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Abstract

Gas dynamics and turbulence in protoplanetary disks play a crucial role in disk evolution
and planet formation, not only by dictating the motion of solid particles through the planet-
forming disk but also by allowing the transport of angular momentum and so the mass
accretion onto the star. Significant are the effects of turbulence on dust settling, dust con-
centration and growth/fragmentation, fundamental ingredients for the dust to grow into
pebbles and planetesimals, building blocks of planets. Therefore, exploring the gas dynam-
ics and observational signatures of turbulence is essential to further understand its origin
and impact in planet formation.

In this thesis, I present a study on the gas dynamics and kinematical signatures of disks
unstable to the vertical shear instability (VSI), a robust candidate to generate turbulence
in the outer regions of protoplanetary disks. Via high-resolution 3D hydrodynamical simu-
lations post-processed with radiative transfer predictions and synthetic observations, I show
that the VSI produces observational signatures in CO kinematics, observable within ALMA’s
capabilities. However, I also show that the interplay between the VSI and forming massive
planets can substantially affect their kinematic signatures, by partially suppressing the VSI
and sculpting a complex velocity structure. These predictions will help to interpret upcom-
ing ALMA kinematical observations, potentially revealing a process behind gas turbulence
in planet-forming disks.






Zusammenfassung

Gasdynamik und Turbulenz in protoplanetaren Scheiben spielen eine entscheidende Rolle
bei der Scheibenentwicklung und der Planetenbildung, indem sie nicht nur die Bewegung
von Staubteilchen durch die sich bildende Scheibe diktiert, sondern auch den Transport von
Drehimpuls erlaubt und die damit verbundene Akkretion von Masse auf den Stern.

Bedeutsam sind die Auswirkungen der Turbulenz auf die Staubablagerung, Staubkon-
zentration und Wachstum/Fragmentierung, die grundlegend dafiir sind dass der Staub zu
Kieselsteinen und Planetesimalen, den Bausteinen von Planeten, heranwachsen kann.

Daher ist die Erforschung der Gasdynamik und dessen Beobachtungssignaturen von Tur-
bulenzen von entscheidender Bedeutung fiir das weitere Verstdndnis ihres Ursprungs und
ihrer Auswirkungen auf die Planetenbildung.

In dieser Arbeit wird eine Studie iiber die Gasdynamik und die kinematischen Eigen-
schaften von Scheiben vorgestellt. Der Fokus liegt auf der vertikalen Scherungsinstabilitat
(VSI), einem robusten physikalischem Prozess welcher Turbulenz in den dufleren Regionen
protoplanetarer Scheiben erzeugen kann.

Mihilfe hochauflésende hydrodynamische 3D-Simulationen, die mit Strahlungstransfer-
Vorhersagen und synthetischen Beobachtungen verbunden sind, zeige ich dass die VSI Si-
gnaturen in der CO-Kinematik erzeugt, die mit dem ALMA Teleskop beobachtbar sind.

Die Ergebnisse zeigen auch dass das Zusammenspiel zwischen der VSI und der Bildung
massereicher Planeten deren kinematische Signaturen erheblich beeinflussen kann, indem
sie die VSI teilweise unterdriicken. Diese Vorhersagen werden fiir kommende kinematischen
ALMA Beobachtungen von hoher Bedeutung sein, die Beobachtungen zu interpretieren und
den Prozess der Planetenentstehung zu verstehen.






Resumen

La dinamica y turbulencia del gas en discos protoplanetarios juega un rol crucial en la
evolucion del disco y la formacion planetaria, no solo al dictar el movimiento de las particulas
solidas en el disco protoplanetario, si no también al permitir el transporte de momentum
angular y con ésto la acrecion de masa hacia la estrella.

La turbulencia causa efectos significativos en el asentamiento, concentraciéon, crecimiento
y fragmentacion del polvo, ingredientes fundamentales para que el polvo crezca a granos y
planetesimales, bloques que componen los cimientos de los planetas. Por lo tanto, explorar
la dinamica del gas y firmas observacionales de la turbulencia es esencial para entender su
origen e impacto en la formacion planetaria.

