s impression of a warped protoplanetary disk.

Warped disks are disks that contain different orbital planes. The shape of
their warp varies greatly, depending for example on cause and evolutionary state
of the warp. Figure 2.1 gives one example of what a warped disk could look like.
Warped disks can additionally be twisted, meaning that the warp is additionally
coiled up within the disk. The evolution of warps can also lead to broken disks

35
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that have two or more disconnected parts of the disk misaligned with respect to
each other. Examples are shown in Figure 2.2. Usually, both broken and warped
disks are referred to with the umbrella term misaligned disks. As the possible con-
figurations for misaligned disks are infinite, so are their appearances in observa-
tions. In addition, there are multiple different hypotheses of how misalignments

and warps can form, and it is yet unclear which one is the most prevalent.
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Figure 2.2: Different types of misaligned disks. Credit: Anna Penzlin.

I note that the theory behind warped disks can be more generally applied to
other types of accretion disks, such as warped disks around black holes.

2.1 Observational evidence of warps

More and more observations of protoplanetary disks reveal non-axisymmetric
features that could be linked to a shadow cast by a misaligned inner region of the
disk. Non-axisymmetric shadows are a typical signature of warps in scattered
light. Recall that scattered light is typically observed in the optical and near-

infrared regimes, as discussed in Section 1.1.2.

a) HD 142527 b) HD 135344B

L) O

Figure 2.3: Observations of non-axisymmetric shadows in protoplanetary
disks in scattered light. a) and b) exhibit narrow dark lanes, c¢) and d) have
a broad region which is darker than the rest of the disk.

Credit: a) VLT/SPHERE, broad band filter (A ~ 600 — 900 nm); Avenhaus
et al., 2017. b) ESO, T. Stolker et al.; VLT/SPHERE J-band (A = 1.25 ym).
CC BY 4.0 ¢) VLT/SPHERE H-band (A = 1.6 ym); Muro-Arena et al., 2020. d)
VLT/SPHERE H-band (A = 1.6 ym); Zurlo et al., 2024.
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Depending on the architecture of the warp, the shadows can have different
appearances. Figure 2.3 shows examples of observed shadows that are thought
tobe linked to a misaligned inner region of the disk. The first two panels show the
disks around HD 142527 (panel a) and HD 135344B (panel b), which both display
dark narrow lanes. These lanes occur for example in broken disks when the inner
part is highly misaligned, as illustrated in Figure 2.4, left side. Warped disks
with such high misalignments might also be able to produce narrow lanes if the
connecting material between inner and outer disk is thin enough so that light can
pass through. An interesting fact is that the dark lanes do not necessarily need
to appear exactly opposite to each other, especially when the inner and outer
disks are flared. Marino et al. (2015) were one of the first groups linking this
shadow phenomenon to a misaligned inner region, with their work focusing on
HD 142527 (Figure 2.3, panel a). Other disks exhibiting dark lanes are for example
GG Tau (Keppler et al., 2020), RXJ1604.3-2130 (Pinilla et al., 2018), and HD 100453
(Benisty et al., 2017).

a) broken disk b) warped disk

Figure 2.4: Shadows in with narrow lanes in broken disks (left) and broad
regions in warped disks (right). Orange color indicates a region of the disk
below the disk midplane, blue color above.

Warped disks with low or moderate inclinations show broad dark regions as
for example in the disks around HD 139614 and Ex Lupi (Figure 2.3, panels c
and d). This is illustrated in Figure 2.4, right side. Note that this scenario also can
apply for broken disks with low mutual inclination. Broad shadows have also
been observed for example in the disks around TW Hydra (Debes et al., 2017),
HD 143006 (Benisty et al., 2018), and WRAY 15-788 (Bohn et al., 2019). In most
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observations, the inclined inner region is either too close to the star to be resolved
or obscured by a coronagraph, which blocks the star’s light to prevent it from
outshining the disk.

Because of the dark regions, shadowed disks are commonly less bright than
unshadowed disks, making them more challenging to observe. Better technology
and longer integration times now enable a sufficient resolution of these disks.
This is why shadowed features are observed more frequently today than in the
past. Garufi et al. (2022) for example specifically targeted faint disks in scattered
light and revealed several disks with a tentative misaligned inner region. In or-
der to constrain the prevalence of misalignments, Bohn et al. (2022) attempted to
measure the orientation of inner and outer disk planes independently by com-
bining different observations. Out of twenty targeted disks, they find significant
misalignments in six of them. A summary of shadowed features in observations
can be found in the review by Benisty et al. (2023).
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Figure 2.5: Protoplanetary disks observed edge-on that exhibit asymmetry
between top and bottom disk surfaces. In this figure, the blue dots are the
titted midpoints of each surface. The disks are asymmetric, if the dark lane
(corresponding to the disk midplane) is not orthogonal to the connection
line between the blue dots, which is the case in all of these fifteen disks.
Credit: Adapted from Figure 8 by Villenave et al., 2024. CC BY 4.0

The shadows in warped disks can also be observed when disks are oriented
edge-on to our line of sight. As discussed in Section 1.1.2, edge-on disks in scat-
tered light typically show a sandwich shape due to their top and bottom surfaces.

If parts of the disk are shadowed, this sandwich shape can become asymmetric. A
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survey by Villenave et al. (2024) shows a multitude of such asymmetric edge-on
disks In their sample, fifteen out of twenty disks exhibit a significant asymmetry,
shown in Figure 2.5.

Other observational signatures of a warp can also be found in the disks’ kine-
matics. Recall that the kinematic signature of disks can be derived from the ob-
servation of a specific line feature (most commonly the CO 2-1 rotational line).
As the emission from such lines is very narrow, the rotational motion of the disk
is enough to create a measurable Doppler shift of the line position between the
side of the disk moving toward and away from the observer. In a planar, Keple-
rian disk, the line separating the red- and blue-shifted velocities is straight (see
Figure 1.7). If that line! is bending as in the two disks in Figure 2.6, it could in-
dicate a warp (Pinte et al., 2023). Further disks with possible warp signatures
in their kinematics are for example HD 100546 (Walsh et al., 2017), J16042165-
J130284 (Mayama et al., 2018) and HD 143006 (Pérez et al., 2018).
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Figure 2.6: Kinematics possibly indicating a warp, as the white line
between the red and blue regions of the disk is not straight. Credit:
HD 142527: Garg et al., 2021, GG Tau: Phuong et al., 2020.

It is challenging to pinpoint warps in disk kinematics because other physi-
cal processes can lead to similar signatures in the velocity field, making it hard
to distinguish observations. For example, radial flows or disk eccentricities can
create similar structures in the observations. Synthetic observations are useful
for distinguishing signatures for the different scenarios. The signatures of warps
in kinematics were studied for example by Juhasz & Facchini (2017). Recently,
Zuleta et al. (2024) concentrated on signatures to distinguish warps from radial
flows in kinematic models.

Even though there are multiple possibilities for observing warps, the specific

IThe white line in the two observed disks in Figure 2.6 does not correspond to v = 0km/s,
because the systems have a systematic relative motion with respect to us.
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parameters of existing warped disks, such as mutual inclination, warp shape,
and twist, are not yet well constrained. This is one of the reasons why theoret-
ical studies about the formation and evolution of warps are key to interpreting
the observations. Improving the theoretical framework and tightening the link
between models and observations will strengthen the knowledge in the field of

planet formation.

2.2 Formation of warps

The wealth of warp observations suggests that warps might be common in proto-
planetary disks. However, it is still unclear how most systems acquired the warp.
There are many possible formation scenarios for warps, but it is yet to be probed
which of the scenarios is the most common. It is even possible that more than one
scenario play a significant role in nature. In this section, I introduce the different

suggested formation theories.

a) inclined inner binary b) outer companion c) stellar fIy by
d) infall e) magnetic fields f) radiation pressure
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Figure 2.7: A summary of the different warp formation scenarios. The
driving mechanism in the top row is the same: a misaligned bound or un-
bound companion gravitationally pulls the disk out of plane (panels a-c).
The bottom row shows additional scenarios: d) Infalling material adds
misaligned angular momentum. e) A misaligned magnetic field can de-
form the disk. f) Radiation pressure from the central star can trigger an
instability leading to warps.
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The most intuitive formation scenario is a companion inclined with respect to
the disk plane. This companion acts a gravitational torque onto the disk, caus-
ing a change of the disk’s orbital plane. Because the gravitational force strongly
depends on the distance, specifically Fg o r~2, the parts of the disk closer to the
companion are affected more severely than the parts farther away, leading to a
differential misalignment within the disk, or in other words: a warp.

The scenario of a gravitational companion can be split into three categories.
The first category is a misaligned circumbinary disk (see Figure 2.7, panel a). The
inner binary continuously drives a warp (Foucart & Lai, 2013; Lodato & Facchini,
2013; Deng & Ogilvie, 2022; Rabago et al., 2023), and depending on the system’s
properties, the disk can even break (Facchini et al., 2013; Nixon et al., 2013; Fac-
chini et al., 2018; Rabago et al., 2024). The second category of gravitational com-
panions is a wide outer binary companion (Papaloizou & Lin, 1995; Dogan et al.,
2015; Zanazzi & Lai, 2018a; Dogan et al., 2023) or an inclined planet (Figure 2.7,
panel b; Teyssandier et al., 2013; Nealon et al., 2018; Zhu, 2019). A planet could
also be within the regime of the disk and then punch through the disk twice per
orbit. Finally, the third category is an inclined fly-by (Figure 2.7, panel c), where
a star or another massive object passes by the disk on an unbound parabolic or
hyperbolic orbit (Clarke & Pringle, 1993; Cuello et al., 2019; Nealon et al., 2020a).
In contrast to the first two categories, a fly-by is a one-time event and does not
drive the warp continuously.

An alternative scenario creating a warp in a protoplanetary disk is the infall
of material onto an initially planar disk. The infalling material is likely to be
misaligned with respect to the rotational axis of the star and can therefore add
a significant amount of misaligned angular momentum (Kuffmeier et al., 2024),
which is shown to create a warp (Dullemond et al., 2019; Kuffmeier et al., 2021).
Such infall can for example occur in the form of streamers or the capture of a
cloudlet. This scenario is pictured in Figure 2.7, panel d.

Another possibility to generate a warp are magnetic fields. Especially young
stars have a great deal of convection, which leads to strong magnetic fields. These
tields are often misaligned with respect to the disk plane (Romanova et al., 2021),
leading to a warp and precession especially of the inner region of the disk (Fou-
cart & Lai, 2011).

A further suggested formation scenario is called self-induced warping. Warp-
ed disks can be influenced by the radiation pressure from the central object (Fig-
ure 2.7, panel f), enhancing and changing the warp of a disk (Petterson, 1977).
This effect can even be triggered in initially planar disks (Pringle, 1996; Maloney
et al., 1996). Although this scenario was originally derived for compact central

objects such as black holes or neutron stars, it might also apply for disks around
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main-sequence stars (Armitage & Pringle, 1997).

The diverse range of formation scenarios could explain the variety of observed
warps. The most realistic warp shape likely depends on the specific formation
mechanism and therefore remains unknown in the current state of research. Ad-
ditionally, the warp evolution can be influenced by the formation scenario, in par-
ticular if the warp is continuously driven. However, not all warps remain driven,
and to distinctly understand the intrinsic warp evolution, the next section focuses

specifically on the evolution of undriven warps.

2.3 Evolution of warped disks

In typical conditions of protoplanetary disks, a warp is not stable. The cause of
the warp evolution is a torque arising because neighboring orbits are misaligned
with respect to each other. Because of the misalignment, orbiting gas parcels per-
form a vertical oscillation with respect to each other during their orbit. This can
be seen in Figure 2.8, where a gas parcel on the blue orbit is above a parcel on
the orange orbit on the right side (¢ = 0) and below the orange orbit on the left
side (¢ = ). This causes pressure gradients, giving rise to a radial motion of the
gas, as indicated by the green arrows. This radial motion is referred to as slosh-
ing motion (sometimes also resonant motion; Dullemond, Kimmig, & Zanazzi,
2022a). The sloshing motion is the main driver of the warp evolution, as it causes

the internal torque acting to change the orbital planes within the disk.

no sloshing
motion

sloshing
motion

----------- /SLShing

motion

Figure 2.8: Misaligned neighboring annuli in a warped disk. The vertical
displacement is greatest for ¢ = 0 and 71, where the radial sloshing mo-
tions (green arrows) are maximal. The annuli are at the same height for
¢ = m/2 and 371/4 and no radial sloshing motion occurs.



2.3. EVOLUTION OF WARPED DISKS 43

The sloshing motions on the top side of the disk are directed toward the same
side (i.e., both to the left in Figure 2.8), and correspondingly the motions on the
bottom side toward the opposite direction. This means that the torques changing
the orbital plane of orbits do not cancel out, enabling the evolution of the orbital
plane. This is an intrinsic effect that occurs simply because neighboring orbits are
misaligned. Therefore, a warp without any external warp driving effects is never
stable. Of course, this consideration is only a simplified view on the evolution
mechanism. The exact physics of the evolution depends on the detailed internal
dynamics and pressure structure within the system.

In the end, the internal processes in a warped disk act to align the disk. This
means that over time, the warped disk will lose its warp unless there is a mecha-
nism that keeps the warp alive, such as an external torque from an inclined binary
or a misaligned magnetic field. In an undriven case, the warp is dampened until it
vanishes and the timescale of this damping depends on the properties of the disk.
In typical conditions of protoplanetary disks (in especially vertically thick disks
with low viscosity) this damping occurs on a timescale of Tgamp = 1/ [€Q(7out)],
where « is the Shakura-Sunyaev viscosity in the disk and () the Keplerian fre-
quency evaluated in the outer region of the disk 74yt (Nixon et al., 2013).

2.3.1 Evolution equations

The effective evolution depends on the properties of the disk and takes place
in two different regimes. The parameters determining the regime are the disk’s
viscosity a and its vertical thickness Hp, /7. For low viscosities & < Hy /7, the evo-
lution occurs in a wave-like manner, whereas a warp in high viscosity a« > Hp /r
disks evolves diffusively.

The evolution equations can be derived when considering the internal torque
and the sloshing motions in warped disks (see Ogilvie & Latter, 2013a,b). The
equations describe the evolution of the angular momentum vectors of concentric
annuli in the disk. For each annulus, the angular momentum vector is by defini-
tion orthogonal to the plane of the annulus, and thus the evolution of the vector
describes the evolution of the orbital plane of that annulus. This way, the warp
evolution can be described depending on the radial coordinate (i.e., the distance
from the central star). This is the reason why these equations are usually called
one-dimensional equations.

Historically, both the wave-like and the diffusive regimes have their own set
of evolution equations. However, the underlying physics for the evolution of the
warp is the same in both regimes. It is therefore possible to express the equations

in a generalized way, which is valid in both regimes.
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Even though protoplanetary disks typically fall in the wave-like regime, I will
discuss in the following all three sets of equations as the equations in the limit of
each regime helps to give a comprehensive view on the generalized set of equa-
tions and hence the understanding of the warp evolution in general.

Wave-like evolution

In the wave-like regime (recall « < Hp/7), the warp travels in a wave through
the disk, as outlined in Figure 2.9. The warp wave is reflected at the disk edges

as the density gets shallower, similar to ocean waves on the beach.

Figure 2.9: Wave-like evolution of a warped disk in a schematic represen-
tation. The warp travels as wave through the disk. In a viscous disk, the
amplitude of the warp wave is dampened over time, leading to a planar,
but tilted disk (not represented in this figure). Adapted from Figure 1 in Peng
etal., 2025. CC BY 4.0

The set of equations in the wave-like regime can be written as (Papaloizou &
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Lin, 1995; Demianski & Ivanov, 1997; Lubow & Ogilvie, 2000)
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where L = L(r) is the angular momentum vector with I as unit vector of the
angular momentum, G = G(r) is the internal torque, w the apsidal precession
frequency, and T a potential external torque. In the following, I go through the
set of equations and the contained terms in detail.

(2.1) The first equation in this set describes the evolution of the internal torque G.

The second term on the left-hand side of this equation can cause an inter-
nal precession in the disk, determined by the apsidal precession frequency
w = (O? —x?)/(2Q)), where Q is the angular frequency in the disk and
x is the epicyclic precession frequency ¥ = 402 + 21’0%—9. For a perfectly
Keplerian disk, the epicyclic frequency equals the angular frequency, which
implies w = 0 and no internal precession. This is adopted in many one-
dimensional models of protoplanetary disks. However in reality, pressure
gradients occur in the disk, leading to a deviation of the azimuthal veloc-
ity from the Kepler velocity, and therefore a non-zero w. This could have a

great influence on the warp evolution.

The third term on the left-hand side describes the damping of the warp
waves. This term determines the damping timescale Tgamp ~ 1/(2Q}).
Because the reason for damping in this model is the viscosity a, this is often
referred to as a-damping.

The term on the right-hand side describes the wave behavior of the warp.
This can be seen, following the consideration in Nixon & King (2016), in the
case of an invicid disk (@« = 0), which is perfectly Keplerian (w = 0). This
equation then reduces to 9G /9t = %ZH%,;’?’(F ol /9r, which can be combined
with Equation 2.3, using L. = £r2Q[

27 YH2303 of
A (—P ﬁ), (2.4)

o2~ T30 or 4 or

which compares to a classical wave equation if ZHp = const. In this case,

the speed of the warp wave is Vyarp = cs/2.

This means that the crossing time of the warp wave through the disk can be
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estimated with Twarp = A7/Uwarp = 2Ar/cs, where Ar = 1oyt — 7in is the
radial extent of the disk. For compact protoplanetary disks?, the crossing
time can therefore be < 200 yr, which is extremely short for astronomical

timescales.

(2.2) The second equation in this set states that the surface density does not
evolve. However, this is not a result from the analytic derivation, but an
assumption taken in order to simplify the consideration. This assumption
is motivated by the fact that the evolution of the warp takes place on shorter
timescales than the evolution of the surface density. This can be a valid as-
sumption, especially when looking at the evolution of the orbital planes in
the disk on short timescales. However, the surface density in protoplanetary
disks evolves significantly on longer timescales due to viscosity. Therefore,
this assumption can be problematic in long-term simulations. A possible
solution for this are the generalized warp evolution equations, which I will

discuss later in this section.

(2.3) Finally, the third equation states that the angular momentum vectors E(r)

evolve because of the internal torque G and a possible external torque T.

I note that throughout literature, different notations and different definitions
can be found. For example, Ogilvie & Latter (2013a) define their internal torque
as éOgi]VieLatter =-G/ (271). An overview over some different notations and def-

initions can be found in the appendix of Dullemond, Kimmig, & Zanazzi (2022a).

Diffusive evolution

In the regime of high viscosity disks (specifically « > H, /7), the damping by vis-
cosity is so strong that the warp does not travel as a wave, but is instead smoothed
out over time, as shown in Figure 2.10.

In order to describe the evolution in the diffusive regime accurately, different
assumptions need to be made. In especially, the evolution of the surface density
can no longer be neglected, because the high viscosity leads to a stronger evolu-
tion. However in this regime, the internal torque is almost static, which makes
the derivation of the warp evolution from conservation equations (Papaloizou &
Pringle, 1983) more convenient. The full set of evolution equations in the diffu-
sive regime then state (Pringle, 1992; Ogilvie, 1999):

2In the example of h = Hp /7 = 0.05, rip = 1au, rout = 10au, around a sun-like star M, = Mg .
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where v = a ¢sHj, is the kinematic viscosity, v, the vertical shear viscosity due

to the misalignments of neighboring orbits in a warp, and v3 a viscosity-like pa-
rameter causing an internal precession in the disk. These two parameters can
be related to an a-parameter in the same way: 123 = a23 csHp. However, it is
important to keep in mind that the parameter a3 is only a viscosity-like parame-
ter expressed in the same way. It does not describe a process of diffusion in the
disk, but instead is responsible for a precessional motion. Under the assump-
tion of small warp amplitudes, these “viscosity” parameters can be expressed in
terms of the common Shakura-Sunyaev a-viscosity (Papaloizou & Pringle, 1983;
Ogilvie, 1999) ) )

21+ 7« 3(1 -2«

—(4 j_ " ); a3 = —3((4_'_ “2)). (2.8)

These equations simplify in linear theory to ap = 1/(2a) and a3 = 3/8.

Ny =

Figure 2.10: Schematics of the diffusive warp evolution. An initial warp
is dampened over time by viscosity, leading to a planar disk (=unwarped,
right panel). Adapted from Peng et al. (2025). CC BY 4.0
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Protoplanetary disks usually do not fall in the diffusive regime, as their vis-
cosity is typically low. I will therefore keep the discussion on this set of equations
short. However, it is worth pointing out that the internal torque G, which is
hidden in these equations, is very similar to the wave-like regime. This fact is
not surprising, as the cause for the internal torque in both regimes is the same:
the sloshing motion because of the misalignment of neighboring orbits. To make
the similarity of the internal torque apparent, it can be untangled from the set of
equations. Because of the assumption of a static torque, it does not evolve in time,
and can hence be expressed explicitly (Ogilvie & Latter, 2013a):

v <%> I+ lvza—i + v3l x a—i . (2.9)

édiffusive =2rmtr ZrZQ O

If the relation from linear theory ay = 1/(2«) is assumed, the second term on the
right-hand side transforms to the right-hand side of Equation 2.1, the equation of
internal torque evolution on the wave-like regime. This shows that it should be
possible to describe both regimes in just one single set of equations.

Generalized equations

The idea to combine the two different sets of equations into a single set was orig-
inally proposed by Martin et al. (2019). Their approach is based on the empirical
comparison between the two sets of equations, creating a generalized set of equa-
tions valid in both regimes. Dullemond, Kimmig, & Zanazzi (2022a) were able to
physically derive the same set of equations from a consideration of the sloshing
motions, proving the validity of this set:

G - = L (- o\ . ZHFPOP oI 3, -
[9G .7
8_2 - _ gi or (2.11)
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This set of equations can be transformed into the respective set in the limit of each
regime by taking the appropriate assumptions. For details of this transformation
I refer to Martin et al. (2019). In comparison to the wave-like set of equations,
the generalized set is the same, with some additional terms that I will discuss in
detail.
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(2.10)

(2.11)

The evolution equation of the internal torque has two additional terms com-

pared to the wave-like set.

The fourth term on the left-hand side is one of these additional terms, and
actually differs between Martin et al. (2019) and Dullemond, Kimmig, &
Zanazzi (2022a), with the version in this work being the version of the lat-
ter. In Martin et al. (2019), this term reads + B2 (é . T) I and was introduced
to suppress an unphysical behavior of the surface density evolution that oc-
curs without this term. However, the parameter  was only introduced as
an effective viscosity to avoid this unphysical behavior and does not have
a profound physical meaning. Dullemond, Kimmig, & Zanazzi (2022a)
found the reason behind the unphysical behavior: Without this term, the
equations do not take into account the change in the orbital plane during
the evolution, therefore the internal torque vector G becomes slightly mis-
aligned over time, causing the surface density to behave unphysically in
such a model. Therefore, they added this fourth term on the left-hand side
in Equation 2.10, which accounts for the rotation of the orbital plane. In
other words, it rotates the internal torque vector according to the change of
the orbital plane.

The other additional term is the second term on the right-hand side. This
term corresponds to the viscous stress in the disk and is especially impor-
tant for the viscous evolution of the surface density. When dividing the
whole equation by a() (in order to scale the internal torque as suggested
by the third term on the left-hand side), this second term on the right-hand
side becomes identical to the viscous stress in typical models of planar (=un-

warped) disks, see Equation 1.21.

In comparison to the wave-like set, the surface density is now allowed to
evolve. The term on the right-hand side describes the evolution of the sur-
face density due to the internal torque. This additional term is derived from
the mass and angular momentum equations, obtaining a radial velocity de-
pending on the internal torque
G . T
vy = —9 (2.13)

a er(grQ) .

Details of the derivation can be found in Martin et al. (2019). Physically, this
evolution has both the contribution from the viscous evolution (because of
the last term in Equation 2.10) and the contribution from the misalignment

of neighboring orbits (all other terms in Equation 2.10).



50 CHAPTER 2. WARPED DISKS

(2.12) This equation has one additional term compared to the wave-like set, which
is the first term on the right-hand side. As for the evolution of the surface

density, this term results from the radial velocity given in Equation 2.13.

This generalized set of equations is useful for protoplanetary disks, especially
when considering the long-term evolution, because it includes the evolution of
the surface density. Additionally, because this set of equations is valid in both
regimes, it also includes the parameter space of « ~ Hp/r, which can be impor-
tant for some protoplanetary disks. Throughout the years, there have been many
analytic studies aiming at extending the model more toward the non-linear ef-
fects that are currently not captured in these one-dimensional equations (Ogilvie,
2006; Paardekooper & Ogilvie, 2019; Fairbairn & Ogilvie, 2021a,b). This shows
that there is more work to be done.

This one-dimensional view on the warp evolution is extremely useful to un-
derstand the physical mechanisms behind the evolution. Many works compared
the results of this one-dimensional models to results from three-dimensional hy-
drodynamic models using SPH. Overall, the one-dimensional models compare
well with the three-dimensional results (Lodato & Pringle, 2007; Lodato & Price,
2010; Nealon et al., 2015; Deng & Ogilvie, 2022; Fairbairn & Ogilvie, 2023). How-
ever, the one-dimensional treatment remains a simplified view and may not be
able to accurately describe the warp evolution in all cases. Additional effects,
such as cooling from shadows in the disk (Qian & Wu, 2024), can also influence
the evolution of warped disks. In most models, this effect is not yet taken into
account. All in all, it is useful to investigate the evolution of warps in three-
dimensional models, which is a part of my work in this thesis.

2.4 Observational implications of the warp evolution

The relatively fast evolution of warped disks can have great implications on ob-
servations of warped disks. The wave-like evolution and possible precession
can cause shadows to move, and if the timescales are short enough, the shadow
movement may be possible to observe within the lifetime of a human (Pinte et al.,
2023). The movement of shadows depend on the geometric properties of the
warp (Facchini et al., 2018; Pinilla et al., 2018; Nealon et al., 2020b).

This is of particular interest to the research community of protoplanetary disks,
since shadow movements have been observed in a few systems. For example,
Debes et al. (2017) found a significant movement of the shadow in the disk around
TW Hya in scattered light observations within just one year, as shown in Fig-

ure 2.11. Fast-moving shadows were also observed for example in HD 135344B
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(Stolker et al., 2017) and MWC 758 (Ren et al., 2020). Whether the fast shadow

evolution is indeed linked to warp evolution is a matter of ongoing research.

Figure 2.11: The movement of the shadow in the TW Hya system between
scattered light observations (A = 0.5 um) taken several months apart (left
column in 2015, right column in 2016). The bottom row shows the ob-
served flux after substracting the azimuthal mean value of the flux. Credit:
NASA, ESA, and |. Debes (STScl).

Because of the internal processes in warped disks, especially the radial slosh-
ing motions, the evolution of warps can also have a great influence on kinematic
observations of disks. Distinguishing warps from other effects can be challenging
(Zuleta et al., 2024).

It is therefore important to use the results from models of warp evolution to
investigate the observational signatures of warps. This can be done in synthetic
observations, which can be created using radiative transfer models. In the next

section, I will introduce the idea behind these models.
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2.5 Radiative transfer models

The purpose of radiative transfer models is often to create images of simulations
as if they were observed by telescopes (so-called synthetic observations). These
synthetic observations enable a thorough comparison between real observations
and theoretical models. The basic idea behind synthetic observations is tracing
light rays from their source to the hypothetical observer. In the case of protoplan-
etary disks, the light source are usually the central stars. However, depending
on the temperature of the disk and the synthetically observed wavelength, the
disk itself can become a light source due to its thermal radiation. The light of the
central star irradiates the disk with emission peaking at visible and near-infrared
wavelength. This light can either be scattered by the disk or absorbed and re-
emitted at a lower wavelength of the dust equilibrium temperature. Radiative
transfer models calculate for each these light rays from the star how it is scattered
and/or absorbed.

Synthetic observations are not the only application of radiative transfer. In
astrophysical systems, radiation is usually a key ingredient for the heating and
cooling of the system, dictating its temperature. Additionally, radiation causes
ionization of gas in astrophysical systems, which influences the chemical compo-
sition. This is why radiative transfer, also called radiation transport, is a major

aspect of astrophysics.

>

observer

Figure 2.12: A possible path of a photon from a light source to an observer,
scattered multiple times by material along the way.

The basic idea of radiative transfer might seem simple, but the true problem is

highly complex. The radiative transfer problem contains seven dimensions: the
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three spatial coordinates, the travel direction of the light which can be described
with two angles, the frequency of the light, and the time. All of these param-
eters need to be taken into account to accurately describe the radiative transfer
process. Additionally, the radiative transfer problem depends on the distribu-
tion and properties of the matter which the light is traveling through, because
the light interacts with the matter through absorption, re-emission and scattering
(indicated in Figure 2.12). In cases where the radiation also affects the state of the
matter in the astrophysical system, the problem gains even more complexity. It is

therefore challenging to solve straight-forwardly.

The formal radiative transfer equation

To solve the radiative transfer problem, it is important to understand the interac-
tion of the radiation with the medium. Along the path of a light ray, this interac-
tion can remove or add radiation to the ray, or change the ray’s direction through

scattering.

Radiation can be removed from a light ray by absorption of photons. This
process is called extinction. The absorption of photons a random process that de-
pends on the properties of the medium. We can describe the extinction properties
of a medium with the absorption coefficient «,, which is defined as the inverse of
the mean free path, the average path a photon can travel before being absorbed.
It depends on the frequency of the light v. This absorption coefficient depends on
the density of the medium a, = px,, where x, is called mass-weighted opacity
(or often simply called opacity). The opacity depends on the wavelength and ma-
terial properties, for example the shape and temperature of the optical medium.
For details about the opacity relevant to protoplanetary disks, see Dominik et al.
(2021). We can quantify the absorption along a path s of a light ray with the
integral over the absorption coefficient

T, = /oc,/(s)ds. (2.14)

This quantity 7, is called optical depth. A larger optical depth means a stronger
absorption, thus less radiation is transmitted through the medium. In this case,
specifically for T > 1, the medium is called optically thick. Vice versa, a medium
with T < 1is called optically thin.

Radiation can be added to a light ray if the medium is emitting photons. The
emission can be quantified in the emission term j,(s). As both absorption and

emission can change the intensity I, of a light ray along the way, we can establish
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the formal radiative transfer equation (see e.g. Rybicki & Lightman, 1985)

=[5, 1], (2.15)
with the source function S, defined as Sy, = j,/ay. If the medium is in local
thermodynamic equilibrium (LTE), which means that the medium locally emits
the same amount of energy as it absorbs, the source function equals the Planck
function S, = B,(T). This is called Kirchhoff’s law (Kirchhoff, 1860). At this point,
let us recall the Planck function

2hv3 / c?

BV(T) = th/kBT _ 1/

(2.16)
where v is the frequency of the light, T the emission temperature,  is the Planck
constant, c¢ the speed of light, and kg the Boltzmann constant. Kirchhoff’s law
is not always applicable as the condition for local thermodynamic equilibrium is
not always met in astrophysics. However, where it is valid, the radiative trans-
fer equation simplifies, as it then states that the intensity will asymptotically ap-
proach the Planck function.

In addition to the absorption and emission, light rays can change their direc-
tion through scattering events, which complicate the radiative transfer problem
as photons are no longer easily traced back to their origin. These scattering events
usually occur because of dust particles. The simplest scattering is the case of
isotropic scattering, where each new direction after the scattering event is equally
likely. However, most dust particles lead to anisotropic scattering, usually where
small scattering angles compared to the former direction are preferred. This phe-
nomenon is called forward scattering. The likeliness of scattering angles can be ex-
pressed in scattering phase functions, which highly depend on the properties of
the dust particle, such as particle size, chemical composition, and porosity prop-
erties. The scattering phase function of the dust in a medium has a great influence
on the opacity. Obtaining the phase function for a specific dust composition is far
from trivial. Discussing details of the phase function in detail would go beyond
the scope of the thesis, I thus refer for example to Bohren & Huffman (1983).

In astrophysics, it is often not obvious which kind of dust can be present in a
system. This makes the comparison of observations with synthetic images even
more difficult. An often assumed dust composition is the DIANA standard model

(Woitke et al., 2016), a mixed composition of carbon and a pyroxene silicate.
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Computational methods for radiative transfer

The complexity of the radiative transfer problem requires a numerical approach
to solve it. There are multiple methods to do this, and discussing them in depth
would go beyond the scope of this thesis. Therefore, this section only gives a
broad overview.

In general, two classes of methods can be distinguished: classical and stochas-
tical methods. Classical methods approach the problem by numerically discretiz-
ing the radiative transfer equation, often using iterative computational schemes.
This is the most straight-forward way of tackling the problem, but usually re-
quires a very long computation time (so-called “expensive simulations”). Clas-
sical methods can be feasible if symmetries of the astrophysical system can be
exploited, such as the spherical symmetry of a stars. For example, the Feautrier
method (Feautrier, 1964) makes use of such symmetries and can re-write the ra-
diative transfer equation in the form of a second order ordinary differential equa-
tion. This makes this method easy to implement and stable, but it needs to be
limited to very few discrete points for the discretization, as the computation time
scales with the cube of the number of these points. An approach to reduce the
computation time is a method called Accelerated Lambda Iteration (ALI, Rybicki &
Hummer, 1991), which is treating the dependence of the intensity on the source
function as an operator (Cannon, 1973) that can be determined iteratively. How-
ever, the convergence of the iteration can be slow depending on the properties of
the simulated system.

Stochastical methods provide a completely different approach to solving the
radiative transfer problem. These methods do not solve the radiative transfer
equation directly, but mimic the random path of photons through the medium.
Because this random walk is modeled by drawing random numbers from distribu-
tions, these methods are commonly referred to as Monte Carlo techniques (Niccol-
ini et al., 2003; Pinte et al., 2006). The basic concept of Monte Carlo methods is to
follow a photon, which is emitted from a light source and travels some distance
before it is scattered by interaction with the medium. Because it is not efficient to
follow the path of single photons, they are usually bundled together in so-called
photon packages that coincidentally experience the same interactions. For each
interaction, the new travel direction is then randomly determined. Likewise, the
length between interactions is determined randomly, but is related to the optical
depth of the medium, which determines the mean free path of a photon pack-
age. Absorption and possible re-emission can also be taken into account by these
methods.
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Monte Carlo methods have some significant advantages over classical meth-
ods. For example, no convergence through iteration is necessary and it can be
applied to highly complex geometries, taking into account the full dimensional-
ity of the problem without increasing the computation time. Additionally, the
energy of the photon packages is well defined and each package is traced from
beginning to end. This means that the energy is conserved well, as it can not be
accidentally lost in the process. There is one disadvantage compared to classical
methods, as a photon package can be caught up in an optically very thick re-
gion, where it can only travel tiny distances before interacting with the medium
again. This can lead to a zigzag path of millions of interactions before being able
to leave the optically thick region. However, this can be avoided with advanced
methods (Min et al., 2009; Robitaille, 2010). Due to the strong advantages, Monte
Carlo techniques are usually the method of choice for solving radiative transfer
problems in astrophysics.

Q) astrophysical mediun b) astrophysical medium

grid grid

>

observer

Figure 2.13: Two-step process to create a synthetic observation using the
Bjorkman & Wood (2001) method. a) Path of an example photon pack-
age (orange dashed line) through an astrophysical medium contributing
to the source function in the grid cells. b) Creating an image after deter-
mination of the source function using volume rendering. The radiative
transfer equation is integrated along light rays originating from behind
the astrophysical medium with respect to the observer (orange arrows).
Figure inspired by Dullemond, 2012.

One of the most commonly used Monte Carlo methods is the Bjorkman &
Wood (2001) method (Figure 2.13, panel a). The idea of this method is to de-
termine the source function S, to calculate the temperature of the medium. For
this, the medium is discretized with a grid and the photon packages can inter-
act with the medium contained in these grid cells. The photon packages are sent
out from a light source, and the initial frequency of each photon package is ran-
domly drawn from a probability function. Each package then travels through the
grid and performs random scattering interactions, as well as absorption and re-

emission. An absorption and re-emission event can be treated very similar to a
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true scattering event, only that the frequency of the photon package can change
as well. This new frequency is again determined from a random distribution, in
a way that was brought up by Bjorkman & Wood (2001). The difference in en-
ergy between the old and the new frequency remains in the grid cell where the
photon package experienced this interaction. This can be used to determine the
temperature of the medium consistently, which is a huge benefit.

However, with the Bjorkman & Wood method, only cells that have experi-
enced such interactions with a photon package contain energy, which can lead
to discontinuous temperatures, especially in optically very thin regions. To im-
prove this, the so-called cell-volume method by Lucy (1999) is often used to obtain
a smooth source function. The idea behind the cell-volume method is that a frac-
tion of the photons contained in a photon package could interact with the ma-
terial in cells along the straight path of a package. Here, the full package does
not interact with the cell, meaning that it does not get scattered, but it distributes
a part of the energy smoothly among the cells it traveled through. This enables
a proper determination of the temperature even in optically thin regions. This
combined method is for example used in the commonly used radiative transfer
code RADMC-3D (Dullemond et al., 2012).

Once the source function is determined through this combined method, ra-
diative transfer images can be computed through volume rendering. This is done
by integrating the radiative transfer equation along rays originating from behind
the medium we want to render. This process is indicated in Figure 2.13, panel b.

The resulting image usually gives a good impression on what the astrophys-
ical system would look like if observed. However, synthetic observations ob-
tained this way can not directly be compared to real observations, as the reso-
lution on real observations is limited by the architecture of the instruments and,
for ground-based instruments, also by atmospheric effects. In order to enable a
quantitative comparison, the synthetic images are usually convolved with a point
spread function to mimic these limiting effects and create images as if they were
observed with a specific telescope. Evaluating synthetic observations without

convolution can however be appropriate for qualitative results.
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CHAPTER 2. WARPED DISKS



Warped disk evolution in grid-based simulations

This chapter is based on the paper Kimmig & Dullemond (2024) published in
Astronomy & Astrophysics. I performed all simulations presented in this chapter
and carried out the analysis of the data. The main part of the text as well as most
tigures were created by me. Only Section 3.5 and the corresponding sections
in the chapter appendix, Sections 3.C and 3.D were written by my collaborator
C. P. Dullemond, with contributions from me. Figures 3.24, 3.25, 3.26, and 3.C.1
were created by C. P. Dullemond using the data from my simulations. I included
these parts in this thesis in order to provide a comprehensive view on the research

presented in this chapter.

3.1 Background

As more and more observations of protoplanetary disks become available (An-
drews et al., 2018; Andrews, 2020; Garufi et al., 2022, etc.), it is striking to note
how many of them display non-axisymmetric features, such as the bright arcs as
in HD 143006 (Pérez et al., 2018) or HD 135344B (Cazzoletti et al., 2018), spirals as
in MWC 758 (Benisty et al., 2015), narrow shadow lanes as in HD 142527 (Marino
et al., 2015) and in HD 135344B (Stolker et al., 2017), or the wide shaded regions
as in TW Hydra (Debes et al., 2017) and in HD 139614 (Muro-Arena et al., 2020).
Some of these asymmetrical features, in especially shadow lanes and wide shaded
regions, can be traced back to a misaligned part of the disk casting a shadow.
Several misaligned disks have been detected, for instance: HD 142527 (Casas-
sus et al., 2015), HD 100453 (Benisty et al., 2017), HD 143006 (Benisty et al., 2018),
DoAr 44 (Casassus et al., 2018), GW Orionis (Kraus et al., 2020; Smallwood et al.,
2021), KH 15D (Lodato & Facchini, 2013; Poon et al., 2021), and many more. Bohn
et al. (2022) specifically targeted disks with shadow features and measured the
misalignment angle between inner and outer regions of the disk by looking at

each disk in near-infrared (NIR) observations to probe the inner disk and sub-
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millimeter interferometric observations for the outer disk. Out of a sample of 20
disks, they found six disks with a significant misalignment and five disks show-
ing no misalignment, while the remaining nine disks could not be analyzed with
sufficient certainty based on the current data. A study by Min et al. (2017), involv-
ing analytical considerations of shadow locations, was used to deduce inner disk
geometries. To investigate the shadow morphology, Nealon et al. (2019) studied
shadows in synthetic scattered light observations. Nealon et al. (2020b) found
that shadows cast by a misaligned inner disk can move in time and appear to
rock back and forth depending on the misalignment angle and other disk geom-

etry properties.

Misaligned disks can be classified into so-called "broken disks" that have two
or more parts of the disk misaligned with respect to each other, and "warped
disks," which contain a continuous misalignment, meaning that all parts of the
disk are connected and the inclination angle changes with radius. The classifi-
cation is, however, not perfectly sharp as there can be objects falling in between
those categories or a mixture of both.

There are multiple mechanisms leading to the formation of misaligned disks.
In all cases, a misaligned component, either external, internal, or a mix of both, is
exerting a torque on the disk. In one scenario, a binary misaligned with respect
to the disk plane, gravitationally torques the disk. The misalignment can form in
a circumprimary or secondary disk with an outer companion (Papaloizou et al.,
1995; Zanazzi & Lai, 2018a), as well as in a circumbinary disk (Facchini et al.,
2013; Lodato & Facchini, 2013; Zanazzi & Lai, 2018b; Deng & Ogilvie, 2022). In
the case of an inclined outer companion, the disk can (under certain conditions)
precesses as a rigid body (Papaloizou & Terquem, 1995; Papaloizou et al., 1997)
or break (Dogan et al., 2023; Rabago et al., 2024). An inner companion can drive
a warp, leading to the alignment of the disk with the binary orbital plane (Fou-
cart & Lai, 2013) or polar alignment (Zanazzi & Lai, 2018b; Rabago et al., 2023).
The disk can also get warped if the companion is not bound to the system but,
instead, passing by in a so-called "fly-by" event (Clarke & Pringle, 1993; Cuello
et al.,, 2019; Nealon et al., 2020a). A misaligned planet can also cause a warp
(Nealon et al., 2018). This scenario is similar to the misaligned binary case, how-
ever with much smaller masses of the perturber. Such a misaligned planet could
have been captured by the star-disk system or kicked out of the disk plane by
N-body interaction with other objects, such as other planets or fly-by objects (Na-
gasawa et al., 2008). Late infall of material onto a disk could be another cause for a
warp (Kuffmeier et al., 2021). In this scenario, the infalling material adds angular
momentum with a different direction to the disk. Warped disks in combination

with infalling material have also been observed (Sai et al., 2020). Additionally,
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the warping of disks has been found to affect planet formation (Aly et al., 2021).

In warped disks, pressure forces occur that act to change the disk’s orbital
plane which means that a warped disk without a component driving the warp
is not static but evolves in time (Papaloizou & Lin, 1995; Papaloizou & Pringle,
1983). The type of evolution depends on the disk properties, namely, the viscosity
described by the Shakura-Sunyaev turbulence parameter, x; (Shakura & Sunyaev,
1973) and its thickness, or (more specifically) its aspect ratio h = hy /7, where hp
is the pressure scale height of the disk and r the distance from the star. Disks
with high viscosity compared to the aspect ratio a; > h evolve in a diffusive
manner. In this regime, the warp is directly dampened and dissipates (Pringle,
1992; Ogilvie, 1999; Lodato & Price, 2010). Disks with lower viscosity, namely,
ay < h, fall in the so-called wave-like regime. In this regime, the warp travels
as a wave through the disk with a wave speed of cs/2 (Lubow & Ogilvie, 2000;
Gammie et al., 2000; Ogilvie & Latter, 2013a,b). Over time, the warp is dampened
as well in this regime, if a; # 0. Because protoplanetary disks are known to have
low viscosities of a; = 107°-1073 (Manara et al., 2023), they typically fall into the

wave-like regime.

Historically, each evolution regime was described by a different set of equa-
tions for the warp evolution. Martin et al. (2019) were able to combine both equa-
tion sets to a generalized formalism. In their generalized set of equations, they
included a damping term in order to suppress unphysical features. This damping
term causes the equations to become stiff and challenging to solve numerically.
Dullemond, Kimmig, & Zanazzi (2022a, hereinafter referred to as DKZ22) were
able to derive the same set of equations from shearing box considerations and
found the reason for these unphysical features, as the equations need to take the
rotation of the orbital plane into account. They proposed an alternative, phys-
ically motivated term to correct for the orbital plane rotation. The generalized
equation set includes mass and angular momentum conservation, both of which

depend on the internal torque vector, G. The equations are as follows:

=22 0 T, (3.1)

=T. (3.2)

Here, T is the surface density, Q the Kepler orbital frequency and L = YR2O is
the angular momentum density, with [ as the angular momentum unit vector. The

internal torque vector G arises due to the misalignment of neighbouring orbits
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(DKZ22) and takes the form:
G [(K*—1\ .+ = A
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where x = Q./Q with Q. as epicyclic frequency. We note that we are using
the definition of the internal torque vector G and the notation following DKZ22,
which differs from the definition given in other works, for instance, Martin et al.
(2019) or Nixon & King (2016), by a factor of —1/r (see DKZ22, Appendix C).

As mentioned, the internal torque arises due to the misalignment of neigh-
bouring orbits. More specifically, the annuli are deformed (see DKZ22, Figure 9)
and, therefore, they put pressure on neighbouring annuli. This leads to a dynamic
surface where material flows radially inward and outward within one orbit. This
motion is called sloshing motion (DKZ22), often referred to as “resonant motion”
in the literature (Nixon & King, 2016). The sloshing motion is the main drive for
warp evolution.

Warped disks can be investigated in one-dimensional (1D) and three-dimen-
sional (3D) models. In 1D models, the disk is to split into concentric annuli. Each
annulus plane can be described by its normal vector, which is identical to the
angular momentum unit vector. This angular momentum unit vector can then
be updated following Equation 3.2. While 1D models offer a huge advantage
in regard to computation time, they are obviously simplified. Additionally, the
equations are derived from a linear approximation and contain additional as-
sumptions, for instance, about their Keplerity. Therefore, it is useful to model
warped disks in full 3D hydrodynamic simulations.

Three-dimensional simulations of warped disks are often performed using
smoothed particle hydrodynamics (SPH) models (Gingold & Monaghan, 1977).
However, the SPH method is usually implemented with an artificial viscosity
that allows for shock treatment (Monaghan, 2005). Simulations of disks mod-
eled in SPH need to have a disk viscosity higher than the artificial viscosity in
order to capture the physical processes accurately. Protoplanetary disks, how-
ever, are known to have a rather low viscosity (Pinte et al., 2016; Villenave et al.,,
2020), which means that a method able to model lower viscosities would be more
fitting. Additionally, in the most common SPH models, the resolution highly de-
pends on density. For a protoplanetary disk, this means that the surface of the
disk is always less resolved than its midplane. For warped disks, however, it
is advantageous to resolve the surface structures and dynamics well due to the

sloshing motion mechanism. More importantly, observations of protoplanetary
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disks often trace the surface layers, which is why accurate model predictions for
these regions are important.

In this work, we model warped disks in full 3D hydrodynamics using a grid-
based code. This way, we are able to model protoplanetary disks with low viscosi-
ties, without the resolution dependency on density or any other physical quantity.
However, we are aware that a grid can also cause numerical effects, as found by
Hopkins (2015), for instance (see Figure 8 therein). Thus, to minimize them, we
chose a spherical symmetry of the grid to take advantage of the disk’s symmetry.
As we still expect some numerical effects caused by the grid, we carefully tested
the set-up in the test case of a planar and smooth disk inclined with respect to
the grid geometry. Physically, this should give the same result as a planar disk
aligned to the grid geometry and allow us to compare and extract the grid effects.
A few studies used grid-based methods to model disks with out-of-plane features
before (Sorathia et al., 2013; Fragner & Nelson, 2010; Rabago et al., 2023, 2024).

This chapter is organized as follows. We describe our numerical set-up in Sec-
tion 3.2 and the investigation of the grid effects in the case of a disk tilted with
respect to the midplane in Section 3.3. We present and discuss the results of a
warped disk simulation in Section 3.4. In Section 3.5, we investigate the internal
torque and sloshing motion in the 3D simulation. We present our conclusions in
Section 3.6. Supplementary material is presented in the chapter appendix, Sec-
tions 3.A-3.C.

3.2 Numerical method

We performed 3D hydrodynamic simulations using the versatile code FARGO-
3D by Benitez-Llambay & Masset (2016). In our simulations, we used the im-
plemented hydrodynamics modeling a system, consisting of a central star and
a surrounding disk. For our purposes, we did not consider any magnetic fields
and, therefore, we did not use the magnetohydrodynamic features of FARGO3D.
Furthermore, we did not include any planets or other companions.

To take advantage of the system’s symmetry, we set up a model in spherical
coordinates. To save on computation time, we restricted the vertical computation
domain to a certain range, meaning that the poles of the grid sphere are cut off
(see Figure 3.1). Because we are planning to look at features tilted with respect
to the midplane of the grid, we need to consider a large enough regime in the

vertical direction.
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A 7>

Figure 3.1: Schematics of the spherical grid set-up in our simulations. The
poles are cut off in order to save computation time.

We set up a protoplanetary disk, where the surface density follows the follow-

ing power law:
—-P
r
E(r) = Xo (R—()) , (3.4)

with a slope, p, and reference scale, Ry. In FARGO3D, this reference scale is usu-
ally set to Ry = 5.2au, which we adopt in our models. In general, we assume
a locally isothermal disk, which means that the temperature structure does not
change in time. However, the temperature may very well vary within the disk
and is not constant as a function of distance to the star. We set the temperature
structure so that the disk is flared, such that the aspect ratio can be described as:

h(r) = ho <RLO> ﬂ, (3.5)

where h is the unflared aspect ratio and iy the flaring index. For most of our sim-
ulations, we adopt a globally isothermal model by choosing ig = 0.5. The initial
velocity in azimuthal direction is set to the Keplerian velocity, with a correction
term for pressure gradients.

In our simulations, we used reflective boundary conditions in the radial and
vertical direction, namely, we did not allow for any inflow or outflow. While this
gives the most control over the physics at the boundary, it is not very natural;
therefore this condition should be relaxed in future works. We used the imple-
mented wave-killing boundary conditions (de Val-Borro et al., 2006) to damp the
wave reflections, where the damping zones have a width of 10% of the grid edge
radius. We intentionally did not fix the ghost cells to an analytical extrapolation

at the boundaries (as this is not possible for the warped disk case).
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Aiming to investigate the capability of the code to simulate features out of
the grid plane, we set up a planar disk tilted with respect to the midplane of the
grid. For the rotation of the disk, we used the analytical initial disk model of the
FARGO3D code and inclined it using appropriate coordinate transformations. In
this way, we achieved a disk that is tilted with respect to the grid midplane (see
Section 3.3.2).

For the warped disk model, we used the same coordinate transformation, only
this time using a tilt angle depending on distance from the star instead of a con-
stant tilt angle. The function we use is inspired by Martin et al. (2019) (Equation
19 therein) and is expressed as:

. ) 1 r—r 1

i(r) = imax [— tanh (—Warp) + —] , (3.6)
2 "width 2

where imax is the maximum warp tilt, 7warp is the location of the steepest warp,

and ;g is the width of the warp transition. Depending on the disk tilt or warp

maximum inclination, we need to adjust the grid space in the vertical direction.

3.3 Investigating the grid effects

In this part, we aim to investigate the feasibility of simulating a warped disk
using a grid-based method, in our case FARGO3D (Benitez-Llambay & Masset,
2016). A warped disk includes features that do not align with the grid geometry;
more specifically, they are tilted with respect to the grid midplane. Such features
can increase the numerical friction compared to features perfectly aligning with
the grid geometry. To investigate the numerical influences of the grid on the
out-of-plane features, we first investigated the case of a planar disk tilted with
respect to the grid midplane. Physically, this is the same scenario as a planar disk
aligned to the grid midplane. Comparing a tilted disk to an untilted disk allows
us to extract the differences between both cases, which can only be caused by the
misalignment between disk and grid midplanes. In this way, we can achieve a
gauge for the grid effects.

In the untilted scenario, we would expect a standard viscous evolution. For
low viscosities, the timescale for viscous evolution is long enough so that we
do not expect the surface density to change much when looking at the short-
term evolution. In an ideal set-up, a disk tilted with respect to the grid midplane
should evolve in the same way. Intuitively, we might think the spherical coordi-
nate system is spherically symmetric and, therefore, it would not numerically in-
fluence the set-up. However, a spherical grid always includes directions, namely,

an equator and two poles. This means that because the orbital motion in a tilted
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disk is not aligned with the coordinate system, a gas parcel’s orbit vertically trav-
els through several grid layers: the orbit is below the grid midplane one side and
above on the other. This results in an additional numerical friction that influences
the simulation result. A similar study was qualitatively mentioned by Fragner &
Nelson (2010), who found that the numerical viscosity can drag the disk toward

alignment.

3.3.1 Untilted Reference Case

We first modeled the reference case of an untilted disk. We set up a disk with
mass Mgisk = 0.02 Mg, around a Solar-like star with a viscosity of a; = 1073, The
surface density parameter was set to £y = 209.2 g/cm? with a power law expo-
nent of p = 1. We note that in FARGO3D, the set-up is scalable so that the results
also apply to different mass and length scales. The disk ranges from rj, = 2.6 au
to rout = 26 au. We chose an aspect ratio at Rg of hy = 0.05, along with a flaring
index of ip = 0.5, and we set the temperature structure accordingly. In Figure 3.2,
we present the aspect ratio of the initial set-up, with both the analytical calcula-

tion according to Equation 3.5 (black dashed line) and a fit from our simulation

data (pink solid line).
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Figure 3.2: Aspect ratio (i.e., pressure scaleheight scaled with radius)
h(r) = Hp(r)/r of our initial set-up. The black dashed line is the analytical
calculation according to Equation 3.5, the pink solid line shows the Gaus-
sian fit from the initial set-up in our simulation. Gray dotted and dashed
lines indicate the reference radius Ry = 5.2 au and the corresponding ref-
erence aspect ratio g = 0.05, respectively.



3.3. INVESTIGATING THE GRID EFFECTS 67

For the fit of the aspect ratio, we used a Gaussian function to fit the vertical
density profile at each radius according to:

2
p(z) = poexp (—;ﬁ) , (3.7)
P

where pg is the midplane density, z the height above the midplane, and Hp, the
pressure scaleheight of the disk. We note that for simplicity, we used the radial
shells of the grid instead of extrapolated cylindrical radii to fit the Gaussian pro-
files. This means that the fitted (pink) curve is only an approximation, however,
it is sufficient for the purpose of double-checking our initial set-up. The parame-

ters we chose, namely, the flaring index of ig = 0.5, result in a globally isothermal
disk.
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Figure 3.3: Surface density (top panel) and inclination (bottom panel)
evolution of a disk aligned to the grid midplane. The color in the bottom
panel highlights the time. The simulation covers a time span of 6000 years,
which are 500 orbits at the reference radius, Ry = 5.2 au.
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We ran the tilted disk simulations for 500 orbits at Ry = 5.2 au, which trans-
lates to tior = 6,000 yr with one orbit being ty4,i; = 12yr'. For now, we set the
resolution of 80 cells in r-direction with the grid logarithmically spaced in r, 100
cells in azimuthal @-direction and 40 cells in vertical §-direction with a range of
—25.8° < 6 < 25.8°.

From the 3D simulations, we compute the surface density using;:

S(r) = /O " 0p(r,6) 7 sin(6) d6, (3.8)

where p, (7, 0) is the azimuthally averaged density of the disk. Figure 3.3 shows
the time evolution of the surface density (top panel) and the inclination (bottom
panel), defined as the angle between the angular momentum vector and the z-
axis. A detailed description of how we retrieve the inclination can be found in
Section 3.3.2.

As expected, the inclination remains zero throughout the whole simulation
which means the disk stays aligned to the grid midplane. The surface density
stays constant on our timescales, except for some deviations at the grid inner
and outer edge, due to the rigid boundary conditions. Because this is merely a

reference case, we did not investigate the deviations in detail.

3.3.2 Tilted disk

Next, we tilted the disk by ten degrees with respect to the grid midplane. In a first
test, we used the same resolution as in the reference case aligned to the midplane.
We set up the tilt in x-direction, meaning that the total angular momentum vector
of the disk points in direction of the x-axis, which means a rotation of the disk

around the y-axis. Figure 3.4 shows a cross-section of this set-up.

To retrieve the inclination angle, we determine the total angular momentum
vector for each radial shell L,. To achieve this, we transformed the cell coordi-
nates, as well as the gas velocities, from spherical to Cartesian coordinates. We

were then able to calculate the angular momentum vector of each shell using;:
I, — / o(r,6,¢) 7 x 7 % sin(0)d6d, (3.9)

where 7 is the gas velocity. We note that the resulting L, is given in Cartesian co-

ordinates as well. By normalizing L, we get the direction of angular momentum,

!Note: one actual orbit at 5.2 au is 11.858 yr, which we round up to 12 yr for simplicity.
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I, which we used to compute the inclination angle i using
i = arccos (T l;), (3.10)

where TZ is the unit vector of the z-axis with (0,0, 1).
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Figure 3.4: Cross-section through the initial tilted disk along the x-axis.

In addition to the inclination, we investigate the precession angle, which we
define as the clockwise angle between angular momentum vector projected onto
the x-y-plane and the x-axis. This definition gives an initial precession angle of 0°.

Figure 3.5 shows the surface density evolution, as well as the evolution of in-
clination and precession angle. The surface density shows a stronger pile-up at
the inner boundary and an adjacent density deficit, which we attribute to effects
caused by the reflective (rigid) boundary. We investigated this by running two
more simulations of the same tilted disk set-up, but using the outflow boundary
conditions at the inner edge in radial direction (as shown in Figure 3.6). Apart
from the boundary condtitons, one simulation has the exact same initial condi-
tions, while the other is set up with an exponential cut-off at the inner and outer
disk edges. In this comparison, we indeed see that the pile-up at the inner edge
is caused by the rigid boundary conditions and does not occur in the simulations
with inner outflow conditions. However, we observe that the inner region of the
disk shows a density deficit in comparison to the initial state ranging up to 5 au.
Interestingly, this seems to occur in all three simulations, which suggests that this
is not an effect caused by the inner boundary. We suspect that this effect could be
caused by an unphysical warp that we find in the simulation, which we discuss
later in this section. As we are mainly interested in the alignment with the grid,
we do not go into more detail here. We merely note that special care should be
taken when looking at the surface density evolution of the inner region in our

simulations.
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Figure 3.5: Similar to Figure 3.3, but for the a disk tilted by 10° with
respect to the grid midplane. The additional panel at the bottom shows the
precession angle of the disk. The grey dashed lines indicate the inclination
oscillation periods investigated in Figure 3.7.

In an ideal set-up, the inclination and precession angle should stay constant.
In our simulation (Figure 3.5), we see that the inclination decreases over time.
This means the disk is dragged by numerical effects toward an alignment with
the grid geometry. However, considering a total decrease of less than 1.5 degrees

over a time span of 6000 years, the result is surprisingly good.

The precession angle, however, shows a much stronger trend. During the sim-
ulated period of 6000 years, the disk precesses by approximately 75° in a counter-
clockwise motion (negative precession angle). Physically, the disk should not

precess; therefore, this is clearly an effect caused by the grid. The reason for the
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Figure 3.6: Surface density evolution of a tilted disk by 10° in simulations
with different boundary conditions. The top panel shows our fiducial set-
up with rigid boundaries, the middle is the same set-up, but with the out-
flow boundary conditions at the inner edge, and the bottom panel has an
exponential cutoff at outer and inner edge, in addition to inner outflow
boundary conditions.

effect could be numerical friction a gas particle experiences when traveling from
one cell to another. Because the disk is tilted, a gas parcel has to not only travel
through all cells in ¢-direction within one orbit, but additionally through several
layers in -direction. This increases the amount of numerical friction and might
cause the gas parcel to be slightly delayed in its motion through the 6-layers.
Therefore, a gas parcel arrives later at its original 6-height and the whole disk
shows a precession motion in the same direction as the orbital rotation; that is, in
our simulation, the orbital direction of the disk is counter-clockwise, as well as
the precession. This can indeed be explained by a delay in 6: The vertical motion
of the gas parcels in a tilted disk during one orbit can be considered like shift-
ing a Gaussian function up and down, similar to an advection. For advection
schemes, Icke (1991) investigated the phase-shift P due to numerical friction (see
their Equation 3.10). For P > 0, the phase is lagging, which means that the trans-
ported function is trailing behind the true solution. Icke (1991) found that the
investigated higher-order advection schemes resulted in this phase-lag, namely,
P > 0. Even though FARGO3D uses a different advection algorithm, it is likely
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this algorithm has the same problem when the resolution is too low. Our find-
ings agree with this hypothesis, that is, we are able to explain the precession we
find in our simulation with a phase-lag caused by numerical friction. Because
the numerical friction decreases when the resolution is increased, we expect the
precession effect to be reduced in higher resolutions. We describe how we tested
this aspect in Section 3.3.3.

In Figure 3.5, in addition to the decrease of inclination, we can also observe an
oscillation pattern. To investigate its cause, we took a look at the inclination pro-
files in different time steps. We chose the first and second period from maximum
to maximum, which is indicated by the grey dashed lines in Figure 3.5, bottom
panel. The first period roughly extends from 420 to 1140 years, the second from
1140 to 1860 years.

]

inclination [°

Figure 3.7: Inclination profile evolution during the first and second pe-
riods of the inclination oscillation. Each period is indicated by the color
scale from blue to yellow. The first period extends from 420 to 1140 years,
the second from 1140 to 1860 years.

Figure 3.7 shows the evolution of the inclination profile during these two pe-
riods with the time axis as a third dimension, where the color scheme from blue
to yellow indicates one period. We find that the inclination profile varies period-
ically, which can explain the oscillations in the averaged inclination angle for the
total disk. We find that the disk is not perfectly planar which would have a con-
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stant inclination profile with radius. This means that the disk in our simulation is
slightly warped and evolves in a typical wave-like warp evolution. We note that
the warping is modest and not caused by a physical effect but results from nu-
merical grid effects. The warp might arise due to the grid effects not having the
same strength at all radii. Because the orbital period is shorter at smaller radii,
the inner disk experiences more numerical friction than the outer disk in a given
time. As this is not a physical effect, we do not further investigate the evolution
of the warp. Additionally, it is rather modest and does not strongly interfere with
our evaluation of the grid effects. However, it can explain the oscillations in the
mean inclination of the total disk. We additionally suspect this to influence the

evolution of the surface density, as mentioned earlier in this section.

3.3.3 Different resolutions

In this section, we investigate the grid effects in different resolutions. We aim to
probe the influence of resolution in the three directions and therefore set up three
simulations: one with resolution doubled only in r-direction (we call this simula-
tion r_resolution), a second one with resolution doubled in ¢-direction (called
phi_resolution), and a third one doubling only the 6 resolution (theta_resolu-
tion). In a fourth simulation (high_resolution), we used a higher resolution in
all three directions: 160 cells in r, 200 cells in ¢, and 160 cells in 6. An overview

over the simulation resolutions is presented in Table 3.1.

Table 3.1: Resolutions in different simulations

Simulation name Cellsinr | Cellsing | Cellsin6
Fiducial (from Sec-

tion 3.3.2) 80 100 40
cells-per-scaleheight ) ) i
(cps) atr = 52au 1.7 cps 0.7 cps 2.2 cps
r_resolution 160 100 40
phi_resolution 80 200 40
theta_resolution 80 100 80
high_resolution 160 200 160

Figure 3.8 shows the inclination and precession in the simulations with vary-
ing resolutions. Looking at the inclination evolution, we find that the decrease of
inclination is weakest for the simulation high_resolution: Comparing the three
simulations with increase of resolution in one direction each, we find that the

grid effects are especially sensitive for resolution in 6-direction. The inclination
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oscillations become weaker and the overall decrease is less steep. Resolution in
the r-direction, however, shows no significant improvements, compared to the
tiducial set-up from Section 3.3.2.
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Figure 3.8: Inclination (top panel) and precession angle (bottom panel) in
simulations with varying resolutions in a disk tilted by 10° with respect to
the grid midplane.

We find that resolution in r and ¢ do not influence the precession motion.
However, higher resolution in # makes a large difference for the precession, as we
have already suspected in Section 3.3.2. In simulation theta_resolution, there
is almost no precession of the disk. This indeed confirms our suspicion that the
precession is mainly caused by friction of gas parcels that have to travel through
several f-layers because of the tilt. We note that simulation high_resolution is
slightly precessing in the other direction. However, this precession is still small
compared to the fiducial resolution.

Overall, we find that the grid effects get weaker for higher resolution, as ex-
pected. The oscillation of the inclination and precession angle we investigated in
Figure 3.7 becomes much weaker when increasing the 6-resolution. Higher reso-
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lution can severely increase the computation time. Doubling the resolution in all
three directions prolongs the computation by a factor of 16 (2> = 8 for the three
directions and an additional factor of two due to the decreased time step). How-
ever, the simulations we are investigating in this work are still feasible, because
we can take the advantage of multi-node GPU parallelization. For our purposes,
we find the grid effects of simulation theta_resolution to be sufficiently small.
Therefore we continued using this resolution for our investigations of a warped
disk, described in Section 3.4.

3.3.4 Dependence on viscosity
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Figure 3.9: Same as Figure 3.8, but for simulations using varying viscosi-
ties. The disks are still tilted by 10° with respect to the grid midplane.
The dotted lines show the same simulations with higher resolution in 6-
direction (corresponding to theta_resolution in Table 3.1).