En esta tesis, presento un estudio de la dindmica del gas y firmas cinemfticas de discos
inestables al vertical shear instability (VSI), un candidato robusto a generar turbulencia en
las regiones externas de los discos protoplanetarios. Utilizando simulaciones hidrodinamicas
3D en alta resolucién post-procesadas con trasferencia radiativa y observaciénes sintéticas,
demuestro que la VSI produce firmas observacionales en la cinematica del CO, que son
observables con ALMA. Sin embargo, también demuestro que la interaccion entre la VSI
y los planetas masivos en formacion puede afectar sustancialmente sus firmas cinematicas,
suprimiendo parcialmente la VSI y esculpiendo una estructura de velocidades compleja. Estas
prediccidnes ayudaran a la interpretacion de futuras observaciones de cinematica con ALMA,
con el potencial de revelar un proceso detras de la turbulencia del gas en discos de formacién
planetaria.
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Introduction

Early on in our evolution as humans, the night sky has stimulated our imagination, with
the hope that in the vast universe we find answers to the fundamental questions about our
existence. How did the Earth form? What is the origin of our Solar System? Is our Solar
System unique? Are there extra-solar planets similar to Earth?

From the oldest known evidence of humans looking at the night sky, such as the prehistoric
paintings in the walls of the Lascaux cave in France painted about 16500 years ago and the
stunningly beautiful Nebra sky disc found in Germany made roughly 3600 years ago, to
today’s astonishing high-resolution images from modern telescopes, a huge progress has
been made by humankind’s brightest minds in the comprehension of the Universe and our
Solar System. A particularly important finding for our understanding of our Solar System
is the discovery of extrasolar planets, firstly observed in 1992 (Wolszczan & Frail, 1992).
Today, thousands of extrasolar planetary-systems have been observed!, with an incredibly
diversity of properties and architectures. From this fundamental discovery, we know that
planet formation is a universal process, and that planetary systems similar to ours exist.

Nevertheless, fundamental questions about the formation and evolution of planetary sys-
tems are still standing. What is the mechanism behind planet-formation?, What is the
timescale of planet formation? Which processes define the planet properties and chemi-
cal composition? These and other questions about the formation of planets are tackled by
studying the so-called protoplanetary disks, disks of gas and dust that surround young stars.
The early theoretical concept of a circumstellar disks came to the minds of philosophers
Immanuel Kant and Pierre-Simon Laplace in their Nebular hypothesis (Kant, 1755; Laplace,
1796), a visualization of the formation stage of our Solar System. By fortune, it is possible
to observe protoplanetary disks in the Solar neighborhood, where looking at nearby star
forming regions (e.g., star-forming regions in the Taurus molecular cloud and Orion Nebula)
and a few single systems (e.g., HD 163296 disk) we have a chance to look into the formation
process of a planetary system and test planet formation theories, and at the same time try
to re-construct our Solar-System history.

Among the fundamental properties of the gaseous disk that are still under investigation,
turbulence is one of the most important. Globally, gas turbulence could affect the global
evolution of the disk by transporting angular momentum through the disk, which could help
to explain the observed stellar accretion rates. Locally, it can affect the dynamics of solids
in the protoplanetary disk via diffusion and mixing, changing its ability to settle, be trapped

http://exoplanets.org/



1 Introduction

in structures, grow and fragment, important for dust to growth into larger sizes to form
planetary embryos. Further, once the protoplanet is formed but still embedded, turbulence
can influence its migration and accretion. Thus, comprehend the origin of turbulence is key
to understand its role in these processes.

During the last decade, modern observational facilities, such as the Atacama Large Mil-
limeter /submillimeter Array (ALMA), have been able to spatially resolve the dust and gas
emission from nearby protoplanetary disks. These exquisite observations have revealed ubig-
uitous disk substructures (e.g., dust rings in HL Tau ALMA Partnership et al. 2015), and
the direct detection of two accreting planets carving a cavity in the protoplanetary disk PDS
70 (Keppler et al., 2018; Benisty et al., 2021). Understanding the origin of these structures
is fundamental: are these substructures crucial in the planet formation process or/and are
a manifestation of already formed planets?