To investigate the role of viscosity for the grid effects, we perform four fur-
ther simulations varying the viscosity parameter «;. For these simulations, we
use the initial low resolution (see Section 3.3.2). We keep the set-up exactly the

same except for the viscosity, which we set to [a; = 107°], ay = 1074, & = 1072,
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and a; = 10!, The fiducial simulation investigated in previous sections has a
viscosity of a; = 1073.

Figure 3.9 shows the evolution of the inclination and the disk precession in
those simulations. The simulations with &y = 107>, &y = 104, and &y = 1073
show a very similar behaviour with almost the same amount of decrease in incli-
nation and precession angle. For higher viscosities, however, the grid effects seem
to be much stronger. We investigated the same simulations in higher resolution
(corresponding to theta_resolution) and find that the grid effects significantly
decrease for all viscosities (dotted lines in Figure 3.9). However, the simulation
with the highest viscosity, a; = 107}, still shows slightly stronger numerical ef-
fects than the other simulations. This means that in order to accurately model
higher viscosities, it is even more important to consider a higher resolution. In
this work, we are mainly interested in viscosities of a; = 107> and lower and
therefore do not go into more detail here. It should, however, be kept in mind for

future projects.

3.3.5 Higher inclination

In order to study the grid effects for a different tilt inclination, we perform a
simulation of a disk tilted by 30° with respect to the grid midplane. For this,
we decided to use a higher resolution, namely, it is the same as in simulation
high_resolution. Since our disk is more inclined, we need to extend the com-
putation domain in 6-direction. In order to achieve the same resolution in 6 for
this case, we need more grid cells in 0. Table 3.2 shows the resolution comparison

between the two simulations. We kept the cell amounts in r and ¢ the same.

Table 3.2: Resolution comparison between different inclinations

. . Cells | Degree
Simulation name O min Omax in 0 per cell
high_resolution |-25.8° |25.8° | 160 0.322° /cell
30deg -43.0° | 43.0° | 264 0.326° / cell

Figure 3.10 shows that the inclination decreases by about two degrees over a
time span of 6000 years. We can roughly estimate the decay rate A = —1/i di/dt,
resulting in A = —2°/30° 1/(6000yr) = —1.1 x 107> yr~!. When comparing this
to the simulation high_resolution with A = —0.5°/10° 1/(6000yr), which are
—8.3 x 107 yr~1, we see that the decay rate for higher inclinations is higher.
We therefore expect the inclination decay not to be perfectly linear. For future

projects investigating higher inclinations, we keep in mind that more tests should
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be made. The precession of the disk varies a little, but the change stays within a
few degrees.

30

29

inclination [°]

28

precession [°]

0 1000 2000 3000 4000 5000 6000
time [yr]

Figure 3.10: Inclination (top panel) and precession (bottom panel) evolu-
tion of a disk tilted by 30° with respect to the grid midplane.

All in all, we find that the grid effects can be negligible for a high enough
resolution. The resolution we find is still feasible for full 3D hydrodynamic sim-
ulations. We therefore conclude that it is possible to simulate disks with out-of-
plane features using a grid-based method, when keeping in mind that grid effects
might play a role under certain conditions.

3.4 Warped disk

To investigate the warp evolution in 3D hydrodynamics, we set up an initially
warped disk around a single central star. We note that the shape of the warp is
not physically motivated by any formation scenario, as we are interested in the
evolution from that point on. The initial warp is given in Equation 3.6. Since we
did not include a misaligned binary or companion or any other external compo-
nent, the warp is not driven and will smooth out according to the warp evolution.
The initial maximum warp is imax = 10°. We locate the warp to rwarp = 10.4au
with a width of g4, = 2.6 au. For the resolution, we chose 80 cells in r, 100 cells
in @, and 134 cells in 0 with an extend of —43° < 6 < 43°, which keeps the
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cells-per-scaleheight ratio the same (i.e., 4.4 cps at r = 5.2 au) as in the simulation
theta_resolution in Section 3.3.2. We chose this to keep the computational time
short so we can perform multiple simulations. We performed one high-resolution
simulation doubling the resolution in all three directions and find that the quali-

tative results are the same. Our evaluation of this high resolution simulation can

be found in Appendix 3.A.
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Figure 3.11: Cross-section of the initial warped disk along the x-axis.

Figure 3.11 shows a cross-section of this initial set-up. Except for the warp-
ing of the disk, all parameters are the same as in our previous simulations (see
Section 3.3.1). We again chose a turbulence parameter of a; = 107> and therefore
expected a wave-like evolution of the warp, as h > ;. In the following sections,
we investigate the evolution of the inclination profile, as well as the precession
profile (=twist) of the disk. We expected the profiles to depend on the radius,
therefore, we do not consider at the radially averaged inclination and precession

angle.

3.4.1 Inclination profile

We first investigated the evolution of the inclination profile in detail. In Figure
3.12, we show its evolution. In this figure, the wave-like behavior is evident and is
visible as a standing wave of the global bending modes superimposed on a global
mean tilt of the disk. This mean tilt of the disk does not visibly decay, although
we expect it to decay slowly due to numerical effects. The warp amplitude is
dampened over time. Over the first 6000 years (500 orbits at Rp), the disk does
not reach the planar state.
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inclination [°]

Figure 3.12: Evolution of the inclination profile in the warped disk simu-
lation. The color simply highlights the time.

To investigate the damping of the warp, we continued running the simulation
up to 2.4 x 10* yr (2000 orbits at Rp). Figure 3.13 shows this long-term evolution.
The warp is dampened so that we end up with a nearly planar, but spatially tilted
disk.
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Figure 3.13: Long-term evolution of the inclination profile in the warped
disk simulation.
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Figure 3.14: Decay of inclination in the warped disk simulation. We chose
to evaluate the inclination close to the outer edge at a radius of 22.5au. The
black line shows the simulation data, the blue dashed line the fit. The grey
dashed line indicates the starting point of the fit.

In Figure 3.14, we investigate the warp wave period and inclination damping
in more detail. We chose a radius close to the outer edge of the disk at ¥ = 22.5au
and fit the inclination evolution at this point with an exponentially decaying co-
sine function of the form:

f(t) = Acos(wt —b) exp(—At)+c+dt, (3.11)

with amplitude parameter, A, frequency, w, and decay rate, A. We allow for a
phase shift, b, in the cosine function, an offset ¢, and a linear damping in overall
inclination with 4.

Our fit gives a wave frequency of w = 0.008 yr—!, which leads to a warp wave

period of
27

P = = 757 yr. (3.12)
We can make an estimate of the period from linear theory in the following way.
The wave speed of the warp wave is approximately half the sound speed in the
disk vy, = cs/2 (Lubow & Ogilvie, 2000). Because we are investigating a globally
isothermal set-up for now, the sound speed is ¢s = 653 m/s everywhere in the
disk. We find that the warp wave behaves similarly to a standing wave, with a

wave length of twice our radial disk regime A,, = 2Ar = 44.8 au. The estimated
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period then is

A 2Ar
Plinear theory — U_W = 2 = 657 yr. (3.13)
w s

We note that this is the same as the sound-crossing time t; = Ar/cs. This means
that the period in our simulation is in agreement with linear theory.

In our fit, we find a decay rate of A = 8.9 x 10> yr‘l, which results in a mean
lifetime of the warp of T = 1/A = 1.1 x 10*yr. Linear theory gives a rough
estimate of the warp damping timescale with Tinear theory = 1/ (xQ)) with Q) as
Keplerian frequency. (see e.g., Nixon & King, 2016). If we choose the Keplerian
frequency at the outer edge of our disk, this results in Tjnear theory = 2.1 X 104 yT,
which agrees within a factor of 2 with the findings in our simulation.

From our fit, we also get the mean tilt of the disk (c in Equation 3.11) at our
chosen radius, which is 7.7°, and the damping of inclination d, which we find
to be —3 x 102 yr~!, which gives a total inclination loss over the simulated
2.4 x 10*yr of 0.74°. This loss of mean inclination is a numerical effect as also
found in Section 3.3.2. It is also interesting to note the amplitude from the fit,
with A = 1.6°.
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Figure 3.15: Inclination evolution of the warped disk in comparison be-
tween the 3D set-up in FARGO3D (left panel) and the 1D set-up in dwarpy
(right panel). For comparability, we plot until 240 years of simulated time.
Note that the computational domain of the 1D simulation is well beyond
the outer edge of the figure.

We went on to compare the 3D hydrodynamic simulations to a 1D model of
warped disks. For the 1D model, we split the disk into concentric annuli and
assign each annulus an angular momentum vector that determines the orbital
plane of the annulus. This way, we have a 1D parametrization for a 3D object.
The angular momentum vector can be updated using Equations 3.1-3.3. We set
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up the parameters in the 1D model the same parameters as in the 3D model. For
this, we use our 1D warped disk evolution code dwarpy (Kimmig et al. in prep).
In Figure 3.15, we find a good agreement between 3D and 1D simulations on
short timescales. On longer timescales, however, the 1D model shows a larger
amplitude of the warp than the 3D simulation, as shown in Figure 3.16. This
might be due to boundary conditions, as we used rigid boundaries in the 3D
simulation and open boundaries in the 1D model, as dwarpy is primarily tested
with these conditions. In addition, these open conditions help to avoid a torque
from the boundaries acting on the disk. However, the wave-like nature of the

inclination evolution is still apparent in the 1D model.

inclination [°]

20
&) “25 O

Figure 3.16: Same as Figure 3.12, but for the 1D model with dwarpy.

3.4.2 Twisting of the disk

In our 3D simulation, we notice a precession motion within the disk, which does
not occur in the 1D model for the wave-like regime. The 3D disk shows a differ-
ential precession, meaning that the disk precesses differently depending on the
radius, which we call a twist. In this section, we investigate the twist in more
detail. We aim to find out whether the twist is caused by numerical or physical
effects.

At first, we look at the total angular momentum of the disk. We find that its
absolute value decreases about 0.5 % in the time span of 6000 yr and 2 % in the
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time span of 2.4 x 10*yr. Evaluating the total angular momentum of the planar
reference case from Section 3.3.1, we find that the planar disk’s absolute angular

momentum also decreases by about 0.5 % in the time span of 6000 yr.

t=0yr
— t=2.4-10%yr

Lx [9 cm?]/s
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Figure 3.17: Direction of the total angular momentum vector in the be-
ginning of the simulation t = 0yr (grey dashed line) and in the end
t = 2.4 x 10*yr (solid black line). The line connecting the two arrows
indicates the time evolution with darker color the later the time.

Figure 3.17 shows that the direction of the total angular momentum vector
slightly changes over a time span of 2.4 x 10* yr, which are 2000 orbits at Ry. The
angle between the vectors at the beginning and the end of the simulation is 4.6°.
We suspect that the change in direction occurs due to numerical effects. While
FARGOB3D is programmed such that it conserves azimuthal angular momentum
to machine precision, this mainly applies to components perfectly aligned with
the grid geometry. We suspect the change in angular momentum we observe
in Figure 3.17 to be caused by the fact that the numerical scheme does not ac-
count for tilted motions. On a timescale of 6000 yr (inclination evolution in this
time span plotted in Figure 3.12), on which we find a significant twisting of the
disk, we find the angular momentum vector to change on an angle of only 1.2°.

Notably, the total angular momentum vector does not show any oscillatory be-
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Figure 3.18: Twist motion in the warped disk simulation. Top row: Unit
angular momentum vectors close to the inner (left panel) and outer (right
panel) edge of the disk for the first t = 6000yr. Similar to Figure 3.17.
Middle row: x-y components of the unit angular momentum vector at the
same radii as in the top row, but only for the time period between 300-390
orbits at Ry, chosen to roughly show 1.5 precession periods. The direction
of the precession is indicated by the arrows. x-markers show the begin-
ning of the plotted time, squares the end. Diamonds indicate the middle
of this time period (45 orbits after the x-markers). Bottom row: Same as
middle row, but for various radii, plotted with an offset of r/(60au) in
y-direction to disentangle the twist at different radii. The stars show the
l+-I, components at a snapshot at t = 3696 yr (308 orbits at Rp), which
shows a twisted state in the time evolution.
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haviour. In spite of the slight changes in angular momentum, we can argue that
the changes are small and, therefore, the total angular momentum is reasonably
well conserved, both in direction and in absolute value.

We plot the twist of the disk by showing the evolution of the unit angular mo-
mentum vectors at different radii in Figure 3.18. The angular momentum vectors
are extracted from the 3D simulation using Equation 3.9.

A twist occurs when the unit angular momentum vectors point in different di-
rections. In the top row of Figure 3.18, we show the time evolution of the vectors
close to the inner disk edge (left) and close to the outer edge (right). We inten-
tionally did not choose the exact disk edges to avoid potential boundary effects.
The disk quickly twists and, after some time, the vectors precess in almost perfect
circles.

To investigate this motion more closely, we chose a point in time (300 orbits
at Rp) at which the circles are already developed and plot in the middle row one
and a half periods from that point on. Here, we only plot the x- and y-component
of the unit angular momentum vector I,. We find the period to be roughly 60 or-
bits. We see that both the inner and the outer part precess clockwise. However,
because the total angular momentum is conserved in direction (as seen in Fig-
ure 3.17), the directions counteract, which means that whenever the inner part
of the disk points in positive x- and/or y-direction, the outer part points cor-
respondingly in negative x- and/or y-direction. To see this, we indicate a few
corresponding times with the symbols in the plot.

In the bottom panel of Figure 3.18, we then plot more radial points in the disk,
each radius in a different color. We note that we offset the twist for each radius by
a factor of r/(60 au) in order to disentangle the circles. We chose a linear spacing
for the radial evaluation points. At all radii, the disk precesses clockwise, and the
counteracting of the directions can be seen in this plot in more detail. One part
of the disk always counteracts the precession of another part, so that the total
angular momentum is conserved. A clearly twisted state of the disk occurs for
example in the snapshot at 308 orbits, which is illustrated with grey stars.

We note that in the long-term evolution of the system, the precession is damp-
ened. This happens on the same timescale as the inclination of the warp is damp-
ened. Additionally, the precession period of the vectors coincides with the incli-
nation wave period.

To explore the origin of the disk’s twist — whether it is a numerical or physical
effect — we conducted a series of tests, which can be found in Appendix 3.B, and
we briefly summarize: The fact that the total angular momentum does not ex-
hibit any oscillatory motion led us to rule out the inner and outer grid boundary

as a cause for the twist. To investigate further, we performed a new simulation,
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pushing the outer boundary far away from the physical grid edge by applying
an exponential cut-off to the disk density. In this scenario, the outer boundary
is unlikely to influence the physical outer edge of the disk. However, even in
this case, the twist persisted. Furthermore, we performed 1D simulations to ex-
plore if the twist might be triggered by the initial conditions in the 3D simulation.
However, the 1D model failed to reproduce the twist observed in the 3D model.
This strongly suggests that the twist is indeed a 3D phenomenon. Interestingly,
a similar effect can be seen in SPH simulations of warped disks (R. Martin, priv.
comm.).

While we cannot be completely sure at this point, our tests indicate that the twist
likely arises from a physical cause rather than being a numerical artefact. We sus-
pect that specific terms neglected in the linearization process in deriving the 1D

equations play a role in why the 1D model cannot reproduce the twist.

3.4.3 Investigating a differently flared disk

In order to relax the assumption of a globally isothermal disk, we ran an addition-
ally simulation with a locally isothermal disk using a flaring index of ig = 0.25
(see Equation 3.5) and setting the temperature structure accordingly. We keep
all other parameters the same. A cross-section of the initial set-up is shown in
Figure 3.19.
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Figure 3.19: Cross-section along the x-axis of the locally isothermal
warped disk.

Investigating the inclination evolution, we find the expected wave-like behav-
ior, as shown in Figure 3.20.

The overall behavior is similar to the globally isothermal disk. However, there
seems to be an amplitude modulation with a period of about 4000 yr, which can

also be seen when we look at the inclination evolution at a specific radius (we
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Figure 3.20: Evolution of the inclination profile in the locally isothermal
warped disk. Like Figure 3.12.

chose r = 22.5au) as shown in Figure 3.21 (black line). This could be either a
numerical or a physical effect, which would require further investigation. This
would go beyond the scope of this work, thus we simply mention this observa-

tion at this point.
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Figure 3.21: Like Figure 3.14, but for the locally isothermal disk.

In Figure 3.21, we investigate the inclination decay rate according to Equa-
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tion 3.11 and find a decay rate of A = 1.3 x 10 *yr~!, which gives a mean
lifetime of T = 1/A = 7.7 x 103 yr. This is slightly shorter than the fitted mean
lifetime of the globally isothermal disk. For reference, linear theory gives an es-
timation of Tjnear theory = 1/(aQ)) = 2 X 10* yr, which does not depend on the
disk’s vertical structure. In future work, the influence of the vertical structure on
the warp lifetime could be investigated in more detail.

In Appendix 3.B, we investigate the twist of the locally isothermal disk. We
find that it still occurs, but the twist behavior appears to be more complicated
than in the globally isothermal case.

3.4.4 Different viscosities

We further test the dependence of the warp and twist on viscosity and perform
two additional simulations, using the same initial set-up but varying the original
ar = 1073 to lower (& = 107°) and higher viscosity (a; = 1072).
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Figure 3.22: Inclination evolution at radius r = 22.5au (black solid lines)
in simulations with different disk viscosities. The blue dashed lines indi-
cate the fit according to Equation 3.11. The middle panel corresponds to
the fiducial simulation and is the same as Figure 3.14.
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We plot the inclination evolution at a radius » = 22.5au (close to the outer
edge) of the simulations with varying viscosities in Figure 3.22 to investigate the
warp decay rates. We find that for a ten times higher viscosity (bottom panel),
the warp is dampened roughly ten times faster than in our fiducial simulation,
as expected by linear theory (recall Tinear theory = 1/ (xQ2)). For the low viscosity
simulation (top panel), the mean lifetime is longer than the fiducial simulation, as
expected. However, instead of the factor 100 predicted by linear theory, we find a
factor of roughly 4. This could mean that the simulation is influenced by numer-
ical viscosity and grid effects, or that additional effects play a role in dampening
the warp that are not taken into account in the derivation of the timescale esti-

mation. Investigating the reason here in detail would go beyond the scope of this

work.
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Figure 3.23: Precession angles for different radii (colored lines) in simu-
lations with different disk viscosities. The black dashed line in each panel

shows the precession angle of the angular momentum vector, Liot, Of the
whole disk. The grey dotted lines indicate precession periods of roughly
740 yr.

In Figure 3.23, we plot the precession angle over time for the three different
viscosities. Recall that we define the precession angle as the clockwise angle be-

tween x-axis and angular momentum vector projected onto the x-y-plane, giving
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an initial precession angle of 0° at all radii. We plot the precession angle at differ-
ent radii (colored lines). As a reference, we additionally plot the precession angle
of the total angular momentum vector (black dashed line) and note that it does
not oscillate.

In all cases, we find that the total angular momentum vector changes direc-
tion in time, which means that the disk overall precesses. This overall precession
is more pronounced in the high viscosity case, « = 10~2. This is not a physical
effect, but a result from grid effects, as explored in Section 3.3.4. A higher res-
olution would help keep the direction of the angular momentum conserved for
a longer time period. However, since we were mainly interested in the differen-
tial precession, namely, the twist, we did not perform additional simulations in
higher resolution at this point.

In all cases, we found a twist, which is dampened much faster for high viscos-
ity. The precession period is similar for all viscosities, as indicated with the grey
dotted lines in Figure 3.23, and roughly equals 740 yr. Despite the fact that parts
of the disk clearly precess, the total angular momentum direction does not oscil-
late. We take this as another indication that the twisting behaviour is physical,

although the reason for it is not clear yet.

3.5 Internal dynamics of the warped disk and origin

of the torques

3.5.1 Sloshing motions and internal torques

The internal torque responsible for the propagation of a warp through the disk is
primarily due to resonant horizontal internal gas motions (Papaloizou & Pringle,
1983; Papaloizou & Lin, 1995; Lubow & Ogilvie, 2000). We refer to these as “slosh-
ing motions” because they are caused by sideways pressure gradients due to the
warp (see Figure 5 of Ogilvie & Latter, 2013a), and behave very similar to a layer
of water on a tilted tray. For any snapshot of a 3D warped disk model, the internal
torque can be calculated as shown in Appendix 3.C.

A description of how these internal sloshing motions are driven, how they be-
have, and how they give rise to an internal torque, was given in DKZ22. There,
the authors used a variant of the local shearing box approach of Ogilvie & Latter
(2013a). After employing two linearization steps, they derived the solutions for
the sloshing motions, and from those obtained a generalized set of 1D warped
disk equations. With our 3D model, we can investigate how good these approx-

imate solutions for the sloshing motions are, as we can directly analyze the mo-
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tions of the gas inside the 3D disk and compare them to the predictions of DKZ22.

Of course, we are not the first to compare 3D warped disk models to 1D mod-
els. For instance, Nelson & Papaloizou (1999) performed 3D SPH simulations of
warped disks in both the wavelike and diffusive regime, and compared the re-
sults to 1D models. They also see the sloshing motions in their 3D models. In our
FARGO3D model in spherical coordinates, we have the advantage compared to
SPH models that we can study the disk many scale heights above the midplane,
where the densities are orders of magnitude lower than at the midplane. While
these regions do not contribute significantly to the internal torque, they may con-

tribute to observations of the disk.

3.5.2 Sloshing and breathing motions in the 3D model

To compare the internal dynamics of our 3D warped disk model with the local
shearing box approach of DKZ22, we chose a single annulus of the disk, namely,
we chose a radius, r, at which we performed the comparison. In DKZ22, the
global disk is assumed to be oriented such that the [ vector (the unit vector per-
pendicular to the disk annulus) at this radius points into the global positive z-
direction (see Figure 2 of DKZ22). Furthermore, the disk is oriented such that the
local warp vector 1) = dl/dInr points in the positive x-direction. To compare our
3D disk model, at radius r, with the local shearing box description of DKZ22, we
therefore need to rotate it to this configuration.

There is, however, a small numerical subtlety. The first rotation, putting [into
the positive z-direction, is a straightforward rotation around the % e, axis, where
e is the unit vector in the global z-direction. In our 3D model we perform this
rotation as a coordinate mapping using linear interpolation, and, of course, we
also rotate the velocity vectors accordingly. The second rotation, however, which
is the rotation around the z-axis such that 1 points into positive x-direction, can
cause numerical difficulties. This is because numerical noise can make the direc-
tion of the warp vector ¢ wiggle wildly at radii for which || < 1; for instance,
around radii where it flips sign. As long as we only study a single annulus of the
disk this is not a problem. However, when comparing the results of neighbour-
ing annuli, we might find major differences simply due to large differences in
horizontal (x-y) orientation. This is purely an artefact of the choice of horizontal
orientation. Since our disk model is initiated with a warp purely in the x-z-plane,
we chose, for this section, to omit the second rotation. The global orientation of
the model is close enough to the DKZ22 choice that we can perform our analysis.

We analyzed our model at time of t = 120 yr (10 orbits at Rp) at a radius of
r = 8.3au. We chose this point in time because the disk already had some time
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to relax and the internal torques are fully developed, but the disk system did not
have time yet to change much. At this moment, this disk annulus is inclined
with respect to the coordinate system by —3.8°. If we display the density in the
unrotated angular coordinates 6, ¢, this leads to the image Figure 3.24-left, where
the annulus looks wavy. If we remap this into a new, rotated, coordinate system,
the disk annulus becomes straight (Figure 3.24-right). We can see that the density
at the disk midplane has moderate maxima and minima. They are caused by
the vertical expansion and compression motion, called “breathing motion” by
Ogilvie & Latter (2013a).

Density at r=rp in midplane-frame

KW Density at r=rp in global frame

=Zz[r

n2-06
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-3 -2 -1 0 1 2 3
¢

Figure 3.24: Gas density of the disk annulus at ¥ = 8.3au at time t =
120 yr. The map is a standard (¢, 0) projection of the sphere of constant
distance to the star. The color scale is linear. Left: in unrotated coordi-
nates. Right: in rotated coordinates such that the disk annulus lies in the
equatorial plane.

In this new rotated frame, we can analyze the radial velocity v, (6, ¢), namely,
the sloshing motion, and the vertical velocity v;(6, ¢), namely, the breathing mo-
tion. These are shown in Figure 3.25. The Keplerian motion of the gas flows from
left to right (toward increasing ¢), which can therefore be regarded as kind of a
time axis, even though these figures show one snapshot in time. In the left panel it
can be seen that, as expected, the radial velocity v, (z, ¢) has consistently opposite
sign above/below the disk midplane. This is the sloshing motion that produces
the internal torque. Far from the midplane, this sloshing motion becomes super-
sonic. However, most of the torque is produced below about one scale height
(root-mean-square height of the disk above the disk’s midplane); that is, the grey
dot-dashed line in the figure, where the motions are subsonic, so that the torque

is presumably not much affected by the supersonic motions higher up. The grey
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lines in Figure 3.25 mark the vertical extend of the disk, that is, the root-mean-
square widths of the vertical Gaussian density profile. The lines become slightly
wavy due to the breathing motion causing the vertical compression and expan-
sion in the disk.

The right panel shows the vertical motion of the gas. In this figure, the sign
flips at the disk midplane as well, meaning that the motion is either expanding or
compressing the disk vertically (i.e., the breathing motions). These motions are
much weaker than the sideways sloshing motions, but they also become super-
sonic far above the disk midplane, leading to the formation of shocks where the

upward (blue) motion hits the downward (red) motion.

WWR Radial velocity (Sloshing mode) ] Vertical velocity(Breathing mag . .-' l

z/r
o
=

n2 -6

Figure 3.25: Gas velocity components in units of the local isothermal
sound speed at r = 8.3au at time t = 120yr, in the rotated frame (as
in Figure 3.24-right). The colors are linear between -1 and 1, and loga-
rithmic for |v/cs| > 1. Note: the isothermal sound speed c; is constant
at 0.66 km/s throughout each panel, consistent with a disk aspect ratio of
hy/r = 0.064. Left: Radial velocity (sloshing motion). Right: Vertical ve-
locity (breathing motion). The dot-dashed, dashed and dotted grey lines
mark the rms vertical extend of the disk (which would relate to the pres-
sure scale height in a steady-state disk), twice that, and three times that.
The grey areas below and above are the regions outside the model grid.

These results show that the sloshing and breathing motions predicted from
the linearized shearing box model (Ogilvie & Latter, 2013a, DKZ22) are indeed
occurring in the 3D warped disk model. And these velocities can be quite large,
close to or exceeding the sound speed, especially at two or more scale heights
above the disk surface. This may have relevant consequences for kinematic ob-
servations (using molecular lines) of warped protoplanetary disks.

In Figure 3.26 we show a vertical slice of Figure 3.25-left, at azimuth ¢ = 1.29.
The figure shows that the linear approximation of the sloshing motion v, (7, z,t) =
V;(r,1)Qz, which stands at the basis of all 1D warped disk models, appears to be
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a good approximation up to several scale heights at this radius and time. Devia-
tions do occur at some other radii and times, but overall they are minor.
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Figure 3.26: Radial gas velocity in units of the local isothermal sound
speed, at the same radius and time as in Figure 3.25, at azimuth ¢ = 1.29,
i.e., a vertical slice of that figure. The blue curve shows the data from
the 3D model, the orange curve a linear reconstruction using a slope com-
puted as in Appendix 3.D.

3.6 Conclusion

We performed 3D simulations of misaligned disks using FARGO3D (Benitez-
Llambay & Masset, 2016). To study the applicability of the grid-based code to
misaligned features, we set up a disk that is planar, but tilted with respect to the
grid midplane and compared the result to a planar disk aligned to the grid mid-
plane. The latter case has been studied extensively in previous works, therefore,
we used it as our reference case. Physically, the tilted case should lead to the same
results, meaning all deviations in the simulation result from grid effects, namely,
numerical friction. We find that grid-based methods can simulate misaligned
features surprisingly well, given a high enough resolution. We find the vertical

resolution (in 0) to be most important in terms of avoiding grid effects. Addition-
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ally, the minimum required resolution to accurately model misaligned features
depends on disk viscosity: for higher viscosity, a higher resolution is needed.
For future studies using high viscosities in grid-based methods, we recommend
performing resolution studies in these specific cases.

We set up an initially warped disk around a single star and we did not include
any component driving the warp. Evaluating the warp evolution in this isolated
system, we find the evolution to take on a wave-like character, as expected. Com-
paring the evolution to a 1D ring code model, we find good agreement in incli-
nation evolution. Looking at the twist of the disk, however, we find a significant
twisting in the 3D model, which is not seen in the 1D model. The absence of this
effect in the 1D model does not necessarily mean that it is an unphysical effect.
Looking at the total angular momentum of the whole disk, it does not precess
and, in fact, is conserved in both absolute value and direction, which indicates
the twist not to be caused by grid effects. Further tests, including a comparison
to 1D models and decreasing the importance of the outer boundary by moving
it away from the disk edge point to the same conclusion. For higher viscosity,
we observe a less pronounced twisting with a faster damping of the precession
motion. We suspect the twist to be a physical effect in the 3D warp evolution. The
reason why it is not seen in 1D models could be that the effect was neglected in
the linearization process.

Evaluating the internal dynamics in our simulation in detail, we find a slosh-
ing and breathing motion, as predicted in the local shearing box approach in
DKZ22. These motions are mainly responsible for the warp evolution and lead
to the generation of the internal torque. We find that the sloshing and breathing
velocities can become supersonic in the upper layers of the disk. Although the
upper layers do not significantly influence the warp evolution, since the internal
torque is produced close to the midplane, it may have a significant influence on

kinematic observations of warped disks.
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Appendices to Chapter 3

3.A High-resolution simulation of a warped disk

To check the dependency on resolution, we performed a simulation of our fiducial
warped disk set-up with a higher resolution. For this simulation, we doubled the
resolution in all three directions, which means 160 cells in r-direction (3.4 cells-

per-scaleheight at = 5.2 au), 200 cells in ¢-direction (1.6 cps at r = 5.2au), and
264 cells” (8.2 cps at r = 5.2 au) in -direction.

inclination [°]

Figure 3.A.1: Evolution of the inclination profile in the high-resolution

warped disk simulation. The color highlights the time. Similar to Fig-
ure 3.12.

2The resolution in § should actually have been 268 cells for a doubled resolution, but due to a

miscalculation, we set 264. However, we do not expect any significant changes in the result and
therefore decided not to run the simulation again.

97



98 CHAPTER 3. WARPED DISKS IN GRID-BASED SIMULATIONS

Figure 3.A.1 shows the wave-like behavior of the simulation. Like in the sim-
ulation with lower resolution, we see a global bending mode superimposed on
a global tilt. The bending mode appears as standing wave with a wavelength of
twice the radial disk regime.
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Figure 3.A.2: Decay of inclination in the high resolution warped disk
simulation. We evaluate the inclination at r = 22.5au. The black line
shows the simulation data, the blue dashed line shows the fit. The grey
dashed line indicates the starting point of the fit. Similar to Figure 3.14
(note the slightly shorter simulation time).

To evaluate the bending mode in detail, we fit the inclination evolution in the
outer part of the disk (i.e., at r = 22.5au) with Equation 3.11 (see Figure 3.A.2).
The fit parameters give an amplitude A = 1.6°, a frequency of w = 0.0083yr !, a
decay rate of A = 6.8 x 107° yr~!, a global tilt of ¢ = 7.7°, and a global (numerical)
inclination loss of d = —6.8 x 107%yr~!. These parameters indicate a period of
P = 750 yr and a mean lifetime of T = 1.5 x 10%yr.

In comparison to the fiducial resolution simulation, we find a slightly shorter
wave period and a slightly lower decay rate leading to a slightly longer mean
lifetime of the warp. However, the difference is small (much lower than one order
of magnitude) and we can therefore say that the two simulations are in good
agreement with each other. Unsurprisingly, we find a much lower inclination
loss, d, by one order of magnitude, which supports our assumption that these
differences are caused by numerical effects.

Additionally, we briefly evaluate the twisting of the disk in the high resolution
simulation, see Figure 3.A.3. For the plot, we chose the same time intervals as for
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the fiducial resolution. The twisting behavior of the disk stays the same and does
not seem to be strongly influenced by resolution.
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Figure 3.A.3: Twist of the disk in the high resolution simulation (like
Figure 3.18, bottom panel).

©
[=)
C
©
c
o
)
(]
9]
19
g
o
—— r=476au —— r=1322au r=21.56 au
—— r=6.82au —— r=1527au r=23.85au
— —— r=28.96au —— r=17.38 au ____ whole disk
e — r=11.12 au r=19.50 au (Ltot)
[0)
=)
C
©
C
o
)
w0
9]
19
I : : :
e high resolution
_40 i : : 1 : 1 1 1 1
0 2 4 6 8 10 12

time [103 yr]

Figure 3.A.4: Precession angles for different radii (colored lines) in sim-
ulations with different resolutions. The black dashed line in each panel

shows the precession angle of the angular momentum vector Ly of the
whole disk. The grey dotted lines indicate precession periods of roughly
740 yr. Similar to Figure 3.23.

Figure 3.A.4 shows the evolution of the precession angles at different radii,
as well as the overall precession of the disk in both the fiducial and high resolu-
tion simulations. The comparison clearly shows that the overall precession of the

whole system (negative slope of the black dashed line for the fiducial resolution)
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is an effect caused by numerical effects, as it does not decrease significantly in the
high resolution simulation. The twisting motion, however, is very similar in both
simulations, suggesting that it is not caused by numerical effects due to too low
resolution. The estimated period of the twisting motion of roughly 740 yr (grey

dotted lines) coincides with the fitted period of inclination evolution.

3.B Investigation the disk twist

In this section, we describe several tests we carried out to investigate whether the

twist we found in the warped disk simulation is a numerical or a physical effect.

3.B.1 Outer boundary

We first performed another 3D simulation where the outer boundary is far away
from the disk edge by applying an exponential cut-off to the density profile. In
this case, the grid edge is unlikely to influence the simulation.
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Figure 3.B.1: Set-up of a warped disk with the outer boundary further
away from the physical disk edge.

Figure 3.B.1 shows the initial set-up of this simulation. We keep the same
initial conditions as in the previous simulation of the warped disk, the only dif-
ference being the cut-off at r = 26 au in the density profile. As we enlarge the
radial space of the grid, we keep the number of cells in the disk domain (within
26 au) the same.

Figure 3.B.2 shows that we also find twisting of the disk. However, the fre-
quency is on a longer timescale than before. Evaluating the inclination evolution
of the disk in this set-up, we find that it also takes place on longer timescales,

namely, that the warp wave takes longer to travel through the disk. Again, the
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Figure 3.B.2: Twist of a disk with the outer boundary far away from the
disk edge, like Figure 3.18, bottom panel.

timescale of the inclination wave corresponds with the timescale of the twist fre-
quency. We find the reason for this to be the cut-off smoothing out on relatively
short timescales, as shown in Figure 3.B.3. This leads to the disk being slightly
larger, therefore, the timescale of the warp wave is longer. We suspect the reason
for this to lie in our initial set-up of the azimuthal velocity, as the smooth-out oc-
curs very quickly. In future work, this could be improved by accounting for the

density gradients in the initial set-up.
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Figure 3.B.3: Surface density of a disk with the outer boundary far away
from the disk edge (solid lines). The initial state of the fiducial simulation
is plotted as reference (dashed line).

However, the outer boundary is still unlikely to influence the outer disk edge
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in this simulation, because the density is very low outside of 26 au. The fact that
the twisting persists is an indication that the twist results from a physical process

in a warped disk.

3.B.2 1D models

To rule out the notion that the twist is an effect kicked off some time in the begin-
ning of the 3D simulation, we investigated the behaviour of a twist in a 1D model.
For this purpose, we take the twisted state at 308 orbits at Ry, which is t = 3696 yr
and use it as initial condition for a 1D simulation using our code dwarpy (Kimmig

et al., in prep).
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Figure 3.B.4: Evolution of the twisted state in a 1D simulation using
dwarpy in two different simulations. The initial state of the warp in
both simulations is taken from the twisted state in the 3D simulation at
t = 3696yr (308 orbits at Rp). The top panel shows the 1D simulation
with internal torque G extracted from the 3D simulation, the bottom panel

shows the same simulation, but internal torque G initially set to zero for
comparison. Details comparable to Figure 3.18 (bottom panel).

We performed two simulations using this state of the warp. In the first sim-
ulation, we used the internal torque extracted from the 3D simulation (see Ap-
pendix 3.C). To evaluate the difference it makes, we performed another simula-
tion setting the internal torque values initially to zero and let the 1D equations
take care of its evolution. The first case (with extracted internal torque) is shown
in Figure 3.B.4, top panel, the latter case (internal torque set to zero) in the bot-
tom panel. In both panels, the stars show the initial state of the unit angular
momentum vectors (same as the grey stars in the bottom panel of Figure 3.18).

The squares show the state at the end of our simulation time span, which we
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chose to be the same as plotted in Figure 3.18.

We find that the 1D model fails to recreate the circular motion of the unit
angular momentum vectors. The simulation with the initial torque set to zero
(bottom panel of Figure 3.18) shows no circular motion at all, while the simulation
with internal torque extracted from the 3D simulations shows deformed ellipses.
The latter is the more self-consistent one, which shows a hint of the circular twist
motion, but cannot reproduce the full twist seen in the 3D simulation.

From this, we can say that the twisting of the disk seems to be a 3D effect that
is not captured in the 1D equations. It might be an effect traced by linear or non-
linear terms that were neglected in deriving the equations. We can conclude here
that the twist is an effect triggered continuously in the 3D simulation, as opposed
to an event kicked-off once.

3.B.3 Keplerianity of the warped disk

In 1D models, an untwisted and perfectly Keplerian disk will not twist. However,
if the disk deviates from Keplerianity, a twist can be triggered (second term on
left hand side of Equation 3.3). We therefore took a closer look at the azimuthal
velocity of the warped disk in the 3D model. Because the orbital plane does not
always align with the grid plane, the evaluation of the azimuthal velocity is not
straight forward: we need to perform an interpolation. For the interpolation, we
use the unit angular momentum vector determining the orbital plane of each grid
shell and use the LinearNDInterpolator function from scipy (Virtanen et al.,
2020). This way, we can extract the azimuthal velocity of the disk midplane in
each grid shell.

Figure 3.B.5 shows that the azimuthal velocity of the disk deviates from the
Kepler velocity as we set up the disk with pressure correction terms. During the
simulation, we do not observe strong deviations from our initial set-up, except at
the inner and outer boundaries, which means that the warp does not significantly
change the azimuthal velocity. The deviation from Keplerian motion results from
pressure correction in the initial set-up of the disk. Because the deviation is small,
we do not expect this to be the sole reason for the twist. In a future work, this
could be investigated using 1D models with an adjusted apsidal frequency.
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Figure 3.B.5: Azimuthal velocity (top panel) and the residuals from the
Kepler velocity (bottom panel). The black dashed line shows the Kepler
velocity.

3.B.4 Twist of a differently flared disk

In this section, we investigate the twist behavior of a locally isothermal disk with
a flaring index of ig = 0.25, as described in Section 3.4.3.

Figure 3.B.6 shows the evolution of the unit angular momentum vectors. The
top row indicates the time evolution of the vectors. We clearly see that a twist
develops in the disk. However, the behavior looks more complicated than in
the globally isothermal case (see Figure 3.18). We find that instead of circles, the
precession motion takes on an oval or crescent shape, whose orientation also pre-
cesses. In the bottom panel, we plot the same time period as plotted in Figure 3.18
in order to see the oval shape of the twisting motion more clearly.

We additionally checked the evolution of the total angular momentum vector
in the locally isothermal case. Just like in the globally isothermal case, we find
very little loss of absolute value (0.67% within 2.4 x 10*yr) and a slight change
in direction (4.2° within 2.4 x 10% yr), which we suspect to occur due to the non-
conservative nature of the code for out-of-plane features. Most importantly, we

also do not see any precession behavior of the total angular momentum vector,
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Figure 3.B.6: Twist motion in the locally isothermal disk. Top: Unit an-
gular momentum vectors close to the inner (left panel) and outer (right
panel) edge of the disk for the firstt = 6000 yr. Bottom: x-y-components
of the unit angular momentum vector for the time period between 300-
390 orbits at Ry at varying radii, plotted with an offset of r/(60au) in
y-direction to disentangle the twist at different radii. The x-markers show
the beginning of the plotted time, the squares the end. Similar to Fig-
ure 3.18.

which means that the twist in the locally isothermal case is also conserving the
total angular momentum within the disk.

We take the fact that a twist also occurs in a differently flared disk as another
indication that this effect might be physical. In further work, the influence of the
vertical disk structure on the warp and twist behavior could be investigated in
more detail.
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3.C Internal torques in the 3D model

From the 3D simulation of the disk we can, at any given time f, compute the
internal torques. We have the variables p(r, 0, ¢) for density, u,(r,6, $), ug(,6, $),
ug(r,0,¢) for the velocities and the isothermal sound speed c;(r) at our disposal.
The velocity components 1y and uy contain the Kepler rotation as well. To make
the task of computing the internal torque easier, we re-express the velocity in
terms of cartesian coordinates X, Y and Z:

ux sin(6) cos(¢) cos(0)cos(¢p) —sin(¢) Uy
uy | = | sin(0)sin(¢) cos(0)sin(¢) cos(¢) ug | - (3.14)
Uy cos(0) — sin(0) 0 Ugp

From this point onward, we will keep the spherical coordinate system (7, 6, ¢) and
the corresponding spherical grid, but express all vector and tensor components in
a vector basis tangent to the global cartesian coordinates (X, Y, Z). At any given
point (r,0,¢) in our model we can then define the stress tensor:

Ti]' = puiuj + p51‘]', (3.15)

where we use the pressure p = pc2, the Kronecker-delta dij, and where we ignore
viscosity. Here the indices i and j denote the X, Y or Z direction. We can now

compute the local internal torque tensor at every point in our 3D model:
Sij = €ikitk 11 (3.16)

(cf. Equation 110 of DKZ22, but now in the global cartesian basis), where ¢
is the Levi-Civita tensor, and where we use Einstein’s summation convention.
The symbol ry is the position vector pointing from the origin (i.e., the star) to the
location in the 3D model where we compute g;;. Next we compute the internal

torque vector, which is the radial component of this tensor:
gi = &ijrj/|r| (3.17)

(cf. Equations 111-113 of DKZ22), where |r| denotes the length of the position
vector r;. In contrast to DKZ22, we here use the spherically outward component
rather than the cylindrically outward component, because in our 3D model we
consider the warped disk as a series of spherical shells that mutually exert torques

on each other. The differences are, however, marginal.

The local torque vector g;(r, 6, ¢) is still a function of all three coordinates. For
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the 1D warped disk equations, to which we want to compare our 3D model, we
need to compute, at each radius r, the integral of this quantity over the sphere

with radius 7:
.

Gilr) = 5 [ g [ deos(s) gir,0,9) (3.18)
2w ) ~1
This is the internal torque vector that we can compare to the internal torque from
a 1D warped disk model (e.g., Equation 173 of DKZ22). In Figure 3.C.1 we show
these torques in units of gp = erZh%7 (see Equation 126 of DKZ22). The results
show that the Gx(r) of the 3D and 1D models match well. This is the torque that
is primarily responsible for the wavelike propagation of the warp. The torque Gy
is the torque that produces a twist. In the 1D model this is perfectly 0, while in the
3D model it is small, but non-zero. The Gz torque component in the 3D model
is of the same order of magnitude as Gy, and is rather wiggly. Also in the 1D
model it is not perfectly zero, which is due to the fact that the disk is not perfectly

aligned with the equatorial X — Y plane.
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Figure 3.C.1: Internal torques Gy, Gy and Gz at time t = 120 yr in units of
g0 = erZh%. Solid lines: From the 3D model. Dashed lines: From the 1D
model dwarpy.
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3.D Extracting V;, V, and V. from the 3D model

As shown in DKZ22, and following Ogilvie & Latter (2013a), the sloshing motion

can be approximated as a linear velocity model
v =V,Qz, vy =VpQz, v,=V Oz (3.19)

where v, = —vg by convention. In reality, the functions v,(z), v4(z), and v;(z)
are only approximately linear in z close to the midplane, but strongly deviate
from linearity far away from the midplane, as shown for example in Figure 3.26.
However, usually the strongest deviation occur well above one scale height, while
the strongest effect on the disk dynamics is where the density is the highest. A

good estimate of V for a velocity v(z) is:
1% ! o d )
(r,¢) = m /_oo p(r,¢,z)v(r, ¢, z)zdz. (3.20)

The V;(r,¢) is the key component determining the torque. For each r, it can be
well approximated by:

Vi (1, ¢) = Vyo(r) cos(¢p — dro(r)), (3.21)

where V,((r) is the amplitude of the sloshing motion, and ¢,o(r) is the phase shift.
As shown in DKZ22, for a Keplerian disk in the wavelike regime, the phase shift,
at least in the linear theory, is expected to be ¢,o(r) = 0 if the warp vector is
pointing in the ¢ = 0 direction. In that case, the warp evolution is entirely along
that same direction, and the disk does not acquire a twist. However, if ¢,o(r) # 0,
the disk will acquire a twist, in addition to the wavelike propagation of the warp
itself.

From the 3D flattened model we can determine V,o(r) and ¢,(r) in the fol-
lowing way: First consider, for each given radius, r,

Vi (¢p) = Acos(¢) + Bsin(¢). (3.22)

We now compute A and B as:

+7 +r
A= [ Vi@)cos(g)dp, B= [ Vi(g)sin(g)ds, (3.23)

then
Vio(r) = VA2 + B2, ¢,0(r) = tan 1 (B/A). (3.24)



Modeling a stellar fly-by warping the disk around
RW Aur A

This chapter will be published in future in a paper by Kimmig, Weber, Rosotti,
Facchini, Dullemond, in prep. All simulations presented in this chapter are per-
formed by me. I analyzed the data and created all figures. The text is also written
by me. The co-authors provided valuable contributions through comments and

discussions.

4.1 Background

Most stars are not born in isolated environments. Usually, they form in large star-
forming regions, often in clusters of many thousand stars (Draine, 2011; Krause
et al., 2020). Observations show that these star-forming regions are highly dy-
namic with significant relative velocities between stars (Karnath et al., 2019; Kuhn
et al,, 2019; Yang et al., 2025). Thus, young stars are likely to encounter other
young stars.

As young stars commonly host planet-forming disks, the interactions in a stel-
lar cluster can affect the disk shape and morphology, and in turn influence the
process of planet formation. For example, irradiation from nearby stars can cause
photoevaporation (Winter & Haworth, 2022), which can influence the disk evolu-
tion (e.g., Clarke, 2007; Facchini et al., 2016a; Winter et al., 2018; Keyte & Haworth,
2025; Planet formation environments collaboration et al., 2025). Jets can replenish
the interstellar material in these environments, which affects nearby disks ac-
creting this material, for example through streamers (Pineda et al., 2020; Codella
et al., 2024; Cacciapuoti et al., 2024).

Furthermore, gravitational interactions in the star-forming region can have a
strong impact on the morphology of disks. Numerical simulations found that

close encounters with other stars are quite common in star-forming regions (see
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e.g. Bate, 2018; Lebreuilly et al., 2021; Rawiraswattana & Goodwin, 2023; Le-
breuilly et al., 2024). Pfalzner (2013) argues that there are convincing indications
that the early Solar System was shaped by a close encounter (see also Pfalzner &
Vincke, 2020), highlighting the importance of these events. Pfalzner (2013) further
investigates the statistics of encounters in numerical simulations of solar system
birth clusters, where encounters are likely in the first few million years of the
cluster’s evolutionary stage. Close encounters appear to be equally likely both in
high- and low-mass star clusters (Pfalzner & Govind, 2021). The dynamics within

these clusters can also lead to multi-star systems (Offner et al., 2023).

Close encounters can occur on both bound and unbound orbits, where the
latter is commonly referred to as stellar fly-bys. A commonly used definition of a
fly-by is an unbound close encounter of two stars with a separation of less than
1000 au (Cuello et al., 2023). The occurrence rate of fly-bys is highest while the ob-
jects are still spatially confined to their star-forming region. Therefore, it is likely
that at least one of the stars holds a disk when the fly-by occurs. The proba-
bility of which disk-hosting stars experience such close gravitational interactions
with other stars in their lifetime depends on the stellar density in the star-forming
region and can be as high as 70% for stellar densities of at least 500 pc 3 (Winter
etal., 2018, see their Fig. 7). Cuello et al. (2023) conclude in their review, that more
than half of young stars hosting a disk experience a fly-by with a separation of
less than 1000 au.

Stellar fly-bys can have a significant impact on the dynamics and shape of
disks around either or both of the fly-by components. One of the first numerical
studies of the effect of fly-bys on circumstellar disks was performed by Clarke
& Pringle (1993), and the topic has been investigated extensively since. These
effects include spiral arms due to tidal perturbations (Ostriker, 1994; Pfalzner,
2003; Cuello et al., 2019; Smallwood et al., 2023), truncation of disk sizes (Breslau
et al., 2014; Rosotti et al., 2014; Munoz et al., 2015; Vincke et al., 2015; Bhandare
etal., 2016), ejection and capture of disk material by the fly-by object (Heller, 1995;
Jilkova et al., 2016; Cuello et al., 2019, 2020; Smallwood et al., 2024), and misalign-
ment and warping of disks (Terquem & Bertout, 1993; Picogna & Marzari, 2014;
Xiang-Gruess, 2016; Nealon et al., 2020a). As circumstellar disks are the formation
sites of planets, stellar fly-bys can have strong implications on the architecture of
planetary systems (Kobayashi & Ida, 2001; Fragner & Nelson, 2009; Thies et al.,
2010; Breslau & Pfalzner, 2019; Cuello et al., 2019; Aly & Lodato, 2020; Aly et al.,,
2021; Longarini et al., 2021).

The resulting shape of the disk depends on the geometry of the fly-by orbit
with respect to the disk. Fly-by trajectories are typically classified as either pro-
grade, retrograde, or polar, depening on the direction of the angular momentum
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vectors of the orbit and the disk. For prograde fly-bys, both vectors are in the
same hemisphere and in retrograde fly-bys in opposite hemispheres. Mutual ori-
entations of these vectors close to 90° are called polar. Prograde orbits are found
to be most disruptive (Clarke & Pringle, 1993; Xiang-Gruess, 2016; Winter et al.,
2018). In these cases, the spirals caused by the tidal torques are strongest, and
the truncation of disks is most effective. For example, Bhandare et al. (2016) find
for retrograde orientations that disk sizes after truncation can be twice as large as
for prograde fly-bys. A characteristic signature of these retrograde non-coplanar
fly-bys is a warp due to the misaligned gravitational torque (Terquem & Bertout,
1993; Xiang-Gruess, 2016; Nealon et al., 2020a; Cuello et al., 2023), although disks
can also become warped in inclined prograde fly-bys (see e.g. Larwood, 1997).

Warps in protoplanetary disks have gained importance throughout the recent
years, as more and more observations reveal indications that a significant fraction
of disks is warped (Ansdell et al., 2020; Kluska et al., 2020; Bohn et al., 2022; Garufi
et al., 2022; Benisty et al., 2023). For example, non-axisymmetric shadows can
hint at a misaligned inner region of the disk that blocks the light from the star
(Marino et al., 2015; Benisty et al., 2017; Debes et al., 2017; Stolker et al., 2017;
Muro-Arena et al., 2020; Villenave et al., 2024; Zurlo et al., 2024, and many more).
Indications for warps can also be found in kinematic observations (Walsh et al.
2017; Mayama et al. 2018; Phuong et al. 2020; Garg et al. 2021; see also Pinte et al.
2023 for a review).

An inclined stellar fly-by is not the only possible cause for a warped disk. Al-
ternative formation scenarios include misaligned infall of material onto the disk
(Thies et al., 2011; Dullemond et al., 2019; Kuffmeier et al., 2021, 2024), misaligned
magnetic fields with respect to the disk plane (Foucart & Lai, 2011; Romanova
et al., 2021), radiation-induced warping (Pringle, 1996; Maloney et al., 1996; Ar-
mitage & Pringle, 1997), misaligned binaries (Facchini et al., 2013, 2014; Foucart &
Lai, 2013; Lodato & Facchini, 2013; Deng & Ogilvie, 2022; Rabago et al., 2024), or
outer bound companions such as stars or planets (Papaloizou & Lin, 1995; Nealon
et al., 2018; Zanazzi & Lai, 2018¢c; Zhu, 2019).

The evolution of the warp shape after the initial perturbation is controlled
by internal torques. These torques arise from pressure gradients and resonant
motions that form due to the mutual misalignment of radially adjacent orbits
(Ogilvie & Latter, 2013a,b; Dullemond et al., 2022a). In typical conditions of pro-
toplanetary disks, namely thick disks with low viscosity, the warp travels in a
wave through the disk (Papaloizou & Lin, 1995; Lubow & Ogilvie, 2000; Nixon &
King, 2016; Martin et al., 2019; Kimmig & Dullemond, 2024).

Disk warping as a result of stellar fly-bys is still not fully understood. This is

partly because the fly-bys have a large variety of dynamical effects and numer-
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ical investigations often focus on other aspects (e.g., Xiang-Gruess (2016) focus
on the resulting mean inclination of the disk, Nealon et al. (2020a) focus on mis-
aligning a broken disk with a gap-carving planet, Smallwood et al. (2023) focus
on the morphology of the tidal spiral arms). Cuello et al. (2019) studied all effects
in both gas and dust extensively, including warping and twisting. However, they
do not evaluate the evolution of the warp profile in detail, as they focus mainly
on a single snapshot at 2700 yr after the fly-by (see their Fig. 13). Additionally,
most numerical studies investigate the effects of fly-bys utilizing Smothed Par-
ticle Hydrodynamics (SPH) simulations (see Picogna & Marzari, 2014; Xiang-
Gruess, 2016; Cuello et al., 2019; Ménard et al., 2020; Nealon et al., 2020a, etc.),
because these simulations do not rely on a specific geometry for the discretiza-
tion. However, SPH methods usually need to include an artificial viscosity which
is often higher than the physical viscosities found in protoplanetary disks (for
example by Villenave et al., 2024).

With the recent development to investigate warps in grid-based simulations
(Rabago et al., 2023, 2024; Kimmig & Dullemond, 2024), we take the opportu-
nity in this work to focus on the effect of stellar fly-bys in low-viscosity disks.
Furthermore, stellar fly-bys provide an ideal laboratory for investigating the evo-
lution of warps. This is because fly-bys create a physically motivated warp shape
instead of a parametrized assumption, but only distort the disk once due to their
unbound nature. The subsequent warp evolution is then governed by internal
processes in the disk, without the influence of external torques.

As an additional motivation for our work, we aim to explore different orienta-
tions of trajectories with respect to the disk plane. Recent studies mainly investi-
gate orientations where the trajectory is inclined in such a way that the periastron
remains in the same plane as the disk (Cuello et al., 2019; Nealon et al., 2020a;
Cuello et al., 2023). This is likely motivated by the fact that Xiang-Gruess (2016)
found that for the final mean tilt of the disk, the inclination of the trajectory with
respect to the disk is more relevant than the relative position of the periastron.
However, the radial inclination profile might strongly be affected by the position
of the periastron. In young stellar clusters, there is no physical constraint that the
periastron should be in the same plane as the disk. In fact, a scenario with the
periastron outside the disk plane should be statistically more likely. In the first
part of this work, we therefore revisit a limited set of disk-orbit orientations in
order to compare the effects on the warping of the disk.

In the second part of this work, we aspire to create links between our nu-
merical models and observations. Observationally, ongoing stellar fly-bys are
suspected in quite a few systems, for example in SR 24 (Mayama et al., 2010,
2020; Ferndndez-Lopez et al., 2017), FU Ori (Takami et al., 2018; Pérez et al., 2020;
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Borchert et al., 2022), Z CMa (Dong et al., 2022), UX Tau (Ménard et al., 2020;
Zapata et al., 2020), AS 205 (Kurtovic et al., 2018; Weber et al., 2023), and more
(see Tab. 1 and Fig. 6 in Cuello et al., 2023). Because a general investigation of
observational signatures of fly-bys requires a large parameter space of disk ori-
entations with respect to the observer (which would go beyond the scope of this
work), we decided to apply our models to a specific observed system: RW Aur
(Ghez et al., 1993).

The RW Aur system is a two-star system, where stars host a disk (Cabrit et al.,
2006; Rodriguez et al., 2018; Long et al., 2019; Kurtovic et al., 2024). The system
has a distance to the Solar System of 156.1 pc (Gaia Collaboration et al., 2023).
Initial mass estimates for the stars by Ghez et al. (1997) and Woitas et al. (2001)
found 1.3 — 1.4 M, for star A and 0.7 — 0.9 M, for star B. Fitting Keplerian rota-
tion to the disks’ velocity profile, Kurtovic et al. (2024, hereafter Kur24) inferred
similar, but slightly different masses of My = 1.238 M, and Mg = 0.995 M. The
projected separation between the two stars is about 233 au.

Kur24 present ALMA dust continuum observations with high angular res-
olution of the two disks around A and B. For the geometry of the disks, they
perform MCMC fitting and find disk inclinations of iy = 55° and ig = 64°. Both
disks have a position angle of about PAg = 39.5°, which means that the mu-
tual inclination can be easily determined from the difference of inclinations to be
about 9°.

In their analysis of the observations, Kur24 find indications of a warp in the
disk around RW Aur A, as they find a peculiar pattern in the residuals between
the observations and a planar (unwarped) parametric model. Kur24 are able to
minimize the residuals with a model including a misaligned inner disk! of 3au
with an inclination of ip jnn, = 60.8° and a position angle of PAp jnn, = 35.5°.
This results in a misalignment between inner and outer disk of roughly 6°. A
warp in RW Aur A was even suspected prior to this study (Bozhinova et al,,
2016; Facchini et al., 2016b), as observations suggested a mismatch between the
inclination of the inner and outer disks (inner disk: 77° by Eisner et al. 2007, > 60°
by McJunkin et al. 2013; outer disk: 45° — 60° by Woitas et al. 2001 and Rodriguez
et al. 2013).

Radio observations of CO gas in the system additionally reveal a large-scale
structure connecting the two stars (Cabrit et al., 2006) and a chaotic environment
(Rodriguez et al., 2018, Kur24). Cabrit et al. (2006) proposed this large-scale struc-
ture to be a tidal arm caused by a recent close encounter of star B with the disk

around star A, which has later been supported by hydrodynamical simulations

1Kur24 fit both the inner and outer disk freely. However, the outer disk inclination and position
angle remain almost the same as for their original MCMC fitting.
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(Dai et al., 2015).

Kur24 performed a detailed orbital fitting using astrometric data from differ-
ent epochs and find an eccentricity close to e ~ 1, which could either be a highly
eccentric bound orbit or a close-to-parabolic unbound orbit. The good observa-
tional constraints on the orbit provide a great framework for hydrodynamical
simulations of the system. In the orbital analysis by Kur24, bound orbits are
slightly favored, which is also proposed by Rodriguez et al. (2018) as explana-
tion for the chaotic environment. However, Cuello et al. (2023) argue that the
effect on the disk is similar for highly eccentric binaries and parabolic fly-bys.
The difference lies in the repetition of the encounter in the bound case, which can
potentially lead to a different disk morphology. However, for our purposes, it
is reasonable to assume an unbound parabolic fly-by. We will discuss the orbit
geometry in Section 4.4.1.

In our work, we describe our numerical setup in Section 4.2, present the re-
sults of our hydrodynamical investigations of different disk-orbit configurations
in Section 4.3, and focus on models of the RW Aur system including synthetic
observations in Section 4.4. In Section 4.5, we discuss our models and summarize

and conclude our work in Section 4.6.

4.2 Numerical method

4.21 Hydrodynamic simulations

Fly-bys that are inclined with respect to the disk can pull the disk out of plane,
creating a warp. To investigate the dynamical effect of fly-bys on low-viscosity
disks, we perform three-dimensional hydrodynamic simulations using the grid-
based code FARGO3D (Benitez-Llambay & Masset, 2016), where we include a
gravitational perturber on a parabolic orbit. The trajectory of the orbit is modeled
with the FARGO orbital advection algorithm (Masset, 2000). We run gas-only
simulations and do not make use of the multi-fluid or magnetohydrodynamic
features of the code. The capability of the code to model warps and disk planes
inclined with respect to the grid geometry was extensively tested in Kimmig &
Dullemond (2024).

For the grid to simulate the disk, we use spherical coordinates. Radially, the
grid extends from 2.6 au to 41.6 au with 120 logarithmically spaced grid cells. We
set the resolution in the azimuthal direction to 100 cells. Vertically, we cap off the
poles in order to save computation time and include a range of 0pin = 44.2° to
Omax = 135.8° with 256 vertical grid cells.

We set up an initially planar (unwarped) disk, which is aligned with the grid
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midplane. Because we want the outer boundary to have as little influence as
possible, we taper the disk such that the computational domain extents farther

out than the disk. We therefore adopt for the initial surface density X profile

-1 -1
¥ —Tou Fin — T
Y(r) =X {1 + exp (O 057 i)} {1 + exp (0 05 )} , 4.1)

where X is the surface density at the reference radius ry, for which we use

ro = 5.2 au. The equation includes exponential cut-offs at both disk edges, where
7in and 7oyt are the inner and outer edge of the disk, respectively. To vertically ex-
pand the surface density, we use the default setup of the example p3disof from
FARGOZ3D.

We assume a locally isothermal model, where we set the temperature structure

so that the aspect ratio h takes the form

r\

]’l(l’) = ho (—) ’ (4.2)
o

with hp being the aspect ratio at 7y and the flaring index ig. For all our models,

we use the values iy = 0.05 and ig = 0.25. The initial azimuthal velocity is set

to the Keplerian velocity with a correction for pressure gradients, as described in

Appendix 4.A.

In all simulations, we adopt outflow boundaries for the radial direction, where
we allow mass to leave the grid domain, but not to enter. This means that the
radial velocity is copied from the active domain edge to the ghost cells if posi-
tive, but forced to zero if negative. This helps to avoid unphysical influx of gas,
which has sometimes been found to occur in fly-by scenarios especially at the
inner boundary. We additionally make use of the wave-killing implementation
in FARGO3D based on de Val-Borro et al. (2006) and use a width of 10% of the
edge radius for our damping zones. Vertically, we set reflective boundaries and
azimuthally periodic conditions.

We set the grid origin to the central star hosting the disk. Therefore, we need
to account for non-inertial motion of the reference frame due to the fly-by. This
is taken care of with the build-in indirect term in FARGO3D. However, we do
not treat any non-inertial effects imposed by a possible acceleration from the disk

onto the star, for example due to asymmetries in the disk.
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Excursion: hyperbolic trajectories

This section provides a reminder on the parameters to describe unbound orbits
(hyperbolae) and an overview over the implementation of the initial position and
velocity of the star on the fly-by trajectory, called perturber from here on, in our

simulations.

Figure 4.1: Schematics of a hyperbolic trajectory (dark blue line) for a
coplanar fly-by viewed from above. The host star with a disk (indicated
by the purple circle) is placed at the origin of the coordinate system. Black
dotted lines indicate the asymptotes.

The eccentricity of hyperbolic orbits is ¢ > 1. Orbits with e =1 are called
parabolic. The eccentricity is related to the external angle between the asymp-
totes 0o with e = —1/cos(f). The distance between the periastron (also called
periapsis) to the focal point is typically denoted with r,. In the scenario of a fly-
by, this distance is often referred to as the distance of closest approach. When
eccentricity and the distance of closest approach are given, the semi-major and

-minor axes can be calculated as

f=——P _p— g2 1. 4.3)

Here, the semi-major axis a is negatively defined, as indicated in Figure 4.1. The
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hyperbolic trajectory can be expressed in the form

l

T cos(6ta)’

(4.4)
where | = —b?/a is the semi-latus rectum and 6y, is the true anomaly, an angular
parameter indicating the current position of the object along the trajectory.

FARGO3D takes the initial position and velocity vector as the fly-by object
as input and integrates the trajectory using a fifth-order Runge-Kutta N-body
solver. We therefore need to calculate these quantities from the parameters of the
hyperbola. For that, we fix the initial distance diy; between the perturber and the
disk hosting star (indicated in Figure 4.1).

From this initial distance, we can calculate the initial true anomaly using the

hyperbolic trajectory equation

a dini

1[ b2
Bta,ini = arccos s +1] ). (4.5)

For a coplanar fly-by, the plane of the trajectory coincides with the plane of
the disk, which lies in the x-y-plane in our setup. In this case, the initial position

can be calculated from the true anomaly with
x = —c08(6ta) dini, y = sin(bra) dini, z = 0. (4.6)

The velocity vector at the initial position can be calculated as

The initial velocity vector can be determined with the flight path angle ¢

e sin(6t,)
t i A 4.7
an(¢) 14 e cos(bia)’ 47)
leading to the velocity components
Uy = —Uaps COS (¢ — Ota + 71/2)
Uy = —Uabs sin ((P — O + 7T/2) (4.8)

vZ :0/

where v, is the absolute value of the velocity. The absolute value can be calcu-

lated using the vis-viva equation

2 1
Uabs = (| H <d - E)/ 4.9)
ini

where y = GMjot is the standard gravitational parameter with My as sum of the
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mass of the fly-by object and the mass of the host star.