In the theoretical interpretation, numerical simulations have reproduced the observed dust
substructures for a variety of possible pathways. Aforementioned, embedded planets can
interact with the disk creating dust substructures; however, direct detection of embedded
planets still elusive. Alternatively, dust substructures are produced naturally from physical
processes in the disk. These non-planetary scenarios invoke fundamental physics, such as
irradiation from the central star, fluid instabilities, disk self-gravity, magnetic fields, among
others. Moreover, theoretical simulations have shown that inside these dust substructures
dust can grow into pebbles, planetesimals, and planetary embryos, the building blocks of
planets. Thus, understanding the origin of these dust substructures is essential.

Due the variety of mechanism capable to explain dust substructures, gas kinematics obser-
vations have gained attention, as they can indirectly reveal the presence of massive embedded
planets by tracing its effect in the disk velocities (Disk Dynamics Collaboration et al., 2020);
therefore, proving planet-disk interaction as origin of dust substructures. Nevertheless, kine-
matical observations also opens the window to study kinematical signatures of alternative
mechanisms to explain dust substructures, and disk physical processes. In particular, high-
resolution observations of gas tracers can be directly used to reveal signatures of instabilities
operating in the disk, that could be a source of turbulence.

In this dissertation, I investigate if high resolution ALMA kinematic observations of CO
could reveal signatures of the vertical shear instability (VSI). The VSI is an hydrodynam-
ical instability that can operate in the outer regions of protoplanetary disks, and a robust
candidate to generate gas turbulence. I explore the cases in which the VSI is operating in a
region without already formed planets, and with an embedded massive planets carving a gap
in the disk. These predictions aim to help interpretation of ALMA kinematic observations
and give insights on the origin of turbulence in planet-forming disks.

1.0.1 Thesis Outline

The main objective of this thesis is to explore the kinematical signatures produced by the
hydrodynamical vertical shear instability (VSI) in planet-forming disks, proposed as gas
turbulence origin mechanism in the outer regions of the disk. To achieve this goal, I followed
a workflow that combines three-dimensional high-resolution hydrodynamical simulations,
radiative transfer calculations, synthetic imaging and kinematic data analysis. In this thesis
I show support that kinematical signatures from the VSI are unique and observable in CO



kinematics within the capabilities of the ALMA interferometer. However, I also show that
in the presence of embedded massive planets complex dynamical structure can results from
the interplay of the VSI and planet-disk interactions, with damping of the VSI in the disk
midplane regions. The thesis is organized in the following manner:

Chapter 2 I expand on the context of my thesis work by introducing pro-
toplanetary disks, planet formation theory and observations, addressing the
importance of studying turbulence in planet-forming disks, theoretical works
on the VSI and planet-disk interactions, and the current status of gas kine-
matic studies.

Chapter 3 I describe the numerical tools used in each step of the workflow
used in this thesis.

Chapter 4 In this chapter I present an investigation of the observability
of the vertical shear instability in CO kinematical observations. I demon-
strate that VSI produces detectable kinematical signatures in ALMA high-
resolution observations of CO isotopologues.

Chapter 5 As continuation of the work shown in Chapter 4, 1 present a
follow-up study by including the presence of massive planets embedded in
the VSI-unstable disk. I show that the disk kinematical structure can be
substantially affected by the interplay between planets and VSI.

Chapter 6 I summarize the research presented in this thesis and present
the main conclusions. In addition, I address the future prospects of my
research in planet-forming disks.






Brief Review of Planet formation in
Circumstellar Disks

In this Chapter, I broaden on the context of the work conducted in this
thesis, briefly introducing planet formation and protoplanetary disks. I focus
on protoplanetary disk gas turbulence, resolved kinematic observations, and
planet-disk interactions.

2.1 Protoplanetary Disks and Planet Formation

Protoplanetary disks are disks of gas and dust that surround newborn stars, in
which planets are formed within and feed from its material through accretion.
These disks are understood as a by-product of the formation of the central
star, where the star forms via gravitational collapse in a rotating molecular
cloud. Then, the material surrounding the young star forms a disk due to
angular momentum conservation of the initial cloud.