Inclined fly-by trajectories can then be achieved by rotating the original in-
plane hyperbola according to the orbital elements described in the next section.

To test the configuration of the trajectory, we performed a couple of test sim-
ulations with different trajectory configurations. Because we were mainly inter-
ested in the fly-by trajectory in these tests, we set the disk resolution very low,
which speeds up the computation time. This is reasonable, as the N-body inte-
grator of FARGO3D does not depend on the grid resolution for the disk. The
resulting trajectory from FARGO3D perfectly matches the analytical solution of
the hyperbola in all our test cases, which confirms that our implementation of the

initial position and velocity works correctly.

4.2.2 Fly-by geometry

Figure 4.2: Schematics of the definition for the geometry of the fly-by tra-
jectory with respect to the disk plane. Indicated are the inclination of the
trajectory 6, the longitude of ascending node (), and the argument of pe-
riapsis w. The distance of the closest approach, i.e. the periapsis, is 7.

For the trajectory of the fly-by with respect to the disk, we define the x-y-plane
to coincide with the initial disk midplane. A convenient way to describe the tra-

jectory orientation are the orbital elements, which are the three angles indicated
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in Figure 4.2. We call the inclination between trajectory and disk plane 6. The lon-
gitude of ascending node () is the angle between the x-axis and the intersection
line between the plane of the trajectory within the x-y-plane, and the argument
of periapsis w is the angle between the intersection line and the connecting line
of origin to periapsis. We note that physically, the longitude of ascending node
() does not make a difference in our simulations, as the disk is initially axisym-
metric, which means that the setup would lead to the same result for different (2,
only rotated.

4.3 Parameter exploration

In this section, we explore a limited set of fly-by configurations. We aim to in-
vestigate the dynamical effects of a fly-by on the disk, where we focus on disk
warping. We do not intend to cover the full parameter space, nor do we intend
to maximize the warp strength of the disk, which would go beyond the scope of
this work. Therefore, we choose a set of representative test cases.

oy arecion

Y (p(og“’de)

Configuration 1

Figure 4.3: Trajectory configurations for our fly-by simulations. The disk
lies in the x-y-plane at the origin of the coordinate system with a counter-
clockwise rotation. Configuration 1 is shown in blue on the left, where the
trajectory is rotated about the x-axis with a periapsis in the same plane as
the disk. Configuration 2 (orange, right) is rotated about the y-axis with a
periapsis out of the disk plane.

Specifically, we decided on two different geometric configurations, depicted
in Figure 4.3. For simplicity, we define the trajectories in both configurations such
that the perturber comes from the positive x-direction, leading to a periapsis in
the negative x-regime. For the first configuration, the periapsis lies in the same

plane as the disk and the trajectory is rotated about the x-axis, corresponding to a
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longitude of ascending node of (; = 0° and an argument of periapsis w; = 180°
(see Figure 4.2 for the definition of these angles). The second configuration is
rotated about the y-axis, and therefore () = 90° and wy, = 90°. We set the tilt of
the trajectories in both cases to 67 , = 30°.

For both configurations, we perform both a prograde and a retrograde fly-
by. Here we note that technically, the definition of the longitude of ascending
node () would change for the retrograde orbit, as the ascending node flips by
180°. However, for simplicity, we use the same angles to describe both prograde
and retrograde orbits and simply flip the starting point of the perturber. For
comparison, we additionally perform a co-planar orbit (with (3 = 90°, w = 90°,
and 0 = 0°), also both prograde and retrograde.

In all six simulations, we set the distance of the closest approach at the periap-
sis to rp = 104au. We model parabolic fly-bys with an eccentricity of e = 1, and
set the initial distance of the perturber from the disk-hosing star to din; = 1040 au,
so that the disk has enough time to relax from the initial conditions. All six sim-
ulations model an equal mass fly-by, where g = Mg /M, = 1. Here, M, corre-
sponds to the disk-hosting star and My to the mass of the perturber. We set
M, = My = 1 M, for both stars.
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Figure 4.4: Cross-section of the surface density of the initial simulation
setup. The computational domain extends further out than the edge of
the disk.

A cross-section through the initial disk setup is shown in Figure 4.4. In all
six simulations, the disk extends from r;, = 3.12au to 7oyt = 26 au. The surface
density follows Equation 4.1 and we set a slope of p = 1 a total disk mass of

Mgisk = 0.02 M, leading to a surface density ¥y = 209 g/cm? at Ry. The verti-
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cal thickness of the disk is determined by the temperature structure and follows
Equation 4.2 with hy = 0.05 at rp = 5.2au and ig = 0.25. For the viscosity, we use
an a-viscosity model (Shakura & Sunyaev, 1973) with the dimensionless param-
eter a = 1073,

4.3.1 Disk warping

We can investigate the warping of the disk with the evolution of the inclination
profile. Analogously to Kimmig & Dullemond (2024), we compute the angular
momentum vector of each radial shell of the grid and compute the inclination
at each radius as the angle between the local angular momentum vector and the
z-axis. In the following evaluation of the simulations, we define t = 0 to be the
moment of the closest approach between the two stars. We initialize our simu-
lations at t = —2012yr, which allows for about 15 orbits at the outer disk edge
(r = 26au) before the closest approach. Most simulations end at t = 1995yr,
when the perturber has roughly reached the same distance as in the beginning.

inclination [°]
inclination [°]

inclination [°]
inclination [°]

Figure 4.5: Inclination evolution of the fly-by simulations with prograde
and retrograde fly-by of Configuration 1 (periastron in the same plane as
the disk) in the top two panels and Configuration 2 (periastron out of disk
plane) in the bottom 2 panels. The time axis is scaled so that ¢t = 0 indicates
the moment of closest approach of the fly-by object. Color indicates the
time, the vertical blue and orange dashed lines indicate the times when
the perturber crosses the (initial) disk midplane. We note that we only
plot the inclination profile up to the outer radius of the disk rout = 26 au,
but the computational domain extends further out.

Figure 4.5 shows the inclination evolution for both configurations for pro- and

retrograde orbits. We checked that the inclination of the disk for a co-planar fly-
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by does not change, which means that the disk does not warp in these cases, as
expected.

Fly-bys on an inclined trajectory, however, all induce a change of the disk
inclination with a small warp in most cases. Only the retrograde case for Con-
tiguration 1, where the trajectory is tilted about the x-axis (but the periastron is
in the disk’s midplane), inhibits almost no warp. Here, the disk tilts rigidly by
about 2°. In the other three simulations, the disk becomes warped, and the warp
travels in a wave through the disk. This wave shows the typical standing wave
behavior of the global bending modes with a wavelength of 2 ryyt.

Both prograde simulations show features in addition to the warp wave which
are excited around the time of closest approach. These features move outward
and dissipate quickly and are likely linked to the spiral arms that are excited
more strongly in prograde fly-bys. We will take a closer look at the spiral arms in
Section 4.3.2.
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Figure 4.6: Mean tilt defined as the angle between the total angular mo-
mentum vector of the disk and the z-axis for all six trajectory configura-
tions.

To investigate the mean tilt of the disk due to the fly-by, we evaluate the mean
inclination in each simulation by computing the angle of the total angular mo-
mentum vector with respect to the z-axis. Figure 4.6 shows the evolution of the
mean tilt for all simulations. All inclined fly-bys induce a mean tilt of close to 2°,
irrespective of the exact geometry of the trajectory. This is consistent with the re-
sults by Xiang-Gruess (2016), who find that the absolute value of the inclination 0
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of the orbit with respect to the disk is the decisive quantity determining the final
mean tilt of the disk. Looking at the inclination profiles, we find, however, that
the warping of the disk very well depends on the exact orientation of the trajec-
tory. In particular, the warp is stronger for the retrograde case in Configuration 2,
where the periapsis does not lie in the same plane as the disk. Because the warp is
strongest in this simulation (a maximum misalignment of about 4°), we decided
to investigate this simulation on longer timescales. This way, we can study the
decay of the warp after the perturber has left the system. Figure 4.7 shows the
evolution of the orbital plane inclination at r = 23.9 au, which is close to the outer
edge of the disk.
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Figure 4.7: Evolution of the orbital plane at r = 23.9 au in the retrograde
simulation in Configuration 2 (see Figure 4.3, right). We start the fit ac-
cording to Equation 4.10 (blue dashed line) at the first maximum of the
curve (grey dashed line) and stop the fit at t = 1.58 x 10* yr, where the
period seems to change. We note that this figure shows the evolution over
a longer time than Figure 4.5.

We can estimate the decay of the warp by fitting
f(t) = Acos(wt — b) x exp(—Aqt) +c+dt, (4.10)

where A is the amplitude parameter, w the frequency, A4 the decay rate, b a pos-
sible phase shift, c an offset which corresponds to the mean tilt, and d a linear
damping in overall inclination. The latter parameter is included for possible in-

clination damping due to the grid, as found in Kimmig & Dullemond (2024).
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However, in our simulations with such a low warp amplitude, we find almost

no damping, that is, d = 107> deg yr— .

curve_fit (Virtanen et al., 2020).

For the fit, we use the scipy-function

We find that some level of warping is still present after the perturber is already
long gone. The mean lifetime of the warp is around 7 = 1/A4 ~ 1.4 x 104 yr and
the period of the warp wave about T = 10° yr. This aligns with theoretical es-
timates, as the damping of the warp can be approximated with linear theory
Tiiner theory = 1 /(aQout) = 2 X 10% yr, where oyt is the Keplerian frequency eval-
uated at the outer edge of the disk (Lubow & Ogilvie, 2000). The period of the
warp can be estimated with the wave speed of the warp Twarp wave = A7/ Vwarp,
resulting in approximately 700 yr, where Ar = rout — 7in and Owarp = ¢s/2 with ¢
as the sound speed (e.g., Nixon & King, 2016).

Additionally, we notice a period change after about 1.6 x 10* yr. This is likely
a numerical effect, since this is not physically expected in the evolution of an
undriven warp (see e.g. Kimmig & Dullemond, 2024). We therefore stop the fit of
the warp decay at that time.

In addition to a warp, the disk can twist, a differential precession described
analogously to Kimmig & Dullemond (2024) by the angle between the angular
momentum vector of a disk annulus, projected to the x-y-plane, and the x-axis.
Twists have been found to occur in fly-by scenarios, for example in Cuello et al.
(2019). Figure 4.8 shows the time evolution of the precession angle p, which we
calculate as the angle between the x-axis from the projection of the angular mo-

mentum vector to the x-y-plane
p = arctan (L,, Ly), (4.11)

where Ly, are the x, y-components of the angular momentum vector.

We find a differential precession, i.e., a twist, after the disk is warped, consis-
tent with Kimmig & Dullemond (2024). This twist likely occurs due to pressure
forces in the disk that influence the warp evolution. This is currently under in-
vestigation (Aly et al., in prep.). We note that the differential precession of the
disk occurs on a full circular motion, even though Figure 4.8 may suggest a mo-
tion rocking back and forth. This is due to our definition of the precession angle
with respect to the static coordinate system instead of the precession axis. How-
ever, as the precession axis changes over time, there is no unambiguous definition
for the precession motion, and we therefore decided to stay consistent with the
definition of Kimmig & Dullemond (2024). Both prograde fly-bys show a more
complicated pattern in the time between 0 — 500 yr, which is likely due to the

spirals. If we compare Configuration 1 (with a periastron in plane) to Config-
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Figure 4.8: Precession angles for different radii in all four inclined simu-
lations. The black dashed line indicates the precession angle for the total
angular momentum vector of the disk. We only show times for where
the inclination is < 0.1°, as the precession angle is undefined otherwise.
The blue and orange dashed lines highlight the times when the perturber
crosses the initial disk midplane. For a good comparison, the range of the

y-axis is the same in all panels.

125

uration 2, we see that the twist occurs slightly earlier for Configuration 2. This

likely occurs because the perturber crosses the disk plane already prior to the

periastron. To highlight this, we included the blue and orange dashed lines in

Figure 4.8. At these times, the gravitational force in vertical direction changes

sign, leading to a strong perturbation. The twisting is strongest for the retrograde

case of Configuration 2, where the warp is also strongest.

In summary, inclined fly-bys can excite warps and twists that remain even

after the perturber has reached a distance > 1000 au. This can mean for obser-

vations that for warps triggered by a fly-by, the fly-by object is not necessarily
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associated with the perturbed system. We find moderate warp strengths of < 4°.
However, the warp can be stronger for different fly-by parameters, i.e. a shorter
distance of closest approach, a more massive fly-by object, or more inclined tra-
jectories. Although it would be interesting to find parameters to maximize the

excited warp, it is not the focus of this study.

4.3.2 Spirals

Fly-bys are known to create spirals due to tidal effects (Clarke & Pringle, 1993;
Ostriker, 1994). Figure 4.9 shows snapshots of the vertically integrated density
(per radial shell) before, during, and after the close encounter of the prograde
simulation in Configuration 2. We show further snapshots of the 2D structure in
Appendix 4.B, Figure 4.B.1.
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Figure 4.9: Surface density snapshots of the prograde fly-by in Configu-
ration 2. Time t = O yr is the point of closest approach. The grey dashed
circle indicates a radius of 15 au, where we perform further analysis of the
spirals.

We investigate the spirals in more detail by measuring the strength of the spi-
rals in all six different setups. For that, we extract the maximum value of the
surface density Zc.x at a single radial location over time, analogous to Small-
wood et al. (2023), and scale it with the mean surface density X mean at that radius.
Figure 4.10 shows the evolution of this peak surface density, which indicates the
strength of the spirals, in all of our simulations at r = 15 au.

We find that strong spirals occur for all three prograde setups. The retrograde
simulations, on the other hand, show little or no spirals, consistent with previous
findings (e.g. Clarke & Pringle, 1993; Cuello et al., 2019, 2023). We thus focus on
the prograde simulations for the further evaluation in this section.

The strongest spirals occur for the coplanar prograde orbit. The simulation
with the orbit tilted with respect to the x-axis (Configuration 1), where the pe-

riastron is in-plane, follows with the second strongest spirals. Configuration 2,



4.3. PARAMETER EXPLORATION 127

orbits at royt = 26 au

-10 -5 0 5 10
16 ' 1 T T T T
—— Coplanar - prograde
15— Coplanar - retrograde
14l — Configuration 1 - prograde
' — = Configuration 1 - retrograde
C
g3} qurati
vE : Configuration 2 - prograde
= Configuration 2 - retrograde
© 1.2
o
W
1.1r
I A TENN e S e
0.% 1 1 1 1 1 1 1
—-2000 -1500 -1000 -500 0 500 1000 1500

time [yr]

Figure 4.10: Time evolution of the peak surface density at r = 15au in all
six simulations. Prograde simulations are shown with solid lines, while
retrograde simulations are indicated with dash-dotted lines.

with a periastron outside of the disk plane, shows the weakest of the three pro-
grade fly-bys. This is consistent with the findings of Smallwood et al. (2023), see
their Figure 14 (but we note that their setup is defined rotated by 90°, so that
their rotation about the x-axis corresponds to the case with the periastron out-of
plane).

We then investigate the azimuthal evolution of the spirals in Figure 4.11, where
we plot an azimuthal cut at the same radius, r = 15au, over time. In all simula-
tions, the spirals are extremely short-lived and only last about 500 yr. At the time
where the spirals dissolve, the perturber is located at a distance of about 370 au
from the disk-hosting star, which are roughly 3.6 7.

In comparison to Smallwood et al. (2023), the spirals in our simulations dis-
solve faster on physical timescales. As the disk in their simulations has properties
different from our setup, we perform a quick analysis of timescale estimations
here. Smallwood et al. (2023) find a lifetime of about 5000 yr for a disk ranging
from 10 — 100 au. The outer disk has an orbital time scale of about 1000 yr, which
means that the outer disk performs about 5 orbits during the lifetime of the spi-
rals. In our simulations, the spirals live roughly 500 yr in a disk ranging from
2 — 26 au, leading to an orbital period of 130 yr at the outer disk edge, which are
slightly less than 4 orbits during the spiral lifetime. This compares well with the

5 orbits found by Smallwood et al. (2023). In this context, we want to point out
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Figure 4.11: Azimuthal cut of the vertically integrated surface density at
r = 15au for all three prograde simulations. The pink line indicates the
angle to the perturber projected to the x-y-plane. The time axis is scaled
such that t = 0 yr indicates the point of closest approach.

that the fact that the spirals live longer than the longest orbital timescale in the
disk indicates that the spirals are not simply a shear of a density wave.

Additional differences between our simulations and Smallwood et al. (2023)
are the disk viscosity, which is smaller by at least a factor of 2 in our simulations,
the disk mass, which is about 20 times higher in our simulations, and the flaring
of the disk. Smallwood et al. (2023) set up an unflared (often called flat) disk with
a constant aspect ratio of Hp/r = 0.05, whereas we set our temperature structure
such that the disk is flared with an index of 0.25. These factors could also have an
impact on the lifetime of the spirals. Furthermore, Smallwood et al. (2023) focus
on less massive perturbers than we do, but for the lifetime of the spirals they do
not find any strong dependency on the perturber mass.

The lifetime of the spirals in our simulations coincides with the lifetime of
the additional features in the inclination profile for the prograde simulations (as
seen in Figure 4.5). If the spirals are warped, they could cast shadows. As the
spirals significantly change on observable timescales, this could possibly lead to
an evolution of shadow features on short timescales, as observed in a few disks,
for example in TW Hya (Debes et al., 2017), HD 135344B (Stolker et al., 2017), or
MWC 758 (Ren et al., 2020).
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4.3.3 Disk truncation

Fly-bys are known to truncate the disk. We therefore briefly discuss this phe-
nomenon in our simulations. Breslau et al. (2014) find an empirical relation of
final disk sizes after a fly-by

Pfinal ~ 0.28 7% 7peri, (4.12)

where g is the mass ratio between the two stars and 7per; the distance of the closest
approach. Disks experiencing a prograde fly-by are affected more strongly than
retrograde fly-bys, where disks can be up to twice as large (Bhandare et al., 2016;
Cuello et al., 2019).

In our simulations, g = 1 and 7per; = 104 au and therefore we would expect a
disk size of 29 au. However, our disks are already compact from the beginning,
with 26 au and we therefore do not expect the fly-by to affect the size of the disk.
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Figure 4.12: Evolution of the surface density in the retrograde simulation
in Configuration 2. The time t = 0yr corresponds to the time of closest
approach. The black dashed line indicates the initial surface density setup
according to Equation 4.1.

Figure 4.12 shows the surface density evolution for the retrograde Configu-
ration 2 as an example. Indeed, the disk does not show truncation effects and
only spreads slightly due to viscous evolution. We find this behavior in all of our
simulations. This allows us to keep the main focus on the warp evolution of the
disks discussed above.
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4.4 Models of RW Aur

We aim to apply our hydrodynamic models to RW Aur, a two-star system which
recently underwent a close encounter and where both stars host a disk. Our mo-
tivation for this system is the recent indication by Kur24 that the disk around
star A might be warped. Kur24 additionally performed a detailed analysis of the
star’s orbit. They found that the system is either in a highly eccentric bound or-
bit, or a fly-by. In either case, the eccentricity is found to be close to e ~ 1 and
the periastron occurred only recently, about 300 yr ago. In the frame of this work,
we choose to model an unbound trajectory. Additionally, we focus on the disk
around RW Aur A and neglect the disk of star B.

4.4.1 Hydrodynamic models
Model setup

In this section, we present hydrodynamic models as described in Section 4.2. For
the disk around RW Aur A, we set up an initially planar disk with a range from
1.2 —20au. We therefore extend the grid domain inward to 1au. In order to
keep the resolution consistent with the simulations in Section 4.3, we increase the
number of radial cells to 160. The chosen disk size is motivated by the size of the
observed dust disk at A = 1.3 mm in the system (Kur24), as we aim for radiative
transfer models in the millimeter wavelength range tracing the dust continuum.
We note that observations suggest that the disk extends to an inner edge at 0.1 au,
while our inner radius is set to 1.2 au. However, smaller cavities become compu-
tationally costly in grid-based simulations, which is why we settled for a larger
inner radius.

For the masses of the stars, we use the fit of the dynamical mass by Kur24 with
Mp = 1238 M and Mg = 0.995 M, of star A and B, respectively. This leads to
a mass ratio of g = Mg/ M = 0.8037. The orbital period at the outer edge of the
disk is 80yr. For the gas disk mass, we assume Mgas = 0.01 Ms. We keep the
slope of the surface density and the temperature structure (and hence the vertical
shape of the disk) the same as in our previous models. This gives a surface den-
sity of X9 =179 g/ cm? at the reference radius of ¥y = 5.2au. As in the previous
models, we set the disk viscosity to a = 1073,

Kur24 find that the inner and outer disk are likely misaligned with respect to
each other. They find for the outer disk plane an inclination of iy o, = 54.8 deg
and a position angle of PAy oy = 39.4°, and for the inner disk an inclination of
iqin = 60.8deg and a position angle of PAy j, = 35.6°. Additionally, Kur24 fit
the orbit of RW Aur B in the reference frame of star A. Their best fit gives a dis-
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tance of closest approach r, = 55 au, an orbit inclination in the plane of the sky
of i, = 129.8°, a position angle of (), = 73.8°, and an argument of periapsis of
wo = 42.3°. They report an eccentricity of e= 0.787 for their best fit. However,
unbound orbits are not ruled out. Because we model an unbound orbit, we set
the eccentricity to e = 1. For the other orbital parameters, we use the best-fit val-
ues. Because we do not expect a mean disk tilt of more than a few degrees, we set
up the models such that the disk initially lies in the plane of the observed outer
disk. The exploration of different initial disk planes is left for future work.

The orbital parameters and the disk orientation by Kur24 are given in the
reference frame of the sky. For the grid-based hydrodynamical simulations, how-
ever, it is best for the disk to initially lie in the x-y-plane. We therefore need to
compute the respective geometry of the orbital parameters with respect to the
disk plane. The detailed steps for the calculation of the angles can be found in
Appendix 4.C. We note that due to the definition of the angles as shown in Fig-
ure 4.2, we need to take the inclination 604 caic = 180° — 04, measured to calculate
the mutual angles.

We find a mutual inclination between the orbit and the outer disk plane to be
Omut = —27.5°, where the minus sign indicates that the periastron is below the
disk plane in our simulations. This value for the mutual inclination is also re-
ported by Kur24. For the argument of periastron with respect to the disk plane,
we find wmyut = 86.3°. At this point, we can arbitrarily set the longitude of as-
cending node arbitrarily, as the disk is initially axisymmetric. However, this an-
gle will become important for the radiative transfer simulations, where we need

to project the model to the sky plane in order to calculate synthetic observations.

Warping of the disk

Figure 4.13 shows the evolution of the inclination profile for the simulation adapt-
ed to RW Aur. The disk develops a warp with a maximum misalignment of about
5°. As expected, the warp travels as a wave through the disk. We find a final mean
inclination (defined as the angle between the total angular momentum vector and
the z-axis) of 2.6°. In the dust continuum observations, Kur24 find indications of
a warp in the disk around RW Aur A. By minimizing the residuals between the
observation and a Keplerian model of a broken disk with a misaligned inner disk,
they find a misalignment of around 6° between inner and outer disk, which aligns
nicely with the expected warp from our simulation.

Compared to Figure 4.5, the warp is slightly stronger and the wave evolves
on shorter timescales. Although the geometry of the fly-by trajectory is similar

to Configuration 2 in the previous part of this work, there are some important
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Figure 4.13: Evolution of the inclination profile for the simulation of the
disk around RW Aur A. Color indicates the time, time f = 0 indicates the
point of closest approach.

differences. First, the disk is smaller in size, with an outer radius of 7oyt = 20 au
instead of 26 au. This for example influences the warp timescale, which is sensi-
tive to the disk size because of the reflection of the warp wave at the disk edges.
Further, the host star has a larger mass, whereas the perturber has a lower mass
than in the previous simulations. The distance of closest approach is shorter with
rp = 55au instead of 104 au.

In Figure 4.13, the evolution of the inclination profile shows a pattern that
suggests that multiple superimposed bending waves are present. Although this
behavior is of interest for theoretical warps, we decided to leave a detailed inves-
tigation of this phenomenon for future work, as our focus is the comparison to

observations of the RW Aur system.

Spirals

As the fly-by in the RW Aur system is prograde, we expect the excitation of spiral
arms. Figure 4.14 shows the peak surface density (top), as well as the azimuthal
density evolution (bottom) in the disk at a radius of r = 15 au.

We see that clear spirals are excited roughly at the point of closest approach.
As before, the spirals are short-lived. They disappear after roughly 200 yr, which
corresponds to 2.5 orbits at the outer disk edge. At this time, the perturber is
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Figure 4.14: Peak surface density (top panel) and azimuthal profile evo-
lution (bottom panel) of the RW Aur simulation at » = 15au. As in Fig-
ure 4.11, the pink line indicates the angle to the perturber. The yellow
dashed line highlights the current point of time at t = 295 yr after perias-
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about 200 au away from the disk-hosting star. This is slightly shorter than the

four orbits of the outer disk edge we found in Figure 4.11. The likely reason

for this are the aforementioned differences in the model setup of disk size, disk

and stellar masses, and trajectory parameters. About the absolute strength of the

spirals in the top panel, it is not trivial to compare to the previous simulations,

because we chose the same plotting radius of r = 15 au for both parts, but the disk

size differs. Investigating the effect of disk and fly-by properties on the lifetime

of the spirals would be interesting in future work.
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4.4.2 Different disk viscosities

Because spirals might have different lifetimes for different disk viscosities, we in-
vestigate the hydrodynamical results in one simulation with a larger (x = 1072)
and one with a lower disk viscosity (« = 107%). All other parameters, including

the trajectory of the fly-by, remain exactly the same.

orbits at royt =20 au
-5 0 5 10 15 20

100

% [g/cm?]

-500 0 500 1000 1500 40

time [yr]

Figure 4.15: Azimuthal surface density profile evolution at r = 15au for
the simulations with different disk viscosities. The yellow dashed line
indicates the current time and the pink line indicates the angle to the per-
turber.

Figure 4.15 shows the evolution of the azimuthal profile at r = 15au for the
simulations with different viscosities. The middle panel here shows the fiducial
simulation presented before. Surprisingly, the lifetime of the spirals does not
depend strongly on the viscosity. As expected, the spirals dissolve slightly faster
for higher viscosity. However, for lower viscosity, no significant difference in
spiral lifetime is visible. This means that we do not expect to see strong spirals
at the current time of observations, even if different assumptions on viscosity
are taken. The lifetime of the spirals could, however, be dependent on other
disk properties, such as initial disk size and vertical density structure (inter alia,
flaring).

Investigating the warp in these simulations in Figure 4.16, we find that the
amplitude of the excited warp also does not depend on the disk viscosity. How-

ever, the viscosity influences the evolution of the warp after the fly-by. This is
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Figure 4.16: Evolution of the inclination profile in the simulation with
a = 1072 (left) and & = 10~ (right).

especially visible for the largest viscosity simulation as the warp is dampened
rapidly. The two low-viscosity simulations show no strong differences on the
short simulated timescales. However, in the context of the results by Kimmig &

Dullemond (2024), we expect a longer lifetime of the warp for the lowest viscosity.

Comparison to other work

Hydrodynamic models of a fly-by in the RW Aur system were performed a decade
ago by Dai et al. (2015) using SPH. Their focus was the observed large-scale tidal
arm that seems to link star A and B. One of their main results was that a prograde
encounter was necessary in order to produce such a tidal arm, which aligns very
well with the findings of the astrometric orbit fitting by Kur24. In order to pro-
duce the tidal arm, they set up an initially larger disk of 60 au, which is then trun-
cated by the fly-by. When comparing the orbital parameters, their best model is
similar to the result of the astrometric fit, and therefore to the setup in our work,
as shown in Table 4.1. The good match of the orbital parameters is not a given,
as Dai et al. (2015) fitted the orbital parameters so that their model matched the
observed large-scale tidal arm.

Comparing the hydrodynamic results of the disk in detail is difficult, as the
disk properties differ strongly, also shown in Table 4.1. A similarity we find are
the excited spirals, which is not surprising given the prograde nature of both fly-
by setups. Looking at their Figure 4, the spirals also seem to be short-lived and
seem to dissolve within 200 yr after periastron passage.

A direct comparison of the warping is not possible, as they did not explicitly
analyze the warp. However, the warp evolution would differ for models of dif-
ferent viscosity (see e.g. Kimmig & Dullemond, 2024). In the simulations by Dai
et al. (2015), the viscosity is larger by a factor of 100.

However, the fact that the trajectory parameters are similar might indicate that

we could reproduce a similar large-scale tidal structure in our simulations if our
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Table 4.1: Comparison of simulation setups

this work Dai et al. (2015)
(and Kurtovic et al., 2024)

fly-by parameters

stellar mass M 1.238 M, 1.4 Mg
stellar mass Mg 0.995 M, 0.9 Mg
eccentricity e 1 1
closest approach r, | 55au 70au
mutual inclination 6 | 27° 18°
arg. of periastron w | 89° 80°

disk parameters

initial disk size 20 au 60 au
viscosity & 1073 107!
initial disk mass 1.238 x 1072 M, 1.6 x 1073 M,

initial disk size (and the computational domain) was larger. This may be worth

investigating in more detail in combination with warps in future work.

4.4.3 Radiative transfer models of the dust continuum

In this section, we aim to compare our models of a fly-by in the RW Aur system
with observations. For this, we run Monte Carlo simulations using the radia-
tive transfer code RADMC-3D (Dullemond et al., 2012). The dust temperature is
calculated consistently with the radiative transfer model using the Monte Carlo
Bjorkman & Wood (2001) method implemented in RADMC-3D, where we use the
modified random walk option (Fleck & Canfield, 1984). We use 10% photon pack-
ages to compute the temperature. We then compute the sky model of the sys-
tem with ray-tracing (also 10® photon packages) and produce synthetic images
by convolving the fluxes with a two-dimensional Gaussian imitating the corre-
sponding telescope’s finite resolution. We note that to remain consistent with the
observations by Kur24, we use a value of 154 pc for the distance to RW Aur A
(Gaia Collaboration et al., 2016, 2021), instead of the 156.1 pc found in the Gaia
Data Release 3 (Gaia Collaboration et al., 2023).

We compare the simulation with the ALMA dust continuum observation. For
the composition of the dust, we assume the DIANA standard composition of
87% carbon and 13% pyroxene, where the pyroxene is composed of molecule

bonds with 70% magnesium and 30% iron. The porosity is set to 25% (Woitke



4.4. MODELS OF RW AUR 137

et al., 2016). We compute the dust opacity and scattering matrices with optool
(Dominik et al., 2021).

Since the hydrodynamic simulation only models gas, we need to assume a
spatial dust distribution in the disk. Because the behavior of larger dust particles
in warping disks is not well known yet, we assume small dust grains of a singular
size a = 1pum that are perfectly coupled to the gas. The choice of a singular
dust size in contrast to a dust size distribution is motivated by the lack of good
observational constraints on the actual size distribution. Additionally, it allows
us to ensure that the dust follows the dynamics of the gas.

observation
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Figure 4.17: Synthetic observation of our hydrodynamic simulation at
t = 259 yr after periastron at a wavelength of A = 1.3 mm (left panel) next
to the ALMA Band 6 observation of RW Aur (right panel, Kurtovic et al.,
2024), also at A = 1.3mm. The ellipse in the bottom left corner indicates
the beam and is the same for both images.

For the dust-to-gas ratio, we aim to match the total flux of the observation,
which Kur24 reported to be 34.5 mJy. With a dust-to-gas ratio of 10~2 (and a dis-
tance of 154 pc to the source), our radiative transfer models result in a total flux
of 31.5mJy, and we therefore adopt this dust-to-gas ratio. However, we note that
our choice of a single grain size of small dust could underestimate the flux in dust
continuum wavelengths. We also note that the dust-to-gas ratio is somewhat flex-
ible, as the total gas disk mass in our hydrodynamic simulations is scalable, as we
are not treating self-gravity, nor the indirect term from the disk onto the star. This
means that the same total flux can also be reached when the gas disk mass and
dust-to-gas ratio are scaled differently. For a comparison with the observational
image, we convolve the radiative transfer image with a beam of 18 x 30 mas and
a position angle of 8.186, as reported for the observational data.

According to the fit by Kur24, the time of observation was t = 259 yr after the
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periastron. We confirmed in our simulation that the position of the perturber
matches the observed position of RW Aur B. Figure 4.17 shows a comparison
of the model next to the observation by Kur24. Both images are observed at a
wavelength of A = 1.3 mm. Overall, the images compare well. In the observation,
the central emission is slightly stronger, which could be because of our choice of
a larger cavity in the simulation for reasons of computation time. We present the
comparison between the convolved and unconvolved model in Appendix 4.D,
which shows that a few spiral features close to the inner edge are visible, which
are then hidden by the beam resolution. A fine-tuned quantitative match is out
of the scope of this work, as many parameters, such as disk characteristics, fly-by
trajectory and dust models, have an impact on the result of the model.

t=-1790.4 yr

h

A DEC [arcsec]

A DEC [arcsec]
log1o(F, [Jy/arcsec?])

|
e
N

e
N

A DEC [arcsec]
o
o

|
e
N

=15
0.2 0.0 -0.2 0.2 0.0 -0.2 0.2 0.0 -0.2 0.2 0.0 -0.2

A RA [arcsec] A RA [arcsec] A RA [arcsec] A RA [arcsec]

Figure 4.18: Synthetic observations at A = 1.3 mm of the RW Aur A sim-
ulation at different times. The first panel shows the initial setup of the
simulation, time ¢t = Qyr is the time of the closest approach, and the cur-
rent time step lies between the second last and last panels. The images are
convolved with the same beam as Figure 4.17.

In Figure 4.18, we present radiative transfer simulations at different times of
the hydrodynamic simulation. During the point of closest approach (t = 0yr),
the spiral structure excited by the fly-by is indeed visible, but quickly disappears.
The system is (synthetically) observed from the same location at each time, which
corresponds to inclination and position angle of the initial setup of the simulation.
The warp only changes the disk plane by a few degrees throughout the simula-
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tion, and therefore the observed inclination of the disk does not vary strongly.
However, a slight variation of the inclination and position angle on a time scale
of a few tens of years could be observable.

One of the objectives of the comparison between the simulations and the real
observation is whether the spiral structures produced by the fly-by should be ob-
servable with state-of-the-art instruments. Att = 259 yr in our simulations, the
strongest spirals have already dissolved, as we show in Figure 4.14. In the sim-
ulations by Dai et al. (2015), the spirals seem to be weak as well at the time of
comparison. However, some weak spiral structures are still residue in our simu-
lations, also seen in the unconvolved image in Figure 4.D.1. After the convolution
(Figure 4.17), however, we find that these structures are not discernible, leading
to the good match between model and observation.

A next step is to evaluate the gas kinematics in observations of molecular lines,
which is planned for the near future. Observational data of gas kinematics in the
RW Aur system are currently lacking good spatial resolution, but we are hoping
that this will change in the upcoming years.

4.5 Discussion

In this work, we have studied the dynamical effects of fly-bys on protoplanetary
disks, with a special focus on disk warping. In this section, we discuss the limita-
tions of our study.

First and foremost, we present only a limited set of fly-by configurations. We
do not study the effect of changing the distance of closest approach, nor the mass
ratio of the two stars. We expect stronger warps for closer approaches and higher
mass ratios of fly-by mass to host star mass. Additionally, different inclinations
of the trajectory, similar to the studies by Xiang-Gruess (2016) and Cuello et al.
(2019) could be investigated with a stronger focus on disk warping. Different
disk properties, such as viscosity or temperature influencing the vertical struc-
ture (flaring), can also lead to a different warping behavior. In this work, we
investigated the warp behavior in a few example configurations, and we leave a
further exploration of the parameter space for future work.

We performed our models in the rest frame of the disk hosting star. Because
a fly-by accelerates the host star, we need to account for non-inertial motion of
the simulation. This is usually done in the form of indirect terms. While we take
into account the acceleration of the host star by the fly-by object, we neglect the
acceleration of the host star due to potential asymmetric distribution of the gas in
the disk. As disks in fly-bys can become very asymmetric due to the spirals and

the warping, this can potentially have an effect on the host star and in term a back-
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reaction onto the disk. However, the physics and the correct implementation of
this indirect term is still under investigation (Jordan & Rometsch, 2025, Crida et
al. 2025a,b, subm.), which is why we decided to neglect this effect for now. The
extent of the influence of this indirect term could be investigated in future work.

We want to mention that the radiation from the perturber onto the disk could
influence the results of the hydrodynamic simulations, which is currently ne-
glected in our models. Shadows in the disk due to the warp can influence the
disk dynamics, as well as the temperature structure of the disk (Su & Bai, 2024;
Zhang & Zhu, 2024; Ziampras et al., 2024). If the perturber is massive, it can emit
strong radiation in the UV regime that influences the disk (Guarcello et al., 2023).

Fly-bys can induce gravitational instability in massive disks (Thies et al., 2010).
However, since the typical disk-to-star mass ratio for this effect lies around 0.5,
this is not relevant for our models.

For the RW Aur system, Kurtovic et al. (2024) find that bound orbits are like-
lier by a factor of 0.28. However, in our models, we assume an unbound fly-by
trajectory. In general, the effect of highly eccentric orbits is expected to be similar
to that of unbound orbits (Cuello et al., 2023). We can perform a quick timescale
estimation: The best fit of Kurtovic et al. (2024) includes an eccentricity of e = 0.78
and leads to an orbital period of approximately 2800 yr. In our simulations, the
excited warp is expected to be still present after this time, which means that a
repeated encounter due to the bound nature of the orbit could create a different
warp structure than a single fly-by. However, unbound orbits can not be ruled
out observationally for this system.

Another factor that should be kept in mind when interpreting our RW Aur
models is that the evolution of the warp also depends on disk properties, of which
not all are well constrained. We oriented the size of the disk in our models to the
size of the observed dust disk. However, the extent of the gas disk of RW Aur A
seems to be larger roughly by a factor of 2. Additionally, because of computa-
tional restrictions we had to set the size of the inner disk cavity to about 1au,
although observations indicate a much smaller cavity of likely 0.1 au. However,
modeling such a small cavity is computationally expensive in grid-based models
and we decided to make a trade-off between cavity size and computation time. In
our models, we neglect the disk around RW Aur B, since we are mainly interested
in the warping of the disk around star A.

Our hydrodynamic models of the system only contain gas. For the radiative
transfer simulations, we then assume a dust-to-gas ratio and that the dust is per-
fectly coupled to the gas. This is why we only assume small dust particles. In
reality, however, larger dust is likely to have an influence on the appearance of

the disk in observations. A more consistent way would be to model the behav-
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ior of dust in the hydrodynamics simulations. However, simulating the dust in
hydrodynamic simulations of a warped disk has not been tested very well in
FARGO3D up-to-date. Since we obtain disks that are misaligned with respect to
the grid geometry, we avoid including dust in the hydrodynamics without fur-
ther tests. However, our assumptions on dust grain size and composition might
influence the results of our radiative transfer dust continuum models.

Different assumptions for the dust could also influence the visibility of the spi-
rals. The spatial distribution of large dust grains does not result from the hydro-
dynamical model and might not be captured by the assumption that dust grains
are tightly coupled to the gas. Larger dust is likely to be present and add to the
continuum emission. As larger dust could be less coupled to the gas, the spirals
would appear weaker. In this case, the spirals should remain unobservable at
t = 259 yr even for a more refined treatment of the dust.

Interestingly, ajetis observed in the RW Aur system (Hirth et al., 1994; Alencar
et al., 2005; Melnikov et al., 2009). Jets are thought to be linked to magnetic fields
and could indicate MHD winds launched from the disk. Magnetic fields likely
influence the dynamics of warped disks. So far, warping of protoplanetary disks
under the influence of magnetic fields has not been well studied.

An interesting fact worth mentioning is that RW Aur A is found to have an
unusually high accretion rate of about 10~7 M, /yr (Hartigan et al., 1995). Cabrit
et al. (2006) suggested the recent fly-by as possible explanation, as fly-bys could
be able to trigger episodes of increased accretion (so-called FU Orionis events
Bonnell & Bastien, 1992; Pfalzner, 2008; Forgan & Rice, 2010). Even though strictly
speaking RW Aur A is not an FU Orionis object in the definition (Connelley &
Reipurth, 2018, see e.g.), accretion episodes could still play a role for the star and
disk. Additionally, several dimming events have been observed for RW Aur A
(Rodriguez et al., 2013, 2016; Antipin et al., 2015; Petrov et al., 2015) which have
been suggested to be caused by surrounding disrupted material (Rodriguez et al.,
2013; Dodin et al., 2019) or a warp in the disk (Bozhinova et al., 2016; Facchini
et al., 2016b).
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4.6 Conclusion

In this work, we performed simulations of inclined fly-bys passing a protoplane-
tary disk, where we put the focus on the warping of the disk. In our simulations,
we chose to model parabolic orbits (¢ = 1), where the velocity at the periastron
is lowest in comparison to other unbound orbits. This means that parabolic fly-
bys are expected to have the largest influence on the disk. We find that inclined
fly-bys can trigger a warp of a few degrees, which evolves in a wave-like manner
through the disk, lasting much longer than the fly-by itself. This means that a
warp triggered by a fly-by could still be observed when the fly-by object is long
out of sight. The warping is most prominent in fly-bys where the periastron is not
in the same plane as the disk, especially in a retrograde fly-by. This is particularly
interesting, as the warping in such fly-by configurations has not been studied
well before. A known signature of prograde stellar fly-bys are spiral structures,
which we also see in our simulations. The spiral structure is relatively short-lived,
lasting only about four orbits of the outer disk.

We applied the stellar fly-by scenario to the RW Aur system, where a recent
(about 300 yr ago) close encounter between two stars hosting a disk is suspected.
Recent orbital fitting by Kurtovic et al. (2024) gives good constraints on the mu-
tual geometry of the fly-by trajectory with respect to the disk, which we can use
to set up our simulations. We find that the trajectory of RW Aur B around the
RW Aur A is likely to induce a warp of around 5° in the disk around star A, con-
sistent with observational indications of a misalignment between inner and outer
disk regions of 6°.

We use radiative transfer simulations of our hydrodynamic model to com-
pare the results to the observations. We find that in dust continuum wavelengths
(A = 1.3mm) the disk in our model looks smooth and the spirals are not visible.
This compares well to the observation of the dust continuum of RW Aur A. Syn-
thetic kinematic observations could possibly give insight into the observability of
a warp. These remain to be evaluated in the near future.

In summary, this work shows that fly-bys might be able to explain frequently
observed shadow features in protoplanetary disks. Depending on disk proper-
ties, the warp can remain present for longer timescales, so that the perturber
might not always be observable. Investigating the ongoing fly-by in the RW Aur
system in hydrodynamic simulations can give insight into the dynamics of the

system.



Appendices to Chapter 4

4.A Initial azimuthal velocity in the hydrodynamical

simulations

The initial azimuthal velocity follows a Keplerian profile with a correction for
pressure gradients. Because of the exponential cut-offs in the density, we need to
adjust the implementation of the azimuthal velocity in FARGO3D, as the cut-offs
introduce additional pressure gradients that are not accounted for in the default
implementation. For that, we set the initial azimuthal velocity to

i
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(1) = vk (rcy1 PR

where v, = v/GM, /7 is the Keplerian velocity, r the spherical radius and Tey1 the
cylindrical radius in the coordinate system where the central star is at the origin,
p the density, and p the pressure. As in Dullemond et al. (2020), Equation C.6,
we use the cylindrical radius in this pressure gradient correction. We solve the
differential quotient in the initial setup numerically with the first-order midpoint
method on a fine grid. Without this adjustment for the azimuthal velocity, the
disk would spread and quickly smooth out the surface density cut-off especially
at the outer disk edge, as the material would possess too much angular momen-
tum. This effect can be seen in Kimmig & Dullemond (2024), Figure B.3, where

the pressure gradient due to the cut-off had not yet been accounted for.
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4.B Spirals

Here, we present the spiral structure excited by the stellar fly-by in the prograde
simulation of Configuration 2. In Figure 4.B.1, we show the 2D surface density,
which we obtain by vertically integrating the density in each radial shell. We
show different snapshots within the lifetime of the spirals of about 500 yr, as sug-
gested by Figure 4.11.
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Figure 4.B.1: Snapshots of the simulation with an inclined prograde fly-by
in Configuration 2 (periastron out of the disk plane). The closest approach
occurs at t = 0yr. The color scale for the surface density is linear, which
highlights the spirals better than a logarithmic scale.

In agreement with Smallwood et al. (2023), the pitch angle decreases over time
as the spirals wind up. A detailed measurement of pitch angle and pattern speed

is not trivial and would go beyond the scope of this work.

4.C Calculation of the mutual geometry between or-
bit and disk

In this section, we derive the equations to find the mutual geometry of disk and
orbit, in the case that the geometry of the disk plane and the orbit is given in
the reference frame of the sky. We performed this consideration on the basis
of the RW Aur geometry system, which is why we chose some definitions that
are convenient for this specific case. However, this geometry consideration can

be applied to other systems if careful attention is brought on these definitions.
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We define a left-handed coordinate system for the sky frame?, with the z*%Y-axis

pointing away along the line of sight, as shown in Figure 4.C.1.

sk
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Figure 4.C.1: Geometry of the disk and fly-by orbit of the RW Aur sys-
tem in the reference frame of the sky. Light blue indicates the disk, pink
indicates the orbit, where the pink dashed line shows the crossing line of
the plane of the orbit with the x-y-plane and the periastron (pink dot) is
“in front”, meaning closer to us than the x-y-plane. The position angles
g4 o, inclinations 64, and the argument of the periapsis of the orbit wj
are defined consistently with our definition in Figure 4.2. Note that this
coordinate system is left-handed.

An observed disk is characterized by a position angle ()4, which corresponds
to the longitude of ascending node in the plane of the sky, and an inclination 64
with respect to the sky plane. From these angles, we can construct the normal

vector of the disk in the reference frame of the sky

—sin(0q) cos(Qq)
—sin(fq) sin(Qq) | - (4.14)

—

ng

cos(604)

2This left-handed coordinate system is motivated by the fact that East and West are typically
flipped in observational coordinate systems.
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where ()4 is the longitude of ascending node of the disk, corresponding to the
crossing line of the disk with the plane of the sky. This angle is defined from
North, or positive y-axis, as indicated in Figure 4.C.1.

It is important to note that according to the geometry definition of trajectory to
disk in Figure 4.2, the inclination angle 84 is not the same angle as the inclination
typically given in observations 93[’5. This ngs is defined as the angle between
the normal vector and the part of the line of sight pointing toward us (see Fig-
ure 4.C.1). By this definition, 63 = 7 — ngs. When we plug this into the normal
vector in Equation 4.14, with sin(r — ) = sin(f) and cos(r — 0) = — cos(6)
we see that the third component is negative for |93bs| < . This aligns with our
definition of a left-handed coordinate system.

The orbit is characterized by a position angle (),, an inclination 6,, and an
argument of periapsis w,. Here, the definition of inclination extracted from ob-
servations usually aligns with the inclination definition in Figure 4.2, which is
why we can use the value from observations directly. The normal vector of the

plane can be described analogous to the disk’s normal vector

— sin(6,) cos(Qo)
o= | —sin(f,)sin(Qp) | - (4.15)
cos(6o)

4.C.1 Mutual inclination

The mutual inclination between the disk plane and the orbital plane then simply
corresponds to the angle between the two normal vectors 74 and 7i,. This can be
calculated by o
cos(Omut) = M = 7iq - fo, (4.16)
[7ia| [7io]
where the last term holds true because both vectors are unit vectors. This results
in
cos(Omut) = sin(6q) sin(6,) cos(Qq — Qo) + cos(04) cos(6o). (4.17)
The same expression can for example be found in van der Plas et al. (2019), their

Equation 4 or Gonzalez et al. (2020), their Equation 2.

4.C.2 Argument of periapsis of the orbit with respect to the disk

plane

Finding the argument of periapsis with respect to the disk plane is not triv-

ial. Gonzalez et al. (2020) consider a similar geometric problem in the disk of
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HD 100453. However, in their SPH simulations, they were able to measure this
angle. Here, we aim to derive an expression to calculate the angle from the given
orientations of disk and orbit on the sky.

To derive the equation for this, we construct a vector along the longitude of
ascending node of the orbit along the disk plane in the frame of the sky coordinate
system, and a vector pointing to the periapsis. The argument of periapsis of the
orbit with respect to the disk plane (which we will call mutual argument of periapsis
in the following) then corresponds to the angle between those two constructed
vectors.

First, we construct the vector along the longitude of ascending node of the
orbit within the disk plane in the coordinate system of the sky. We call this vector

d and calculate it with the cross product of the two normal vectors
B = 74 x 7o, (4.18)
which results in

) — sin(fy) sin(Qyq) cos(0,) + cos(fy) sin(6,) sin(Qo)
d = | —cos(8g) sin(6,) cos(Q) + sin(y) cos(Qg) cos(6,) | - (4.19)
sin(fy) sin(6,) sin(Qo — Qq)

yPf

Figure 4.C.2: Our definition of the perifocal frame, which lies in the plane
of the orbit.
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Second, we need to construct the vector pointing to the periapsis. For this, we
define a new coordinate system in the plane of the orbit. We define it such that
the periapsis lies on the y,¢-axis. We use the index pf for this coordinate system,
as it is sometimes called perifocal frame (see Figure 4.C.2).

In this perifocal frame, the coordinates of the unit vector pointing to the pe-
riapsis are trivial: 7Pf = (0,1,0). To construct the coordinates of this vector in
the reference frame of the sky, we need to rotate the coordinate system along all
three angles that characterize the orientation of the orbit. As these characterizing
angles are defined counter-clockwise, we need to rotate the coordinate system
clockwise in order to find the correct coordinates. In a left-handed coordinate

system, the following rotation matrices describe clockwise rotations

cos(wy) —sin(w,) 0
Rw = | sin(w,) cos(w,) 0] (4.20)
0 0 0
cos(f,) 0 sin(6,)
Ry = 0 1 0 , and (4.21)
—sin(6,) 0 cos(6o)
cos(Q)y) —sin(Qp) 0
Rao = | sin(Qo) cos(Q) 0] - (4.22)

0 0 0

Using these matrices, we can determine the coordinates of p in the frame of the
sky
P = Rq Ry Ry 77, (4.23)

which gives
—cos(Q) cos(bo) sin(w,) — sin(Qy) cos(wo)

P~ = | —sin(Qy) cos(6,) sin(wy) + cos(Qo) cos(wo) | - (4.24)

sin(6,) sin(w,)

We note that the rotations do not change the length of this vector, meaning

that it still is a unit vector. With this, we can finally calculate the angle between
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A% and p°%Y, which gives the mutual argument of periapsis

= sin(w, ) sin(fyq) cos(26,) sin(Qgq — Qo)
+ cos(wy) [sin(6q) cos(6,) cos(Qo — Nyg)
— cos(fy) sin(6,)].

(4.25)

4.D Unconvolved radiative transfer data

Figure 4.D.1 shows the convolved and unconvolved radiative transfer simulation
in comparison to each other. In the unconvolved image, weak spiral structures
close to the inner edge of the disk are visible. However, they disappear with the

convolution.

convolved unconvolved o5
&
— (@)
g g
0 0.0 d
bt o
S, =
O -0.5 _'2
& W
o
q —
~1.0 g’
0 18x30 mas
-1.5
0.2 0.1 0.0 -0.1 -0.20.2 0.1 0.0 -0.1 -0.2
A RA [arcsec] A RA [arcsec]

Figure 4.D.1: Like Figure 4.17, but both panels are the radiative transfer
model. The left panel is convolved with a Gaussian beam, the right panel
shows the unconvolved, raw output from the radiative transfer model.
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Asymmetric signatures of warps in edge-on disks

This chapter is based on the paper Kimmig & Villenave (2025), accepted by As-
tronomy & Astrophysics. I performed all simulations presented in this chapter.
The main text is written by me with valuable comments from my collaborator
Marion Villenave. Only for Sections 5.2.3 (including Figure 5.3) and 5.4 (includ-
ing Figure 5.10), the base text was written by my collaborator Marion Villenave
with contributions from me. The evaluation of the flux ratios and asymmetries
(Figures 5.6, 5.7, 5.9, 5.C.2, and 5.C.3) was done by Marion Villenave. The idea
for this project originated at the ERC Conference on Planet Formation in Varenna,

Italy in June 2024 in connection with the presentation of my research.

5.1 Background

Understanding the physical structure of protoplanetary disks is of critical impor-
tance to understand planet formation. Historically, protoplanetary disks have
been assumed to be axi-symmetric with all material distributed along the same
plane. However, a growing number of observations is revealing the presence of
asymmetric features, such as spirals, shadows, and other lateral asymmetries (e.g.,
reviews by Benisty et al., 2023; Bae et al., 2023). Some of these asymmetries can
be indications of a misaligned inner region or warp casting a shadow onto the
outer part of the disk. Misalignments or warps might in fact be fairly common
in protoplanetary disks. A local misalignment (i.e., broken disk) or warp (i.e.,
smooth misalignment) will locally perturb the planet formation process and can
be a cause for the diversity of planets.

Warps can be formed in many different scenarios. One scenario is a bound
companion object, either a planet (Facchini et al., 2014) or a binary companion
which is inclined with respect to the disk plane. This could either be an outer

companion (Zanazzi & Lai, 2018a), a system with a circumbinary disk (Facchini
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et al., 2013; Lodato & Facchini, 2013; Zanazzi & Lai, 2018b; Deng & Ogilvie, 2022;
Rabago et al., 2023; Young et al., 2023), or any combination of both. This compan-
ion object exerts a gravitational torque on the disk. This torque causes concen-
tric rings within the disk to precess. Because the torque highly depends on the
distance to the gravitational perturber, the concentric rings precess on different
timescales. This produces the warp shape. The same principle applies to a flyby
of a massive object inclined with respect to the disk (Picogna & Marzari, 2014;
Dai et al.,, 2015; Xiang-Gruess, 2016; Cuello et al., 2019, 2023, Kimmig et al., in
prep.). Such fly-bys can be common, especially in the early phases of star and
disk formation (Pfalzner & Govind, 2021). A further formation scenario is late
infall of material, which can add angular momentum in a different direction and
thus distort the disk (Dullemond et al., 2019; Ginski et al., 2021; Kuffmeier et al.,
2021; Krieger et al., 2024). Finally, a change in the rotation axis during the for-
mation process due to a magnetic field is also suggested to cause misalignments
(AA Tau; Bouvier et al., 1999).

The diversity of formation scenarios already hints at the variety of appear-
ances of misalignments in observations. Additionally, warps are highly dynamic
(Papaloizou & Pringle, 1983; Papaloizou & Lin, 1995). Once the warp is formed
through one of the formation scenarios, internal torques come into play. These
internal torques arise due to the misalignment of neighboring orbits, which leads
to pressure gradients in the disk. The pressure gradients then cause resonant
motions of the gas, called sloshing motions (Dullemond, Kimmig, & Zanazzi,
2022a), and vertical breathing modes (Held & Ogilvie, 2024). These motions ex-
ert a torque on the different orbital planes within the disk and hence change the
orientation of the orbits. Thus, the net effect of the internal torque and pressure
gradients is the evolution of the warp shape.

In typical conditions of a protoplanetary disk (especially low viscosity), the
warp travels as a wave through the disk, often referred to as the wave-like regime
(Lubow & Ogilvie, 2000; Gammie et al., 2000; Ogilvie & Latter, 2013a,b). Its wave
speed is related to the sound speed in the disk (Nixon & King, 2016). The wave
is dampened over time, mainly by viscosity, on a damping time scale that can
be estimated by tg.mp ~ 1/(2Qx), with Qg as Kepler frequency evaluated at the
outer regime of the disk (Lubow & Ogilvie, 2000). Here, a is the Shakura-Sunyaev
viscosity parameter (Shakura & Sunyaev, 1973). This time scale typically ranges
from 103 to 10° years (Foucart & Lai, 2014; Poon et al., 2021; Rowther et al., 2022;
Kimmig & Dullemond, 2024). During their evolution, warps may also break into
separate disks under certain conditions (Nixon et al., 2013; Dogan et al., 2023;
Young et al., 2023; Rabago et al., 2024).

Because of their dynamic evolution, warps can take on various shapes leading
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to a plethora of disk misalignment observations. Indeed, asymmetric observa-
tions linked to shadows due to warps are recurrent in scattered light imaging of
low to mid-inclination protoplanetary disks (e.g., Garufi et al., 2018, 2022; Benisty
et al., 2023). Low-inclination systems can show narrow dark lanes (Benisty et al.,
2017; Pinilla et al., 2018; Keppler et al., 2020), broad dark regions (Garufi et al.,
2016; Debes et al., 2017; Muro-Arena et al., 2020; Kraus et al., 2020; Hashimoto
et al.,, 2024), or a combination of both (Stolker et al., 2016; Benisty et al., 2018).
Furthermore, the sensitivity and spectral resolution of ALMA are now allowing
to reveal a larger number of warped disks, for example via gas kinematic obser-
vations (e.g., Casassus et al., 2015; Loomis et al., 2017; van der Plas et al., 2017;
Pérez et al., 2018; Sakai et al., 2019; Yamato et al., 2023).

In parallel, more and more studies also aim to directly compare the orienta-
tion of the inner and the outer regions of protoplanetary disks. Francis & van
der Marel (2020) compared the inclination and position angle of the inner disk
(S 20au) and main ring of 14 transition disks observed at high angular resolu-
tion with ALMA, finding that 8 of them are significantly misaligned. Ansdell
et al. (2020) instead analysed a sample of 24 dipper stars, for which the inner
disk is believed to have an inclination close to edge-on, and found that the outer
disks follow a random distribution of orientations, indicative of significant mis-
alignment for these systems. Bohn et al. (2022) compared the inclination of the
outer disk, based on ALMA observations, with that of the inner disk, obtained
using VLT /Gravity for a subsample of 20 transition disks. They identify 6/20
disks with clear evidence of misalignments, all of which showing shadows on
their outer disks at scattered light wavelengths, compatible with the derived in-
ner disk geometry. Kluska et al. (2020) use reconstructed images of near-infrared
interferometry observations to evaluate the symmetry of the innermost region of
15 protoplanetary disks around Herbig AeBe stars. They find evidence of non-

axisymmetric emission that can be linked to warps in 5/15 disks.

A key to interpreting the plethora of misalignment observations are models
for identifying signatures of warped disks. Such models are able to provide kine-
matic insight (Casassus et al., 2015; Young et al., 2022; Zuleta et al., 2024) or chem-
ical signatures (Young et al., 2021) in disks containing warps. Shadows can be in-
vestigated in synthetic observations in scattered light (Nealon et al., 2019; Juhdsz
& Facchini, 2017). Facchini et al. (2018) investigated shadow signatures of bro-
ken disks in intermediate inclination disks and were able to reproduce both dark
lanes for strong misalignments, and broad regions for low to moderate misalign-
ments. The location of observed shadows can be used to constrain the geometry
of the inner, misaligned disk (Min et al., 2017). The shadows can be variable, e.g.
for precessing broken disks (Nealon et al., 2020b).
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Asymmetries can also occur in disks observed edge-on (Villenave et al., 2024).
Edge-on disks typically appear in scattered light observations as two nebulae
separated by a dark line (e.g., Burrows et al., 1996; Stapelfeldt et al., 1998). Those
two nebulae correspond to the surface regions of the disk, while the dark line oc-
curs because the material close to the midplane obscures the light from the host
star. Thus, the characteristics of the dark line highly depend on properties and
vertical distribution of the dust contained in the disk (Watson et al., 2007). On the
other hand, the surfaces of the disk are less dense and therefore multiple scatter-
ing events allow photons to escape the disk and reach the observer, thus leading
to the two bright nebulae. In a perfectly planar, unwarped disk, viewed perfectly
edge-on, the nebulae would appear entirely symmetric. Even though observing
such a disk with a slight inclination variation would lead to one of the nebulae
being brighter due to forward scattering, the extent of both nebulae along their
major axis would still be symmetric. However, observations show that a large
fraction of edge-on protoplanetary disks at scattered light wavelengths display
a shift or lateral asymmetry of their nebulae (15/20 disks analyzed by Villenave
et al. 2024, see also Berghea et al. 2024). A misalignment of the inner disk region
is proposed to explain this asymmetry, as reproduced in some models (Facchini
et al., 2018; Nealon et al., 2019; Villenave et al., 2024).

In this work, we specifically target the scattered light appearance of edge-on
and almost edge-on disks containing a warp. We aim to investigate how the
asymmetry of the two nebulae changes depending on the warp morphology and
to find limits of observability. In addition, we also evaluate the warp geometry
that can lead to a switch in the brightest nebula with wavelength, which has been
observed in a few systems (Grosso et al., 2003; Villenave et al., 2024). We present
our models in Section 5.2 and the results in Section 5.3. In Section 5.4, we link our
results to observations by evaluating the misalignment between the outer regions
of edge-on disks and jets presumably linked to the inner region. We conclude our
work in Section 5.5.

5.2 Methods

To study the appearance of warped edge-on protoplanetary disks, we perform
radiative transfer simulations using RADMC-3D (Dullemond et al., 2012). We
create most models in a wavelength of A = 0.8 ym, but extend itto A = 2um,
12 ym, and 21 ym for some parameter sets. Images in this near- to mid-infrared
regime are often called scattered light images, as scattered light usually dominates
the appearance of disks in these wavelengths. In the longer, mid-infrared regime

wavelengths thermal emission can contribute to the radiation from disks, and
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we include the thermal emission in all of our models. However, even with the
thermal emission, the scattered light scattered light dominates the outcome of
the images. The images are scaled by 2.28 au per pixel, and for the evaluation
using spine fitting, we assume a distance of 140 pc.

5.2.1 Model set-up

We set up an initial gas density structure, where the surface density profile fol-
lows a power law with an exponential cut-off both at the inner and outer disk

edge, according to

r\ P 1 1
2 hH , 5.1
(r) =Zo (Ro) (1+exp(0r05r$zit)> <1—i—exp(0rg‘5 : )> 61

with 7, and 7oyt as inner and outer disk edge, respectively, and Xy as surface

density at the reference radius Ry, which we set to Ry = 5.2au. According to
typical temperature structures in protoplanetary disks, the vertical extent can be

described by
Hp

if
h(r) = =h , 5.2
=" (7 ) 52)
where hj is the aspect ratio at the reference radius Ry and iy is the flaring index.

To parametrize the warp, we implement a tilt profile inspired by Martin et al.
(2019) of

i(F) = imax B tanh <m> - %} , (5.3)

Fwidth
with imax as maximum warp tilt, rwarp the warp location, and ryigu is the width
of the warp transition. This setup is identical to Kimmig & Dullemond (2024),
with adjusted parameters.

In all our models, the disk ranges from rj, = 2au to royt = 200 au, while the
grid extends from 0.5 au to 260 au in the radial direction. We use a full spherical
grid, i.e., the vertical extent is set from 0 to 7r. For the resolution, we chose 250
grid cells in the radial direction, 100 cells in the azimuthal direction and 250 cells
in the vertical direction. We set the aspect ratio to iy = 0.1 and use a flaring
disk geometry with iy = 0.1. Similar parameters have been obtained from the
modeling of scattered light images of several disks (e.g., Muro-Arena et al. 2018;
Sturm et al. 2023, see also Angelo et al. 2023).

We choose for the properties of the star a mass of M, = 2.5 M, a radius of
Ry« = 1.8 R, and an effective temperature of T = 10500 K. For the gas distribu-
tion, we set a slope of p = 1 and &y = 34.3g/cm? at the reference radius of

R = 5.2 au, resulting in a gas disk mass of Mgas = 0.01 M.
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unwarped

warp tilt imax = 3°

warp tilt ijax = 10°

. e — - =

Figure 5.1: Vertical cross-section of the gas density set-up for an un-
warped disk, a warp of 3°, and a warp of 10°. The dash-dotted line in-
dicates the disk midplane.

In order to investigate the effect of differently warped disks, we vary the warp
tilt imax from 0° to 10° in steps of 1°. For the location of the warp, we set a fiducial
value of rwarp = 20au, but vary the location of the warp for a warp tilt of 3° to
Twarp € {5au,50au, 100 au}. To get a smooth warp transition at all locations, we
scale the warp width with the location of the warp using ryiqm = 0.25 rwarp. We
can measure the warp strength in each case by evaluating the maximal displace-
ment of the disk midplane in terms of the pressure scale height at the location of
the warp. Equation 5.3 shows that the tilt angle between the disk midplane at the
warp location Twarp with respect to the inner (as well as outer) disk midplane is
imax/2. We can then calculate the displacement w from the height of the midplane
Zmid (Twarp) With respect to the midplane of the inner (or outer) disk in terms of
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the local pressure scale height at the warp location

Imax
. Zmid(rwarp) - Twarp tan( 2 )

= = 5.4
Hp (rwarp ) Hp (rwarp) 64

The numbers of w for the cases in our investigation are given in Table 5.1 and
Figure 5.1 shows vertical cross-sections through the gas density for three example
cases with different warp tilts (for ryarp = 20 au).