From the early observational evidence of protoplanetary disks by the detec-
tion of an abnormal infrared excess in the spectral energy distribution (SED)
of young stars, result of energy being re-processed in the circumstellar dust,
these objects have been understood as an intermediate stage between the
formation of the star and a mature planetary system, which have been clas-
sified in classes of young stellar objects (YSO). Observers have divided YSO
into four classes depending on the shape of the object’s SED, interpreted as
different evolutionary stages: an early collapsing phase of the protostar sur-
rounded by an envelope (Class 0), a still forming embedded disk (Class I), a
envelope-free disk (Class II), and a disk of debris in which the gas has already
been dispersed (Class I1I). This simplified evolution of a YSO is constrained
to take place in tens of Myr timescale, in which the earliest Class 0 and I
stages occur in the first Myr of the system’s evolution. In addition, a par-
ticular class of disks has been observed, the so called transition disks, which
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2 Brief Review of Planet formation in Circumstellar Disks

show a dust-depleted cavity; however, still unclear if these are a transitional
stage between class II and III.

While a fairly clear idea of the evolution of a YSO is set, it is still unclear
at which stage planet formation takes place. Two main theories have been
proposed to explain the formation of planets, gravitational instability and
core-accretion. The first, explains planet formation as consequence of disk
being massive enough to be unstable to gravitational instabilities, fragment-
ing the circumstellar disk. The second, supports the idea of the formation of
a planetary core via growth of solids, that when reaching a critical mass can
trigger efficient accretion of material from the disk (e.g., Goldreich & Ward,
1973). These theories have different requirements, timescales and barriers.
Gravitational instability is predicted to be very efficient, having a timescale
comparable to the local orbital timescale; however, a disk with a large amount
of mass in gas and efficient disk cooling are required. Core -accretion has a
larger timescale, and requires the dust to growth several orders of magnitude
in size, going from micron-sized dust to planetesimals of hundreds of km in
size.

In addition to detect forming planets, trying to find observational evidence
of core-accretion and GI has been the goal of the community studying planet
formation. Observations trying to constraint disk masses from dust and
molecular line observations, have concluded that the bulk of the mass of pro-
toplanetary disks is stored in gas phase, but most of them do not reach the
required mass to trigger gravitational instabilities or are marginally gravi-
tationally unstable (see e.g., Miotello et al., 2022). Still, there is a large
uncertainty in the measurements of disk masses, due the strong assumptions
and complex modelling. Moreover, GI might proceed fast in the earliest
stages of the disk, which are harder to catch in observations, and harder to
analyze due the presence of the envelope. For the case of core-accretion,
observational evidence is hard to find, since is not feasible to observe large
solid bodies. Nevertheless, dust observations show concentrations of emission
in rings and crescent shaped morphology, which trace dust concentrations
(e.g., ALMA Partnership et al., 2015). Further, multi-wavelength radio ob-
servations have shown that inside the sub-substructures larger size of dust
is present (Carrasco-Gonzalez et al., 2019), confirming that growth of solids
has taken place.

Spatially resolving dust substructures and explore their origins has been the
focus in the last decade, as they are regions of solids concentration, and/or

12



might be produced by protoplanets. For this purpose, large surveys have
been performed in particular with ALMA (e.g., DSHARP survey, Andrews
et al. 2018) and the Very Large Telescope (e.g., DARTTS-S survey, Avenhaus
et al. 2018; Garufi et al. 2020). These surveys have revealed an incredible
rich amount of substructures in protoplanetary disks, including gaps, rings,
crescents and spiral arms. The theoretical interpretation is that these dust
substructures are a direct reflection of the gas dynamics of the protoplanetary
disk, in which gas exerts a drag force in the dust particles depending on its
Stokes number. In particular, variations in the disk pressure structure can
modify the gas velocity, creating a maxima to whose particles move towards
or pressure-trap of dust (Pinilla et al., 2012a,b). Thus, resolving the gas
dynamics is needed to disentangle the origin of dust structures.

Thanks to ALMA, now its possible to resolve the emission of gas tracers,
both spatially and spectrally. These observations have also shown substruc-
tures in both its spatial distribution and kinematics. Today, having a multi-
wavelength picture of the brightest protoplanetary disk is possible (see e.g.,
Figure 2.1), probing a three-dimensional view of the disk. Understanding
a global picture to interpret these resolved can help us to disentangle the
physical and thermo-chemical processes operating in the disk, constrain the
disk properties, and find evidence of unseen forming-planets.

Polarized Scattered Light ust C nuum 13Co(2-1) C'80(2-1) HCN(3-2)

ﬂ

)

Figure 2.1: Multi-wavelenght observations of the HD 163286 protoplanetary disk, showing
rich amount of substructures in both gas and dust. From left to right: dust polarized
scattered light observations with SPHERE/VLT (Muro-Arena et al., 2018), dust continuum
emission observations with ALMA, and gas tracers 13CO, C'30 and HCN integrated
emission observed with ALMA (Oberg et al., 2021). Note the difference in scale, shown in
the right-lower corner of each panel. The black contours in the middle panel trace the disk
continuum emission.

13



2 Brief Review of Planet formation in Circumstellar Disks

2.2 On the importance of disk turbulence

Gas turbulence plays an important role on the global disk evolution and the
dynamics of gas and dust in the disk, relevant for planet formation. Therefore,
studying its possible origins is crucial to further understand its impact in the
formation of a planetary system.

In the global disk evolution, gas turbulence can regulate the radial trans-
port of angular momentum outwards through the generation of an effective
viscosity, allowing the gas to accrete onto the central star (Shakura & Sunyaev
1973; Lynden-Bell & Pringle 1974; see also PP review chapters in Turner et al.
2014 and Lesur et al. 2022). Locally, turbulence can be crucial for different
physical processes relevant for planet formation, for example, gas accretion
onto protoplanets (Picogna et al., 2018), the formation and lifetime of vor-
tices (Fu et al., 2014), dust settling (Fromang & Papaloizou, 2006), and dust
growth and concentration in pressure bumps (Ormel & Cuzzi, 2007; Birn-
stiel et al., 2010; Pinilla et al., 2012a,b). Moreover, radial variations in the
strength of the turbulence can trigger the formation of pressure bumps (Lyra
et al., 2009; Regély et al., 2012; Flock et al., 2015).

Observations of both gas and dust, in combination with detailed radiative
transfer modelling, have been used in order to constrain the strength of tur-
bulence in protoplanetary disks. From high spatial resolution ALMA dust
continuum observations, it is possible to measure a global value from the
vertical settling observed in edge-on disks (Villenave et al., 2020, 2022), and
a local value from the radial and vertical extent of dust rings (Pinte et al.,
2016; Dullemond et al., 2018). Both approaches have obtained a low level
of turbulence; therefore, dust is well settled into the disk midplane and dust
rings are radially narrow. However, constraints of gas turbulence from dust
(sub-)mm observations are indirect and limited to the midplane layer of the
disk.

Gas tracers observations can serve as a direct measurement of gas turbu-
lence, by studying the impact of the turbulent motions onto the broadening
of molecular lines. Still, obtaining the magnitude of the gas turbulent ve-
locities is incredibly challenging, as the emission from rotational transitions
of molecules at radio wavelengths have a substantial contribution from ther-
mal broadening (e.g., Flaherty et al. 2020; Pinte et al. 2022). Thus, most
studies of line broadening in sub-mm observations have only allowed to set
upper limits on disk turbulence. Early attempts to measure turbulence from
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spatially unresolved line broadening with the Submillimeter Array (SMA)
enabled Hughes et al. 2011 and Guilloteau et al. 2012 to derive turbulence
upper limits for the bright disks TW Hya, HD 163296 and DM Tau of around
40, 300, and 130 m s~!. Recently, the Atacama Large Millimeter /submillime-
ter Array (ALMA) has allowed for a direct study of the gas turbulence in the
disk’s outer regions (2 30 au) for the first time via spatially resolved observa-
tions of molecular gas lines. From the search of nonthermal line broadening,
weak levels of turbulence (<5 —10% the local sound speed) have been con-
strained in HD 163296, TW Hya, MWC 480, and V4046 Sgr protoplanetary
disks (Flaherty et al., 2015; Teague et al., 2016; Flaherty et al., 2017, 2018;
Teague et al., 2018b; Flaherty et al., 2020). Conversely, one detection of
turbulence has been possible in the disk DM Tau (0.23 — 0.33¢5; Flaherty
et al., 2020). Furthermore, opposite to dust constraints, turbulence measure-
ments obtained from molecular line observations can trace different emission
disk layers, with the potential of mapping the value of turbulent motions
at different regions of the disk. However, a precise constraint on the disk
temperature is necessary to extract the effects of non-thermal motions on the
integrated line emission, and strong assumptions are used in the modelling
of turbulence.