Table 5.1: Overview over the warp strength w in our disk set-ups

Imax 10 70 30 4° 50 6° 70 8° 90 10°
T'warp
5au 0.26
20au 0.08 0.15 0.23 031 038 046 053 0.61 0.69 0.76
50 au 0.21
100 au 0.19

5.2.2 Radiative transfer

For the radiative transfer simulations, we need to include dust in our models.
We assume small dust particles, which are perfectly coupled to the gas and well-
mixed, which means that the structure of the dust perfectly follows the structure
of the gas disk. Then, we chose a dust-to-gas ratio of 103, leading to a total dust
mass of Mgyt = 107°M,. We note that this dust-to-gas ratio is slightly lower
than typically assumed, because small dust particles likely only make up a frac-
tion of the total dust mass in protoplanetary disks. Despite recent studies on the
behavior of larger dust particles in warped disks (Cuello et al., 2019; Aly et al,,
2021, 2024), many aspects remain unexplored, which is why we decided to only
consider a single grain size of 2 = 10 ym. This is the simplest possible descrip-
tion, in contrast to a dust size distribution, as such distributions are not yet well
constrained for protoplanetary disks. The assumption that dust of this size is
well coupled to the gas is supported by observations, at least in some systems
(Pontoppidan et al., 2007; Sturm et al., 2023; Duchéne et al., 2024; Villenave et al.,
2024). We set a composition of carbon and silicate (pyroxene with 70% magne-
sium and 30% iron) with a mass ratio of carbon to pyroxene of 0.87/0.13, and
a porosity of 25%, according to the DIANA standard dust model (Woitke et al.,
2016). We create the corresponding opacity using optool (Dominik et al., 2021).
The resulting scattering and absorption opacities are shown in Figure 5.A.1 in the

appendix.
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To make sure that the qualitative results still hold for a different choice of dust
grain sizes, we explored grain sizes of 2 = 0.5uym and 1 um, as well as a dust
size distribution in Appendix 5.C. Overall, we find similar results for the lateral

asymmetries and flux ratios in all of these models.

The scattering phase functions in our set-up are very forward-peaked, espe-
cially for wavelengths up to a few micron. This can lead to very expensive simu-
lations. However, we can use a technique to save computation time, called chop-
ping. In this technique, we chop off a few degrees of the scattering phase function
and treat rays within that cone as if they were not interacting with the scattering
particle. This technique helps to avoid bright spots that appear in the radiative
transfer models if not enough scattering photons are used. We carefully checked
the applicability of this technique in our case in Appendix 5.A. For the Monte
Carlo temperature calculations, we use 10% photon packages. For the near-/mid-
infrared radiative transfer images, we use 10° scattering photon packages for all
images in the wavelengths of 0.8 yum, 2 ym, and 21 ym. We found that at 12 ym,
the same amount of photon packages leads to noisy images, which is why we use
twice as much photon packages for this wavelength.

Figure 5.2: Definition of the azimuthal ¢-angles. Colors represent the
height above the x-y-plane: purple is in plane, blue-green above and red-
yellow below. If the outer disk is viewed perfectly edge-on, the quadrant
of 270°-0° is identical to the quadrant 0°-90°, only flipped upside down.
The sector 90°-270° is identical to the points of sector 270°-90° appropri-
ately rotated and flipped. We chose this definition of ¢ to be consistent
with Villenave et al. (2024).
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Because warped disks are not axisymmetric, we need to synthetically observe
the disk from different directions. For that, we define an angle ¢, so that ¢ = 0°
looks at the warp tilt from the side, as illustrated in Figure 5.2. We can exploit
some symmetries in the disk, as the disks in our models are untwisted. Therefore,
we only need to consider a quarter of the ¢-space if the outer disk is viewed
perfectly edge-on (inclination of exactly i = 90°). The remaining regime of ¢ can
then be achieved by appropriate rotations of the images. In some models, we
chose to look at the outer disk slightly inclined (i = 85°). In this case, we need to

cover half of the azimuthal regime, as a part of the symmetry is broken.

5.2.3 Analysis

Images of edge-on protoplanetary disks in the mid- to near-infrared wavelength
regime typically show two nebulae separated by an elongated dark lane. In the
presence of a tilted or warped inner region, the illumination of the upper disk
surfaces does not follow spherical symmetry and depends on the viewing orien-
tation. This can lead to changes in the flux ratio between the two nebulae and/or
to lateral asymmetries.

Disk size

e e EE——
b ——

Distance centers

Figure 5.3: Schematic representation of the spine fitting. The light circles
show the location of the maxima after a high order polynomial fit of the
minor axis profiles. The solid lines represent the final spines after fitting
the maxima by a polynomial of order 2. The diamond represent the lo-
cations where the flux reaches 10% with respect to the maximum of the
spine, and the squares are the center of the spine, i.e., the midpoint of
these two points. The lateral asymmetry is the ratio between the distance
of the centers to averaged disk size.

To quantify the lateral asymmetry and flux ratio in relation to different warp

parameters, we follow the methodology employed by Duchéne et al. (2024) and
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following works on JWST observations. This method identifies a “spine” for each
of the two scattering nebulae'. To do so, the method first estimates the location
of the two maxima along the minor axis profiles for every location along the neb-
ulae. The minor axis profiles, averaged to a resolution of 0.1” or 0.2” (for a disk
model at a distance of 140 pc), are fitted by a polynomial function of order 6 or
8, which is used to assess the location of the two maxima. Those are then fitted
by a polynomial function of second order to determine the two spines. On both
spines, we then identify the two points on each side of its maximum where the
flux reaches 10% with respect to the maximum. We define the midpoint of these
two points as the center of the spine, and define the distance between them as
the disk size. Finally, following Villenave et al. (2024), we define the lateral asym-
metry Jspine as the distance between the center of both spines in the direction
along the nebulae’s major axis, divided by the averaged disk size. The procedure
described above is repeated multiple times for different radial extents on the scat-
tering nebulae, between 0.9” and 1.6” with steps of 0.1”, and for other parameters
(averaged resolution, polynomial order) in order to estimate an error on the mea-
surement of the lateral asymmetry. A schematic representation of the spine fitting
is shown in Fig. 5.3.

In addition, independent of the spine fitting, we estimate the integrated flux
ratio between the top and bottom nebulae. We do this by taking the ratio of
the total flux included in the top nebula divided by the total flux of the bottom
nebula. We notice that this definition is the inverse of that of Villenave et al.
(2024). Therefore the flux ratio in our unwarped models is greater than one for a

disk inclined at 85°, in contrast to theirs being smaller than one.

5.3 Results

Protoplanetary disks in near-/mid-infrared show, if they are viewed edge-on
(at an observer inclination close to 90°), two nebulae separated by a dark lane.
In the following section (Section 5.3.1), we present the near-infrared images” at
A = 0.8 um for different warp morphologies, as well as our analysis of the lateral
asymmetry and the flux ratio between the two nebulae. In Section 5.3.2, we will
discuss images at multiple wavelengths. In Appendix 5.B, we additionally show
the models of an unwarped reference case, both perfectly edge-on and slightly
inclined (85°).

1We note that we call it spine due to the arc-like shape. It is not identical to the mathematical
spline-fitting method.

2We note that we do not show all images of all models we created, but a select sample. How-
ever, every dot in Figures 5.6, 5.7, and 5.9 is a full near-/mid-infrared radiative transfer simula-
tion.
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5.3.1 Near-infrared images at a single wavelength

We present near-infrared images at A = 0.8 um of different warp amplitudes
(characterized by imax) in Figure 5.4, top two rows. The bottom row in this figure
shows models with different locations of the warp, or in other words different
sizes of the misaligned inner region. All disks in this figure are viewed perfectly
edge-on and at an azimuthal angle of ¢ = 0°, meaning that the warp tilt is viewed
from the side (see Figure 5.2). For this viewing angle, the lateral asymmetry is
maximal, as the shadowed regions of both nebulae are the most opposite.

i _n° i _ 30
fmax =0 fmax =3

Mwarp =5 au I'warp = 100 au

- -
- -

Figure 5.4: Near-infrared radiative transfer models of disks with different
amplitude warps defined by imayx, observed at A = 0.8 umat ¢ = 0° (top
two rows). The bottom row shows models with a varying warp location
or in other words a varying size of the misaligned inner region. For the
color, we use a logarithmic scale.

The orientation of the warped disk with respect to the observer has a large
effect on the visibility of the asymmetry. In Figure 5.5, we show how this picture
changes for different azimuthal orientations in the model with a misalignment
between inner and outer disk of imax = 3°. The top row shows the perfectly
edge-on view (inclination of 90°), while the bottom row presents a disk inclined
by 85°. The figure shows that the lateral asymmetry vanishes for azimuthal view-
ing angles shifted by 90° from zero, as the misaligned inner region is viewed
face-on in these cases (see Figure 5.2, bottom row).

To quantify the results of the near-infrared images, we evaluate the lateral
asymmetry, as well as the flux ratio between the two nebulae as described in Sec-
tion 5.2.3. Figures 5.6 and 5.7 present both quantities for our models with varying
warp amplitude and warp location, respectively. In all those models, the outer

disk is viewed perfectly edge-on. By eye, we define a lateral asymmetry of > 10%
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edge-on (90°)

inclined (85°)

Figure 5.5: Near-infrared radiative transfer models (A = 0.8 um) of a disk
with tilt imax = 3° observed from different azimuthal angles ¢ (color in
log-scale). The top row shows a perfectly edge-on view, while the bottom
row shows the disk observed at an inclination of 85°. We note that for
symmetry reasons, we do not need to simulate ¢ = 90°. The image
shown in this figure is the simulation of ¢ = 270° flipped upside down.

to be visible and note that this is a somewhat arbitrary definition, but motivated
by previously published work (see Villenave et al., 2024). The pink shaded region
in Figures 5.6 and 5.7 indicates the region below this visible threshold.

We find that the stronger the warp (higher imax), the stronger the lateral asym-
metry. This result is expected, since stronger misalignments can cast larger shad-
ows. In Figure 5.4, we see that the lateral asymmetry of a warped disk can be
visible in scattered light with a misalignment of only 2°. This means that even
slight warps can in principle be observable. However, we note that this is only
the case for the best azimuthal viewing angle. For viewing angles within 30°
around ¢ = 270° (and ¢ = 90°, respectively), even a stronger warp of 10° mis-
alignment can not produce a significant lateral asymmetry (see Figure 5.6).

The difference in flux between the two nebulae, on the other hand, is maximal
for a viewing angle of ¢ = 270° and, for an edge-on view on the outer disk,
equals one if the warp is viewed directly from the side (¢ = 0°). In observations,
the flux ratio by itself is not a unique indication of a warp or misalignment, since
slightly inclined planar disks also exhibit a difference in flux between the two
nebulae. However, the variation of the flux ratio with wavelength can be a strong
indicator of warps, which we will explore in Section 5.3.2.

When changing the location of the warp (bottom row in Figure 5.4), we can

see a similar effect: the further out the warp, the stronger the asymmetry in the
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Figure 5.6: Lateral asymmetry (top) and flux ratios (bottom) for warped
disk models of different warp tilts imax (at A = 0.8 um). The outer disk is
viewed perfectly edge-on (meaning an inclination of 90°). For symmetry
reasons, we only need to model a quarter of the azimuthal regime in this
configuration. The curves can be extended to the remaining regime by
flipping the curves appropriately. The pink shaded region in the top panel
corresponds to a lateral asymmetry of < 10%, which is what we assume
not to be visible by eye.

near-infrared images. However, this only holds true up to a certain point, as
a warp location of 100 au shows slightly less asymmetry than a warp location
of 50 au, see bottom row of Figure 5.4 and Figure 5.7. We suspect this to occur
because of the way we set up the warp shape, as we scale width of the warp with
the warp location. This description is the most natural, because it is coherent in
logarithmic space. However, considered linearly, the warp transition is wider for
warps located further out, leading to a less steep warp curve where more light
can pass. This reduces the size of the shadowed region and causes less lateral
asymmetry.

Additionally, we find the flux ratio for the case of 7warp = 100 au to be smaller

than for some warps closer in at all azimuthal angles. This could again be linked
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to the set-up of the warp: Because the warp is close to the outer edge, the outer
disk is small compared to the other models, which could influence both lateral

asymmetry and flux ratio.

No warp
—~ 60} I'warp =5 au i
X
< —— r'wap =20 au
5 —— rwap=50au
g 40| —4— ryarp =100 au 7
>
[}
@©
T 20t 1
2z
(]
-
0 - -
No warp
2.51 Nwarp =5 au
—0— rIwarp =20 au
o 20Ff —— rIwarp =50 au
§ —— Iwarp =100 au
X
3
- 15¢ -
10— e e e e e e e e e e e e e —————— =
270 300 315 330 360
Azimuth ¢ (°)

Figure 5.7: Same as Figure 5.6, but for different warp locations Twarp for
a warp amplitude characterized by imax = 3°. Again due to symmetry
reasons, the curves can be extended to the whole azimuthal regime. As
in Figure 5.6, the pink shaded region highlights the lateral asymmetry we
assume not to be visible by eye.

An interesting fact is that the image of the warped disk at ¢ = 270° with
the outer disk viewed perfectly edge-on (top left image in Figure 5.5) looks very
similar to an unwarped disk which is inclined with respect to the observer, see
Figure 5.B.1 in Appendix 5.B, bottom left panel. For observations, this means that
it can be difficult to distinguish between an inclined planar disk and a perfectly
edge-on warped system. We notice that in our models, the near-infrared image of
the inclined planar disk is more strongly peaked toward the star. However, this
is unlikely to serve as distinction for observations, since the disk parameters are

usually not known precisely.
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5.3.2 Near-/mid-infrared radiative transfer models in multiple

wavelengths

A few observations of protoplanetary disks show a swap of the brightest neb-
ula with wavelength: in shorter wavelengths one nebula appears brighter, while
the other nebula appears brighter in longer wavelengths. This phenomenon is
rare, so far it has only been observed in three disks: IRAS04302+2247, HH30,
and 2MASS J16281370-2431391 (Flying Saucer). The swap does not occur at the
same wavelength for the observed disks. In IRAS04302+2247, the swap occurs
between A = 12.8 ym and 21 ym (Villenave et al., 2024), while the switch for
the Flying Saucer occurs between A = 1.3 ym and 2.2 yum (Grosso et al., 2003).
Finally, Tazaki et al. (2025) identified a change in the brightest nebula of HH30
between 7.7 ym and 12.8 yum. They mentioned intrinsic flux variability between
epochs as a potential origin for a wavelength swap. However, with their observa-
tions being observed consecutively within 3h, they ruled out this possibility for
this system. On the other hand, Villenave et al. (2024) were able to recreate this
phenomenon in a broken disk with a misaligned inner region. In this work, we

aim to investigate if a continuously warped disk exhibits a similar behavior

Figure 5.8: Near-/mid-infrared radiative transfer models of a disk with
tilt imax = 10° at ¢ = 60° with an inclination of 85° observed in dif-
ferent wavelengths (color in log-scale). Considering the integrated flux,
the bottom nebula is brighter than the top at shorter wavelengths, but at
A = 21 ym, the top nebula is brighter.
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For that, we present radiative transfer simulations in four different wave-
lengths: A = 0.8pum, 2um, 12 um, and 21 yum. We test the multi-wavelength
behavior for two different warp tilts imax = 3° and 10°. In these models, the
outer disk is viewed at an inclination of 85°, because the phenomenon only oc-
curs for slightly inclined disks, as discussed later in this section. We indeed find a
swap in brightest nebula in specific cases. Figure 5.8 shows an example of such a
case, in especially, a warp tilt of 10° and an azimuthal viewing angle of ¢ = 60°.
For the shortest wavelength, A = 0.8 um, the bottom nebula is brighter, while
for A = 21 um, the top nebula clearly appears brighter.

The phenomenon of the switch between brightest nebula can be explained
by the shadow from the misaligned inner region. First, we need to understand
that in a general disk that is slightly inclined with respect to the line of sight,
one of the nebulae appears brighter than the other. This is because forward scat-
tering is dominant over backward scattering (see e.g. Benisty et al., 2023, their
Figure 2), which makes the nebula closest to the observer brighter. Now, an in-
clined warped disk could be oriented in such a way that this brighter nebula is
actually shadowed by the misalignment. In this case, the nebula actually appears
darker. However, in longer wavelengths, the disk could be able to emit more
thermal radiation and therefore the shadow would be less pronounced. Thus,
the nebula can again appear brighter. To test the hypothesis, we performed ad-
ditional radiative transfer simulations with the scattering switched off (option
scattering_mode_max=0 in RADMC-3D). We indeed find almost no emission for
A = 0.8um and 2 ym, indicating that the light in the scattering simulations in-
deed results purely from scattered light. In contrast, we find thermal emission
in these test simulations in the wavelengths A = 12 ym and 21 ym, where it is
more significant for the latter. However, we want to point out that the scattered
light still dominates the appearance of the disks at both of these wavelengths.
In summary, the fact that the thermal emission becomes more significant for
longer wavelengths means that the shadows in the scattered light become less

pronounced, which enables the swap in brightest nebula with wavelength.

Evaluating the flux ratios quantitatively in Figure 5.9, we see that for a ¢-
regime of between 30° and 90° (and due to symmetry also up to 120°), a flux ratio
swap between wavelengths can be possible. This only occurs for the stronger
warp of imax = 10° in our models. For the moderate warp of imax = 3°, the
variation of the flux ratio with azimuthal angle is less strong at all wavelengths,

so that the ratio never drops below one.
Concentrating on the disk containing a stronger warp, we see that the shape

of the flux ratio curve differs with wavelength. Generally, for shorter wavelength

the curve is steeper and there is a stronger variation of the flux ratios with az-
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Figure 5.9: Flux ratios for models of warped disks with a warp tilt of 10°
(solid lines) and of 3° (light dashed lines) in four different wavelengths.
The outer disk is oriented with an inclination of 85°. In this case, we need
to calculate the models for half of the @-regime, the other half is symmet-
ric. The dashed black line indicates the line where the flux ratio equals one
(where both nebulae have the same brightness). We note that the y-axis is
plotted in log-scale.

imuth. Interestingly, a wavelength of A = 2um shows more variation than
A = 0.8um. This could be due to a difference in the chopped scattering opac-
ity and consequently a difference in albedo (see Figure 5.A.1). The flux ratio
curve for A = 21 pum is shallowest, leading to a flux ratio always above one.
At the shorter wavelengths, the flux ratio drops below one for orientations where
the misalignment is shadowing the otherwise brighter nebula. We see that this
swap of brightest nebula can occur at different wavelengths, depending on the
azimuthal orientation of the disk. Recall that we evaluate the flux ratio by using
the integrated flux in our models. We additionally checked the flux ratios when
considering only the peak intensity and found that the curves are qualitatively
the same, but slightly noisier and shifted, so that only the curve of A = 2um
drops below one. However, the swap still occurs and with slightly different pa-
rameters, such as a different inclination of the outer disk, a similar result can be

achieved in peak intensity flux ratios.

In our models, we notice that the azimuthal curve at 21 ym follows the same
qualitative shape as the shorter wavelengths, with their maximum at ¢ = 270°
and their minimum at ¢ = 90° (see Figure 5.9). On the other hand, Villenave

et al. (2024) find that the 21 ym curve is flipped with respect to the shorter wave-
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lengths. This difference could lie in the different opacities and geometry of the
models. Specifically, Villenave et al. (2024) investigated a broken disk, while we
investigate a continuously warped disk. In a broken disk, the inner edge of the
outer disk and the outer edge of the inner disk could thermally radiate onto the
outer disk in longer wavelengths and therefore leading to the inversion of the
curve. Because in the models of this work, there are no gap edges, we expect this
thermal emission to be less strong.

At this point, we want to note that we expect the phenomenon of the swap
in brightest nebula with wavelength to occur rarely, because a very specific ori-
entation of the observed disk is required. In especially, the outer disk needs to
be slightly inclined with respect to the observer, and the azimuthal viewing ori-
entation of the system is restricted to a specific regime with respect to the orien-
tation of the misalignment. This expectation connects to the fact that as of now,
only three disks have been observed to exhibit this phenomenon. However, if
observed, a change in the brightest nebula with wavelength can be a strong indi-

cator of a misalignment between inner and outer disk.

5.3.3 Caveats

The findings in this work provide valuable insight, although they should be con-
sidered within their limitations, which we discuss in this section.

Most importantly, the results significantly depend on the disk model. The
vertical thickness and flaring of the disk influence the extent of the shadows. In
thinner disks with a lower aspect ratio, we expect a stronger lateral asymmetry,
because a larger part of the outer disk’s surface can be hidden behind the mis-
alignment. In thicker disks, on the other hand, the outer disk can be puffed up
enough to bulge out of the shadow. A similar argument applies when considering
differently flared disks, which occurs for different temperature structures. With
more flaring, the surface can bulge out more, leading to less lateral asymmetry.
In the same line of arguments, the size of the disk, in especially with respect to
the location of the warp, can also influence the lateral asymmetry. Additionally,
the warp parametrization has a strong impact on the shadowed region. As it is
not well constrained yet, we studied one of simplest warp shapes in this work: a
warp that is only tilted in one direction. In general, there can be more complicated
shapes, for example twisted disks or multiply warped/twisted disks, leading to
more complex shadow signatures. Since the overall parameter space for disk and
warp shapes is extremely large, a further exploration would go beyond the scope
of this work.

Another factor influencing the results of the near-/mid-infrared images is the
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scattering opacity, which depends on the dust properties and total dust mass
(Watson et al., 2007). A higher dust mass would lead to a higher opacity and we
therefore expect the dark lane between the nebulae to be wider, possibly influ-
encing the lateral asymmetry. Different dust sizes or a size distribution can also
strongly affect the opacity. In our models, we only consider small dust grains that
are perfectly coupled with the gas. Although it is likely that larger dust particles
are present in protoplanetary disks, we do not expect them to have a strong effect,
as they are likely settled to the midplane (e.g. Villenave et al., 2020). We addition-
ally recall our use of the so-called chopping mechanism of 2° to calculate the scat-
tering matrix due to the forward peaked phase functions at small wavelengths.
Although we thoroughly tested the applicability of this mechanism to our case in
Appendix 5.4, it remains an approximation. We notice that we slightly overesti-
mate the total flux by a few percent when using the chopping mechanism. Since
we are mainly interested in the lateral asymmetry and flux ratios, this does not
have a large effect on the results in this work.

We also note that the near-/mid-infrared images presented in this study are
not convolved to a specific instrument resolution, in order to keep this study gen-
eral as convolution may depend on specific telescope settings. As the images are
fairly smooth, we do not expect a convolution to significantly change the results.

Lastly, we mention that our definition of the lateral asymmetry is somewhat
arbitrary. We lean the definition on previously published work, but it can be de-
tined differently, which could have an impact on the results. Our fitting method
strongly depends on the parameters chosen, namely the radial range of the spines,
the radial and vertical averaging of the minor axis profiles, the order of the poly-
nomial function fitting the minor axis profiles, the assumed location for the center
of the dark lane. In this work we explored how varying these parameters will im-
pact the results, reaching to error bars between a few percents to tens of percents
(see Fig. 5.6 and Fig. 5.7). However, due to the limited parameter space explored,
the relative comparison between models are likely more robust than the absolute

values of the lateral asymmetries.

5.4 Occurrence of warps in protoplanetary disks

In Section 5.3, we investigated the level of lateral asymmetry that can be expected
for different warp amplitudes and locations, under our fiducial assumptions for
dust opacities and warp geometry. Here, we aim to link these predictions to direct
observations of edge-on protoplanetary disks. We compare the outer disk and jet
orientation of four previously published edge-on disks observed at scattered light

wavelengths. Our goal is to look for misalignment between the very inner regions
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of the disks, where the jet is launched, and the outer disk seen in scattered light
or at millimeter wavelengths. Then, we compare apparent misalignments with

the observed lateral asymmetry to assess the potential geometry of the systems.
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Figure 5.10: Scattered light observations of four edge-on disks in log-scale,
where we estimate the level of lateral asymmetry (blue spines) and indi-
cate the estimated direction of the jet (white lines). A 0.5" horizontal line
is indicated in the bottom left corner of the images.

We selected the disks based on the recent study of Villenave et al. (2024),
who found that 15 out of the 20 systems that they analyzed display strong lat-
eral asymmetries. Seven sources of this sample display clear jet features, among
which we identified four sources with a published value for the position angle
(PA) of their jets from high angular resolution observations in the literature (with
the other three disks, HV Tau C, Tau042021, and ESO Ha-574 having a jet whose
PA is not explicitly characterized in the literature; Stapelfeldt et al. 2003; Duchéne
et al. 2014, 2024). We report the values for the jet position angle in Table 5.2. We
note however that the published jet PA of HH48, reported by Stapelfeldt et al.
(2014), suffered from image distortion in the HST Advanced Camera instrument
(K. Stapelfeldt, priv. comm.). In Table 5.2, we report our visual estimate of the

jet PA on the distortion corrected image, leaving a more precise measurement for
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future work. All disks have been observed and well characterized at millime-
ter (with ALMA) or scattered light wavelengths (with HST), so we additionally
report the outer disk position angle in Table 5.2. If no misalighment is present,
we expect the position angle of the jet to be exactly perpendicular to that of the
disk’s major axis. The scattered light images together with the corresponding jet

orientation are displayed in Fig. 5.10.

Table 5.2: Comparison between outer disk position angle (PA,,) and jet
position angle (PA ;)

Disk HH30 HH48 Haro6-5B  ESO Ha-569

PAoy 12101 751 1451 155()

)

PAjy; (°)  31234) <1306) 56(67:8) 60 — 75(10)

4 (°) 0 0-2 1 0—-10

Jspine 5-9 8—-15 10 — 36 3-5

(%)

Notes  Bending,  Perturbed Wiggling  Assuming jet

jet/disk wiggling  nebulae is HH919 fil-
ament

Notes. & = |[PAyy —90] — PAj,| characterizes the misalignment be-
tween the jet (inner disk) and the outer disk. The lateral asymmetry
Jspine is fitted using the same method as in the models (see Sect. 5.2.3).
References. (1) Villenave et al. (2020); (2) Burrows et al. (1996); (3)
Anglada et al. (2007); (4) Estalella et al. (2012); (5) this work; (6) Eisloffel
& Mundt (1998); (7) Krist et al. (1998); (8) Woitas et al. (2002); (9) Wolff
et al. (2017); (10) Bally et al. (2006)

All four systems show hints towards small levels of misalignment of their
inner disk. In the case of HH48, we find a misalignment between jet and disk
bottom nebula of about 2°, while no misalignment with the top nebula is iden-
tified. Indeed, HH48 displays an apparent misalignment between its top and
bottom nebulae, hinting toward a distorted morphology. A somewhat similar
misalignment can also be found in some of our models due to illumination ef-
fects, such as in Figure 5.8, top two panels. However, for a good comparison, the
current observational constraints on the dust and gas morphology of HH48 are
not sufficient. In ESO Ha-569, the jet visible in the scattered light image does not
have a published PA, but is thought to be launching the HH919 jet, which could
be consistent with either being aligned, or misaligned to the outer disk by up to
10°. Finally, even though the jet and disk of HH30 and Haro6-5B are consistent
with no misalignment, the jet of both sources wiggles at large distances. This can
be explained in case of varying orientation of the accreted material, suggesting

a precession of the inner disk (Terquem et al. 1999; of order of ~ 1° for HH30,
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Louvet et al. 2018). Alternatively, interaction with a non uniform environment
may lead jets to bend. Regular wiggles as observed in these systems are however
not necessarily expected in that case.

Following the methodology previously described (Sect. 5.2.3, Villenave et al.
2024), we estimated the lateral asymmetry in these disks, as represented on Fig-
ure 5.10 and indicated in Table 5.2. The strongest lateral asymmetry is found
around Haro6-5B (10 — 30%), while ESO Ha-569 is barely asymmetric (3 — 5%).
HH48 and HH30 show intermediate levels of asymmetries of order 10%.

HH48 shows the most convincing case for a distorted morphology and hints
to a misalignment between the jet and the disk plane of up to 2°. Further, the
disk presents a significant lateral asymmetry. Within the modeling presented in
Sect. 5.3, we found that lateral asymmetry around 10% could be obtained for a
warped disk with a misalignment between inner and outer disk of i,z = 1 —2°
if viewed with the optimal orientation (¢ ~ 360°), or for stronger warps, up to
imax = 10°, for less favorable viewing angles (¢ — 270°), which would be consis-
tent with the apparent jet/disk misalignment observed. Both the significant lat-
eral asymmetry and the locally aligned but wiggling jets of HH30 and Haro6-5B
suggest that these systems could also possess warps, which are, however, weak
or not viewed in a favorable orientation. Lastly, ESO Ha 569 could be consistent
with either no misalignment or an unfavorable warp orientation.

Finally, we also mention that a local change in the disk scale height, leading
to asymmetric shadowing of the outer disk, or variation in the stellar illumina-
tion (e.g., spots; Stapelfeldt et al., 1999) could also lead to lateral asymmetries.
Dedicated imaging campaigns would be needed to determine the timescale of

the variability of the lateral asymmetry and disentangle the mechanisms.

5.5 Conclusion

In this work, we present various near-/mid-infrared images from radiative trans-
fer simulations of edge-on protoplanetary disks containing a warp. Edge-on
disks in scattered light typically show two nebulae separated by a dark lane.
These nebulae correspond to the two surfaces of the disk, whereas the dark lane
corresponds to the optically thick midplane. Warped disks contain a misaligned
inner region casting a shadow onto the outer disk, leading to visible asymme-
tries between the two nebulae. We quantify this asymmetry by fitting a spine
curve for each nebula individually and call this relative distance in between the
nebula centers “lateral asymmetry”. We investigate the visibility of the lateral
asymmetry for different warp parameters, especially the warp amplitude and
the location of the steepest warp transition, or in other words different sizes of
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the misaligned inner region. Additionally, we evaluate the flux ratio between
the two nebulae. Because warped disks are not axisymmetric, we performed ra-
diative transfer simulations for images viewed from different azimuthal angles.
Most of our simulations are performed at a wavelength of A = 0.8 ym, but we

extend the simulations to A = 2 um, 12 ym, and 21 um in specific cases.

We find that a warp can be visible in edge-on disks for warp tilts as low as
imax = 2° in optimal azimuthal viewing angles. The larger the warp tilt, the
stronger the lateral asymmetry. Additionally, the location of the warp within
the disk influences the asymmetry as well. If the warp is located further out,
the asymmetry is stronger. This means that in edge-on disks, warps close to the
inner edge of the disk are harder to detect. However, our models show a point
where the asymmetry decreases for even further warp locations. We suspect this
to occur due to the warp transition width which is scaling with radius. This leads
to a shallower warp curve, and consequently more light can pass, causing smaller

shadows and therefore less lateral asymmetry.

The flux ratio between the two nebulae can also indicate a warp in specific
cases. In unwarped and perfectly edge-on disk, the two nebulae have the same
brightness. Due to the shadows in warped disks, the flux ratio can vary depend-
ing on the azimuthal angle. By itself, the flux ratio is not a strong indicator of a
warp, since the relative brightness of the two nebulae also varies in an unwarped
disk when it is not oriented perfectly edge-on. Nevertheless, we find that in some
rare occasions, the flux ratio can be an indication of warps in observations after
all, when observing the disk in multiple wavelengths. For this scenario, the outer
edge of the warped disk should be slightly inclined (not perfectly edge-on; we
chose an inclination of 85° in our models). If the disk is additionally oriented
azimuthally, such that the nebula that would be brighter if unwarped is now
shadowed by the misalignment, this nebula appears darker in the near-infrared.
At slightly longer wavelength (12 — 21 ym in our models), however, the disk’s
thermal emission is large enough so that this nebula can appear brighter, as the
shadow is less prominent, leading to a swap in brightest nebula with wavelength.
We confirm this swap in brightest nebula with wavelength if the warp is strong
enough, in our models imax = 10°. For small warps (imax = 3°), we can not

reproduce this switch even at the best viewing angle.

In observations, such a swap is found in three edge-on disks so far: IRAS04302
+2247, HH30, and Flying Saucer. As expected, this phenomenon is rare, as it re-
quires a very specific orientation of the disk with respect to the observer. How-
ever, when it occurs, it is a strong indicator for a misalignment. In observations,
the inclination of an observed disk is often inferred from the flux ratio. If the

observed disk contains a misalignment, it could lead to a mismatch of inclina-
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tions inferred from different wavelengths. Such a mismatch is indeed found for
example in Tazaki et al. (2025). We want to point out that observed disk incli-
nations usually have large uncertainties. However, if a swap with wavelength is
observed, it can be a good indication that the disk is inclined and warped.

Additionally, we analyzed the relative position angle between optical jets and
the outer disk plane in four previously published edge-on protoplanetary disks.
We specifically targeted disks showing some level of lateral asymmetry in pre-
vious scattered light observations. In our investigation, we find that all systems
show hints to slight misalignments. We use our models to make a rough esti-
mation of the amplitude of misalignment in those disks. For HH48, we find that
depending on azimuthal orientation, a warp between 1 — 10° could be present,
consistent with the measurement of jet and bottom disk surface misalignment
(S 2°). In the other systems, the misalignments of a few degrees could be con-
sistent with the apparent wiggling of the jet and the lateral asymmetries in the
nebulae. In summary, the weak or lack of misalignments between the jets and
outer disks could indicate that warps in protoplanetary disks are typically only
of a few degrees. However, more observed systems are needed in order to draw
strong conclusions.

Lateral asymmetries in edge-on observations can point to the presence of a
warp, and with additional information about the vertical structure of the disk,
it can be possible to make estimations about the warp parameters. As always,
these results must be interpreted within their limitations, which we elaborated in
Section 5.3.3. Although it is hard to infer the exact warp parameters from obser-
vations at this point, this study takes the first step in quantifying the asymmetry
and trying to match the warp strength to the observed asymmetry. However, the
parameter space of different warp shapes is too large to cover in one single work,

and we therefore have to leave further explorations for future studies.



Appendices to Chapter 5

5.A  On the forward scattering peak

For this work, we needed to perform a large amount of simulation runs, as each
viewing angle ¢ in each wavelength requires its own radiative transfer simula-
tion. In order to keep the computation time feasible for this study, each simula-
tions should not take too long to run. One of the main factors for computation
time in radiative transfer simulations is the amount of scattering photon packages
used. The more photon packages are used, the closer the result gets to reality, but
also the longer the simulation takes.

A commonly used technique to get away with fewer photon packages, but
still end up with a smooth result, is called angular chopping (see e.g. documen-
tation of optool, Dominik et al., 2021). This technique makes use of the fact that
light, which is scattered within only a few degrees around the forward scatter-
ing direction, can be approximated as unscattered. This means that these photon
packages, that would be scattered within this forward peaked regime, can be
treated as if they did not interact with the scattering particle. Internally, optool
uses the chopping angle (option -chop in optool) to set the values of the scat-
tering matrix within the cone of the set angle to the value at the cone edge. The
tool compensates for the chopping in order to ensure energy conservation by ad-
justing the scattering cross-section, which leads to a slightly altered opacity for
wavelengths with a significant forward peak in the phase function. Figure 5.A.1
shows the comparison of the scattering opacity with and without chopping.

Clearly, chopping is especially important if the scattering phase function is
extremely forward peaked — meaning that most photons are scattered within
only a few degrees from the original direction. Indeed, for short wavelengths,
where the forward scattering peak in the phase function is extreme, Figure 5.A.1

shows that the chopping mechanism reduces the opacity in this regime, while it
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Figure 5.A.1: Scattering opacity (mass-weighted) with chopping of 2°
(solid) and without chopping (dash-dotted) for the DIANA standard
model, as used in this work. The mass-weighted absorption opacity is
indicated with the orange dotted line. The lower panel shows the albedo
N = Kscat/ (Kabs + Kscat). The gray dotted lines indicate the wavelengths
investigated in this work.

does not influence the longer wavelengths, where the phase function is not as
strongly forward-peaked. Without the chopping mechanism, radiative transfer
codes can have difficulty to deal with such an extreme forward peak, leading to
bright spots in the resulting image, if too few scattering photons are used. These
bright spots can indeed be avoided by using an enormous amount of scattering
photons. However, this would lead to long computation times®.

By looking at the phase function for our dust set up, we see that at the wave-
length of 0.8 ym, the phase function indeed is extremely forward peaked. In Fig-
ure 5.A.2, we plot the Z11-component of the scattering matrix, whose integral de-
termines the total scattering cross-section oscat with (e.g. Dullemond et al., 2012)

T 271
Oocat = / sin0do [ de Z11(6,¢). (5.5)
0 0

Since we consider three additional wavelengths in the main part of the paper, we

30n our machine with our settings, an image simulation with RADMC-3D using 10” scattering
photons takes less than one hour, while a simulation with 3 x 10'° scattering photons takes more
than a day. This would be unfeasible for a project like this work.
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additionally checked the scattering phase function for them. At2 ym, we also find
a strong forward peak, but it is less strong than for A = 0.8 ym by several orders
of magnitude. For the longer wavelengths of 12 ym and 21 ym, there is only a
very weak forward-scattering peak, which means that a consideration at these
wavelengths does not require the chopping mechanism. However, the chopping
mechanism also does not have a large effect on the results in these wavelengths.
For simplicity, we therefore treat all simulations in the main part using the same

opacity set-up with chopping of 2°.
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Figure 5.A.2: Phase function, i.e. Zjj-component of the scattering matri-
ces, for the DIANA standard model in the wavelength A = 0.8ym without
the chopping mechanism and with chopping by 2°, using varying internal
resolutions (7ang) in optool. The bottom panel shows the same curves as
the top panel, but with the y-axis linear and stretched so that the difference
for larger scattering angles becomes visible. Except for the cut by 2° at the
forward peak, the phase function is nearly the same for the case without
chopping and high internal resolution (green line) and with chopping for
the default internal resolution (blue solid line).

Interestingly, we noticed that for such extreme forward scattering peaks like in
our case, the default internal angular resolution® of optool is not enough to accu-
rately determine the scattering phase function. We initially noticed a discrepancy
between the phase functions with and without chopping using the default angu-
lar resolution 7n1ang = 180 of optool, see yellow and blue lines in Figure 5.A.2. We
found that this difference in the scattering phase function leads to a relative dif-

terence of intensity in the images of about 30%. We suspected the reason for this

4The internal angular resolution 1,ng can be set using the option -s <n_ang> in optool.
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difference between the phase functions with and without chopping to be linked
to the extreme forward scattering peak. The tool optool normalizes the scatter-
ing matrix to produce the correct integral. As the forward-scattering peak has a
strong contribution to the integral, a slight inaccuracy within the peak could lead
to strong inaccuracies for larger scattering angles. Therefore, a higher internal an-
gular resolution ensures an accurate calculation of the forward scattering peak,
leading to a more accurate determination of the normalized values for high scat-
tering angles. On the other hand, if the extreme forward peak is cut off using the
chopping mechanism, the normalization can be more accurate for high scattering
angles in this case as well. Indeed, using a higher internal angular resolution for
the scattering phase function gets rid of this difference, as shown in Figure 5.A.2
in the green line, which almost perfectly aligns with the blue line in the regime of
higher scattering angles. Changing the internal angular resolution for the phase
function with the chopping mechanism does indeed not significantly change the
phase function (dotted line), as the normalization integral is sensitive to slight
deviations when the peak is chopped. We therefore conclude that it is not neces-

sary to use the higher angular resolution for simulations when using a chopped
phase function.
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Figure 5.A.3: Comparison of the RADMC-3D images between cases with
chopping by 2° and without chopping for 3 x 10 scattering photons (top
row) and 102 scattering photons (bottom row). These models are calcu-
lated at the wavelength A = 0.8 ym. The right column shows the relative
error in percent. Here, we ignored intensity values of the images that are
smaller than 107! in order to avoid artifacts.

In order to ensure that the chopping does not change the correctness of the
result, we ran comparison simulations using different amounts of scattering pho-

tons in a test case. Because we performed this test in an early stage of this project,
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our test case has slightly different disk parameters. We used a warped disk with
a disk tilt of imax = 10° at a warp location of rwarp = 20au. The range of the
disk and the coordinate system are the same as for the simulations in the main
part of this work, but the aspect ratio of the disk is iy = 0.05 at the reference
radius Ry = 5.2au and the flaring index is ig = 0.25. Additionally, we used a
higher dust mass than in our main models, i.e. Mgys = 10~*M., which leads to
a different shape and separation width of the top and bottom nebula.

In total, we ran four simulations for this test: one set using ncat_phot = 3 X 1010
scattering photons, and one set with 715cat phot = 108, each set both without chop-
ping and with chopping of 2°. For the simulations without chopping, we used
an internal angular resolution of the phase functions of nang = 720, while for the
simulations with chopping, we kept the default resolution of nang = 180, since
we were aiming at performing the final simulations using this default resolution.
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Figure 5.A.4: Relative error between the model closest to reality
(Mphot_scat = 3 X 10'° without chopping, top left panel in Fig. 5.A.3) and
the computationally least expensive model (1phot scat = 10® with chop-
ping by 2°, bottom middle panel in Fig. 5.A.3).

Figure 5.A.3 shows the image results for all four simulations, and in addition

. . . . . I 1 h h 1 71 1 h h 3
the relative error of the resulting intensities § = | "ot hopping  WIth hopping | £ 1 hoth
i
without chopping

sets. In order to avoid artifacts in the residuals due to very small values in the

images, we ignored the areas with intensity values lower than 10~'7. The bottom
left panel of Figure 5.A.3 shows the bright spots if too few scattering photon pack-
ages are used in the case without the chopping mechanism. The bright spots es-
pecially occur in the transition regimes between the optically thick and optically
thin part of the disk. They are unphysical artifacts due to the strong forward scat-
tering peak at this wavelength. As expected, there are two ways to avoid these
bright spots. One way is to use more scattering photons (top left panel), which
is physically closer to reality, but has the problem of long computation time. The
other way is to use the chopping mechanism (middle column), where we achieve
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a similarly good result at lower computational cost.

In Figure 5.A.4, we show the relative error between the model closest to reality
and the trade-off model with low computational cost. The median of the relative
error is 2.7%, and we therefore conclude that it is safe to use a chopping of the
phase function of 2° in order to save computation time for our final models.

5.B Unwarped disk

edge-on (90°) inclined (85°)

A= 12.0um A= 2.0um A= 0.8um

A= 21.0um

Figure 5.B.1: Synthetic near-/mid-infrared radiative transfer images in
log-scale in different wavelengths of an unwarped disk. The left column
shows the disk observed perfectly edge-on, the right column viewed at an
inclination of 85°.
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As a reference case for the models of warped disks, we investigate a planar,
untilted disk in near-/mid-infrared. As described in Section 5.2, our disk contains
dust of grain size 2 = 10 um. Because this model is perfectly axisymmetric, we
do not need to consider different viewing angles.

For an observer viewing the disk perfectly edge-on (inclination of 90°), top
and bottom nebulae are perfectly symmetric across multiple wavelengths, as
shown in Figure 5.B.1, top row. Here, nebulae have the same shape and bright-
ness. Looking at the disk at a slight inclination of 85°, the top nebula appears
brighter in all wavelengths (see bottom row of Figure 5.B.1). This occurs mainly
due to forward scattering, but backward scattered light from the far side of the

disk contributes as well.

5.C Testing smaller grain sizes

In this section, we explore the lateral asymmetry and flux ratio in models with
smaller dust grain sizes in the example of a misalignment of imax = 3° and a warp
location of 7warp = 20 au. In the main part, we focused on a single dust grain size
of a = 10 ym. Here, we extend our investigations to a = 1 ym and 0.5 ym, as well
as a dust size distribution for comparison. For the dust size distribution, we chose
dust sizes from a = 0.1 ym — 10 ym, distributed in a commonly assumed power-
law distribution according to n(a)da « a=3°da. All other parameters remain the

same as in the main part of this work.

dust size distribution

Figure 5.C.1: Radiative transfer simulations of the model with a misalign-
ment of 3° at a location of 20 au, viewed from ¢ = 0°, for different dust
sizes. Images are shown for A = 0.8 ym.
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We find that the appearance of the disk nebulae in the radiative transfer im-
ages differs between the models of different dust sizes, as shown in Figure 5.C.1.
In especially, the shape of the nebulae is less rounded and the separation between
the nebulae is wider for the smaller dust grain sizes. This is because of the dif-
ferent opacities due to the different models of dust grain sizes. However, when
comparing the lateral asymmetry and flux ratio, we find the same trend as in our
main models, as shown in Figure 5.C.2. This good agreement between the dif-
ferent assumptions on the dust indicates that the results of this work in terms of

lateral asymmetry and flux ratio can be applied in a more general way.
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Figure 5.C.2: Same as Figure 5.6, but for a misalignment of imax = 3° and
different assumptions on the dust size in the models. All data points are
for radiative transfer models at the wavelength A = 0.8 ym.

We further checked for the different dust size models, if the swap in flux ra-
tio with wavelength (see Sect 5.3.2) can be reproduced for smaller grains. Fig-
ure 5.C.3 shows that all three dust size models can reproduce the swap in the
brightest nebula with wavelength. In particular, for all alternative dust models
explored in this section, the flux ratio swap occurs at shorter wavelength than in

the case of our fiducial model with 2 = 10um, which is noticeable at 12ym in-
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stead of 21ym. We show in Figure 5.C.4 the images at the different wavelengths

for a dust size of 2 = 1 ym.
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Figure 5.C.3: Flux ratio as a function of wavelengths for models of warped
disks with a warp tilt of 10° and different dust properties. The models are
simulated with ¢ = 60°, and the y-axis is plotted in log-scale.

Figure 5.C.4: Same as Figure 5.8, but for the models with a dust grain size
of a = 1 ym instead of 10 ym.
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We note that for our chosen fiducial dust size of 2 = 10 um, the silicate fea-
ture in the absorption opacity at roughly A = 10 um is weak. However, the other
models shown here have a stronger silicate feature because of the smaller grains.
Checking the appearance of the images for wavelengths around A = 9 — 12 um,
we found that the silicate feature does not have a strong effect on the lateral asym-

metry.



Conclusions and outlook

Protoplanetary disks are the key for understanding the formation and evolution
of planets. While the research field has experienced giant leaps of advancement
in the recent decades, a lot of important conditions are still unconstrained. To
solve this gap of knowledge, a synergy between the observational and theoretical
research in this field is crucial. Observations give insight into the conditions in
disks, which helps to set constraints for theoretical models. At the same time,
theoretical models can aid in the interpretation of observational data. In fact,
theoretical models rely on the confirmation from observations, otherwise they
are just an idea. This synergy comes to life in scientific collaborations, bringing
us closer to the holistic understanding of planet formation.

This thesis contributes to the knowledge and understanding of planets’ birth-
places. While the work itself is situated in the theoretical field, I continue to fol-
low this synergy in the research field through close collaborations with obser-
vational researchers and by investigating synthetic observations of my models.
I am committed to sustaining and strengthening the link between observations

and theory.

6.1 Summary

This thesis is dedicated to the thorough investigation of warped disks in three-
dimensional hydrodynamic simulations, as well as their appearance in synthetic
observations. Warped disks gained relevance throughout the past decade, as an
increasing amount of observations suggests indications of warps in protoplane-
tary disks. These indications are commonly non-axisymmetric shadows, such as
narrow lanes or broad dark regions, that are cast from an inner region which is
misaligned with respect to the outer region. Because warped disks evolve in a
characteristic manner, constantly changing their orbital planes, warps can have

strong implications on the process of planet formation. Understanding the for-
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mation and evolution of warps is therefore an important aspect in the objective
to understand how planets are born.

Chapter 1 provides an introduction on protoplanetary disks from both the
observational and the theoretical perspective. The focus of this chapter are the
main processes leading to planet formation. Chapter 2 then introduces the basic
concepts of warped disks, including their formation and evolution. The nature
of the warp evolution depends on the properties of the disk, mainly the viscosity
in comparison to the vertical extend of the disk. For viscous, thin disks, the warp
evolves diffusively, where it dissipates into a planar, unwarped disk. In thick

disks with low viscosity, on the other hand, the warp travels as a wave through
the disk.

Chapter 3: Warped disks in grid-based simulations

The aim of Chapter 3 is to understand the evolution behavior in three dimen-
sions. For that, I used grid-based hydrodynamical simulations to investigate the
dynamical effects of warps. Grid-based simulations are a valuable tool to study
protoplanetary disks, as they can model low-viscosity disks more accurately in
comparison to Smoothed Particle Hydrodynamics (SPH) methods as alternatives.
However, because the grid contains an intrinsic geometry, grid-based methods
are optimal for simulating planar disks where the disk midplane is aligned with
the grid midplane. For warped disks, this is no longer the case. Therefore, I dedi-
cated the first part of this chapter to assess the impact of a misalignment between
disk and grid. I found that the resolution in the vertical direction is the most
important. If this is not large enough, the geometry of the grid has a strong, un-
physical effect on the disk plane, causing the disk to align with the grid plane and
precess around the z-axis. However, for an appropriate vertical resolution, these
unphysical effects can be minimized.

Using this result, I simulated an initially warped disk in grid-based simula-
tions with appropriate vertical resolution. These simulations clearly show the
wave-like evolution of the warp and compare well to one-dimensional models in
terms of evolution of the inclination profile. Surprisingly, I found that in addition
to the warp, the disk is twisting in the three-dimensional simulation, which is
not reproduced in the one-dimensional model I use for the comparison. In this
twisting motion, different regions of the disk precess differently. However, dur-
ing this twist, the total angular momentum of the disk stays the same and does
not change direction. I performed a series of tests in order to determine if this
twist occurs physically or numerically. All tests indicate that the twisting is a
physical effect which is captured in the three-dimensional dynamics, but ignored

in one-dimensional models of a perfectly Keplerian disk.
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In collaboration with my co-author, we evaluated the internal dynamics to
investigate the sloshing and breathing motions that are predicted to occur in
warped disks in linearized shearing box models. These motions generate the
internal torque of the disk, which is the main driver of warp evolution. My sim-
ulations show that these motions indeed occur in three-dimensional simulations
and become supersonic in the upper layers of the disk. While the upper layers do
not have a great influence on the overall warp evolution, this phenomenon can
have great implications for kinematic observations of warps. Overall, we were
able to recreate the warp evolution with an additional simulation method while
additionally gaining an understanding of the importance of gas pressure support

for the warp evolution.

Chapter 4: Modeling a stellar fly-by warping the disk around RW Aur A

Using this powerful tool explored in the previous chapter, I investigated stellar
fly-bys as formation scenario of warps in Chapter 4. Stellar fly-bys are common
in the early, disk-hosting stage of planet formation, and can have drastic impacts
on the shapes and sizes of protoplanetary disks. This chapter particularly focuses
on the warping excited by fly-bys, which can now be accurately studied for low-
viscosity disks in grid-based simulations. I found that fly-bys can indeed create
warps of a few degrees, and the resulting warp depends on the specifics of the
fly-by. The geometry of the trajectory with respect to the disk has a large influ-
ence on the warping. I explored both a geometry with a periastron in the disk
plane, and a geometry where the periastron is not in the same plane as the disk.
In addition, the direction of the fly-by in comparison to the rotational direction
(called prograde for the same direction and retrograde for opposite directions)
also influences the warping. Within the explored parameters, a retrograde fly-by
with an out-of-disk-plane periastron produces the strongest warp, a warp with a
maximum misalignment of about 4 — 5°. In contrast, the retrograde fly-by with
a periastron in the same plane as the disk showed the least amount of warping
of less than 1°. This shows that the strength of the excited warp does not only
depend on the mutual inclination between orbit and disk planes, but also the
specifics of the trajectory.

In the simulation of the strongest warp, the lifetime of the warp is much longer
than the fly-by itself. This means that signatures of warps produced by fly-bys
can be observed even if the perturber is far away such that it is not traceable
anymore. In contrast to that, my simulations show that spiral arms, which are a
characteristic signature of pro-grade fly-bys, are extremely short-lived and only

last a few orbits at the outer edge of the disk. This is in alignment with previ-
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ously found results, and implies that the perturber should be observed for disks
containing spirals caused by fly-bys.

In the second part of Chapter 4, I conducted a case study of a system called
RW Aur, which consists of two disk-hosting stars that recently experienced a close
encounter. Astrometric data reveals that the trajectory is either bound on a highly
eccentric orbit, or unbound close to a parabolic trajectory. In the frame of this
project, I assumed an unbound parabolic fly-by. Modeling this system provides
insight into the mechanics shaping the disks in this system. I focused on the
disk around RW Aur A and my simulation shows that a warp of about 5° can be
expected. Indeed, observations suggest a misalignment between inner and outer
disk region of around 6°. The warping in this system shows a complex behavior
with indications of multiple superimposed warp waves.

The aim of this case study was the comparison of synthetic observations of
the model to real observations of the system. I thus performed radiative transfer
simulations to create images of the dust continuum. For the dust, I assumed only
small dust, since that is expected to be coupled to the gas and follow the warping
movement. Because the trajectory is prograde for RW Aur A, spirals are expected
to appear in the disk. However, the observation of the dust continuum appears
completely smooth with no visible spirals. In my simulation, the spirals indeed
occur, but dissolve fast before the current time of the observation. Therefore, the
synthetic dust continuum image of the current point of observation also appears
smooth and compares well with the observation. The lifetime of the spirals could
depend on disk properties, which is why I performed additional hydrodynamic
simulations for different disk viscosities. However, the lifetime of the spirals did
not change for a lower viscosity, and was only slightly shorter for a larger viscos-
ity. For the excited warp, the amplitude is similar for the different viscosities. A
difference, however, is seen in the evolution of the warp.

All in all, this chapter shows that fly-bys have a strong influence on the mor-
phology of disks. Because fly-bys are common in young stellar systems, they

might have a large impact on the architecture of planetary systems.

Chapter 5: Asymmetric signatures of warps in edge-on disks

In Chapter 5, I investigated the appearance of warps in disks observed edge-on
with synthetic observations in a systematic approach. Protoplanetary disks ob-
served edge-on in near-/mid-infrared wavelengths show two bright regions sep-
arated by a dark lane. This lane corresponds to the midplane of the disk, which
appears dark because it is optically thick and hides the light from the star. The
bright regions correspond to the surfaces of the disk, where light from the star
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is scattered toward the observer. Many disks observed edge-on show asymme-
tries between the two surfaces. These asymmetries can be caused by shadows
from an inner region which is misaligned with respect to the outer region. In this
chapter, I investigated whether parameters of the warp could be inferred from

the observed asymmetries.

For that, I performed radiative transfer simulations of warped disks with dif-
ferent misalignments between inner and outer disk, as well as different locations,
meaning radii of steepest inclination change, of the warp. In collaboration with
my co-author, we evaluated the asymmetry between disk surfaces, called lateral
asymmetry, in a quantitative way. In addition, we evaluated the flux ratio be-
tween the disk surfaces. The simulations show that two quantities depend on the
warp parameters, but also on the orientation of the disk with respect to the ob-
server. For an optimal orientation, subtle warps of only 2° misalignment can lead
to a noticeable lateral asymmetry. However, for unfortunate orientations, even

larger misalignments do not produce observable asymmetries.

In these more unfortunate orientations, one surface appears brighter than the
other one, as one of the surfaces is shadowed by the warp. In an unwarped disk
observed perfectly edge-on, both surfaces would have the same brightness. How-
ever, this difference in flux between the surfaces can also appear in an unwarped
disk, if the disk is tilted slightly away from edge-on. This makes it hard to dis-
tinguish between a warped disk viewed perfectly edge-on and an unwarped,
slightly tilted disk, as they appear very similar.

In some cases, a solution to this degeneracy exists if the disk is observed in
multiple wavelengths. In a warped disk, the flux ratio can flip depending on
wavelength, meaning that for shorter wavelengths, one surface appears brighter
than the other, whereas in longer wavelengths, the other surface appears brighter.
This can occur if the warped disk is observed slightly tilted and the warp is
oriented in such a way that the warp shadows the disk surface that would be
brighter in an unwarped disk with the same tilt. This way, the surface actu-
ally appears darker. However, in longer wavelengths, thermal emission becomes
more important so that the shadow is less pronounced, and the surface appears
brighter again. This phenomenon is observed in a few edge-on disks, and since
there is no other explanation for it up-to-date, it is a strong indication that a warp
is present in these disks. However, it is expected to be rare in observations, as it
requires a specific viewing orientation.

Even though it is challenging to infer exact parameters of the warp from the
observations of asymmetries and flux ratios without knowing the exact viewing
orientation of disks, this chapter provides a valuable insight into the appearance

of warped disks viewed edge-on. By understanding the asymmetric signatures,
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it is possible to tackle the question of how common warped disks are and learn

more about their properties.

6.2 Outlook

Warped disks become more and more relevant as highly resolved images indi-
cate their existence and thus, their formation, evolution, and interaction with the
environment gain focus within the research community. Understanding their dy-
namical behavior as well as investigating their appearance in observations is im-
portant to comprehend their role in the formation of planets. The grid-based
methodology that I investigated in this thesis to model warped disks opens the
door for many future projects following up on this. This work provides valuable
insights into the dynamics of warps, a possible formation scenario, and observa-
tional signatures in synthetic observations. Nevertheless, there are many ques-
tions about their complex dynamics and appearance that remain unanswered.

For example, all my simulations have been performed in the assumption of
locally isothermal disks, where the temperature does not change in time. Real-
istically, however, the temperature is changing throughout the lifetime of disks.
Taking this into account in simulations requires the treatment of realistic heating
and cooling mechanisms within disks. Because the temperature is a main factor
for the vertical structure of disks, a changing temperature also means an evolu-
tion of the disk thickness. The warp evolution is driven by internal torques aris-
ing from sloshing and breathing modes in the disk which means that a change of
the vertical disk structure due to an evolving temperature can influence the evo-
lution of warps. Additionally, irradiation and shadowing because of the warped
shape can play a significant role for the temperature of the disk. Thus, modeling
warp evolution with more attention to the temperature is an important future
step and will provide more insight into the realistic behavior of warps.

With regard to the formation of planets in warped disks, one of the obvious
next steps is the consistent treatment of dust in hydrodynamical models. The hy-
drodynamical simulations in this thesis model pure gas disks. Understanding the
behavior of dust grains in warped disks is highly important, as the dust distribu-
tion has implications on both observations and the process of planet formation.
Because the reaction of dust grains to a changing orbital plane is not well studied
yet, there is a lot of work to be done.

The physics behind warps is detailed and complex, and plays a significant
role in the evolution of protoplanetary disks, which poses many further research
questions. In the following, I outline a few concrete ideas for follow-up projects,

which are partially already in progress.
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Kinematics in RW Aur A

In Chapter 4, I investigated the appearance of RW Aur in radiative transfer sim-
ulations of the dust continuum. An important next step is to investigate the kine-
matics in molecular lines. Warps could have a strong impact on the kinematics,
since the sloshing motions found in the hydrodynamic simulation in Chapter 3
show supersonic flows at the disk surfaces. I plan to investigate the velocity
channel maps of CO-lines in synthetic observations of my hydrodynamic model
of RW Aur A. This will give insight into the chances of observing of a warp in the
kinematics of this system.

Additionally, I aim to investigate observational signatures of warps and spi-
rals in detail. As my models in the first part of Chapter 4 include both spirals in
an unwarped disk for the prograde co-planar simulation and warped spirals in
the inclined simulations, I am planning to look for distinctions to make it easier

to identify warps in observations.

Twisting in 3D models

My findings in Chapter 3 on the twisting of an undriven warped disk sparked
a new collaboration led by Hossam Aly to investigate this effect in more detail.
Within the collaboration, we are able to reproduce the twist behavior in different
numerical codes, both grid-based like FARGO3D and ATHENA++, as well as
Smoothed Particle Hydrodynamics (SPH) codes such as PLUTO. This supports
my hypothesis that the twisting is a physical effect intrinsic to the warp dynamics.

In the frame of this collaboration, we will investigate the origin of the torque
leading to the twist. For this, we aim to check whether pressure gradients in the
disk, that lead to a deviation of the azimuthal velocity from Keplerianity, can be
responsible for the twist. As a part of this collaboration, I will investigate this
hypothesis with both one-dimensional and three-dimensional models. Further
members of the collaboration are Rebecca Nealon, Giuseppe Lodato, Sijme-Jan

Paardekooper, Callum Fairbairn, and Ian Rabago.

Precession of observed jets

A further idea for a project is the investigation of observed disk jets. Such jets
often show an oscillating behavior, or often called wiggles. Since jets are launched
from the inner region of the disk, this wiggling could be a tracer of a preces-
sional motion of the inner disk, possibly linked to the twisting of a warped disk.
Observations of jets and their velocities can give insight into the precession pe-
riod of the inner disk, which might help to constrain disk and warp parameters.

Therefore, an investigation from the theoretical point of view on the dependency
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of time scales on different parameters of the disk, like disk size and warp ampli-
tude, will be a good first step, potentially leading to an international collaboration
with researchers on the observational side in order to constrain parameters from
observations of wiggling jets.

The idea for this project was sparked at the Italian National Conference on Star
and Planet Formation in Sexten, Italy (lead organizer Francesca Bacciotti), which
took place in January 2025, through my presentation on the work of Chapter 5, as
well as presentations especially by Alessio Caratti o Garatti and Sam Federmann
on their observations of wiggling jets and detailed measurements of jet velocities.

Prevalence of warps in protoplanetary disks

Even though observations of non-axisymmetric features indicating warps be-
come more and more common, the prevalence of warps in protoplanetary disks
is still an open question. Following up on the work of Chapter 5 and extending
the investigation of observational signatures of warps will help shed light on this
question. In this frame, kinematics will also play a key role. This is one of the
goals of my post-doc position in the field of protoplanetary disks with Giovanni
Rosotti at the Universita degli Studi in Milan, Italy.

Warped disks around black holes

The physics behind the dynamics of warps can not only be applied to protoplan-
etary disks, but more generally for other accretion disks as well. For example,
accretion disks around spinning black holes can develop a warp if the spin axis
of the black hole is misaligned with the rotational axis of the disk. In this scenario,
the black hole acts a torque on the disk, referred to as Lense-Thirring effect.

Observations of some black holes reveal so-called Quasi-Periodic Oscillations
(QPOs), which are X-ray frequency regimes that show a higher intensity in their
Fourier analysis of the spectrum. These QPOs seem to be linked to the presence
of accretion disks. Although their origin is still unknown, they are thought to
originate in the very inner region of accretion disks around massive objects. One
hypothesis is that they could be linked to the Lense-Thirring effect.

In a collaboration led by Guglielmo Mastroserio, we aim to investigate warped
accretion disks around stellar mass black holes and their possible connection to
QPOs. For that, we are using my one-dimensional warp evolution code dwarpy,
which I developed prior to this dissertation during my Master’s project at Hei-
delberg University, and the insights on warp evolution gained from this work.
Further members of this collaboration are Giuseppe Lodato, Giovanni Rosotti,

and Alessia Franchini.
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Other ideas

The area of warped disks and their non-axisymmetric features in observations
is rich of further research questions. The possibilities for projects range from an
analysis of the warp dynamics of disks that for example contain substructures to
the further investigation of observational signatures.

Directly following the work of Chapter 4, a closer analysis of the lifetime of
spirals in stellar fly-bys would be interesting. Here, the question is which fac-
tors, including disk parameters and warp strength, influence the lifetime of the
spirals. Another interesting follow-up question is the amplitude of the excited
warp and on which parameters it depends. What is the largest amplitude we can
excite through a fly-by event? Furthermore, since kinematics of disks gain more
and more importance, distinguishing the signatures from spirals and warps will
become important. Or going a step further, can we distinguish planar, unwarped
spirals from warped spirals in disk kinematics?

Another important direction for future work are magnetic fields and their in-
fluence on the dynamics of warps. An indication that magnetic fields can be
present in warped disks are the observations of wiggling jets. As mentioned be-
fore, the oscillation of the jets could indicate a precession of the inner disk region
due to a warp. However, the main mechanism to launch a jet from the disk is
thought to be linked to magnetic fields. These magnetic fields can act a torque
on the orbital plane of a disk and thus influence the dynamic behavior of warps.
Magnetic effects in warp dynamics are not studied well so far, as the dynamics
of warps without magnetic fields is already quite complex. Investigating these
under the influence of magnetohydrodynamcis is challenging with the current
computational resources. However, I think it will be an exciting research direc-
tion in future.

Investigating these and further research questions will contribute to a com-
prehensive understanding of warped disks and their role in the field of planet

formation.
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6.3 Conclusions

Warps play a significant role in the field of protoplanetary disks, as they appear
to be common and influence the dynamical evolution of disks. The variety of
formation scenarios and possible warp shapes indicate their diverse influence on
the formation process of planets. My work in the frame of this thesis, together
with the current research in the area of warped disks, is pushing us closer to a
complete understanding of their gas dynamics.

However, as we gain knowledge and our understanding becomes deeper, new
research questions arise, which require successive investigation. The grid-based
method, which I explored in this work, has proven to be a robust and versatile
tool to tackle some of these research questions. My work demonstrates the appli-
cability of grid-based methods to the formation and evolution of warped disks.
The grid-based simulations provide a deeper insight into the detailed and com-
plex dynamics of warps, as well as the warp formation in a specific scenario.
Additionally, I strengthen the link between theoretical models and observations,
using radiative transfer simulations.

As the research field of protoplanetary disks is active, new theoretical and ob-
servational findings are constantly changing our picture of disk evolution and
planet formation. Despite this progress, many observed phenomena remain un-
explained, and key physical processes governing these systems have yet to be
fully uncovered. Curiosity and the drive to explore will be essential as we keep

pushing the boundaries of knowledge in the area of warped disks.
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