The aforementioned constraints of turbulence have been incredible difficult
to obtain for both gas and dust observations, by requiring high resolution
observations with good sensitivity, and complex radiative transfer modelling.
For this reason, turbulence constraints have been obtained on only a handful
of the brightest nearby protoplanetary disks. Nonetheless, despite the limited
sample, its observed that most of the targets show weak level of turbulence
( £1073), an important indication on the nature of gas turbulence in the
outer regions of protoplanetary disks.

From a theoretical perspective, strong conclusions can be drawn from the
low level of disk turbulence observed. First, the magneto-rotational instabil-
ity (MRI) can be discarded as the main driver of turbulence in the outer re-
gions of protoplanetary disks, since higher values of turbulence are predicted
from theoretical studies in the case in which MRI is fully active (Simon et al.,
2015). Second, gas turbulence has a partial contribution on driving gas accre-
tion onto the central star, likely operating in combination with magnetically-
driven winds that remove angular momentum from disk (Turner et al., 2014;
Bai, 2017). These results are consistent with outer protoplanetary disk re-
gions being weakly ionized (Dzyurkevich et al., 2013; Desch & Turner, 2015);
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therefore, the magneto-rotational instability (MRI, Balbus & Hawley, 1991;
Hawley & Balbus, 1991) is unlikely to be active in most disk regions. In this
MRI "dead-zone", pure hydrodynamical instabilities are expected to domi-
nate as the turbulence source. However, several hydro-instabilities have been
proposed to operate inside the dead-zone, for example, zombie vortex insta-
bility (ZBI, Marcus et al., 2015, 2016), convective overstability (COV, Klahr
& Hubbard, 2014; Lyra, 2014), and the vertical shear instability (VSI, Nel-
son et al., 2013). Yet, these instabilities require specific local disk conditions,
and which hydro-instability prevails strongly depends on the local cooling
timescale (see e.g., Malygin et al., 2017; Lyra & Umurhan, 2019; Pfeil &
Klahr, 2019; Lesur et al., 2022). Nevertheless, determining the turbulence
level alone is not enough to confirm the dominant instability. In order to
disentangle which one of these is at play, imperative are a combination of
resolved kinematic observations and predictions of observational signatures
from disk hydro-instabilities. In this thesis, I focus on the study of kinematic
signatures produced by the VSI, that could help to identify it operating in
the outer regions of planet-forming disks.

2.2.1 The vertical shear instability

The vertical shear instability (henceforth VSI, Nelson et al., 2013; Stoll &
Kley, 2014) is a purely hydro-instability that operates in the outer disk re-
gions with fast cooling (Pfeil & Klahr, 2019), which produces anisotropic
turbulence (Stoll, Moritz H. R. et al., 2017). It arises naturally from the ver-
tical gradient of the disk’s angular velocity, where the surface layers rotate
more slowly than the midplane. The VSI works more efficiently in isothermal
disks (Nelson et al., 2013), but can also be active in a radiative disk (Stoll &
Kley, 2014; Flock et al., 2017, 2020). Moreover, it can also be effective in a
magnetized disk where nonideal MHD effects suppress the MRI (Cui & Bai,
2020). The VSI produces large-scale gas motions in its saturated state, which
correspond to the long-wavelength modes. The large-scale gas motions have
a characteristic meridional circulation pattern (see Figure 2.2), in which the
gas vertical motions can produce stresses significantly larger than the radial
motions (Stoll, Moritz H. R. et al., 2017). A small-scale component can also
be seen as turbulent eddies (Flores-Rivera et al., 2020).

The effective Shakura & Sunyaev a viscosity generated in the radial direc-
tion by the VSI has been found to be small, with values between 10~% and
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10~3 (Nelson et al., 2013; Flock et al., 2017; Stoll & Kley, 2014; Manger &
Klahr, 2018). This low level of turbulence is consistent with the upper limits
constrained from ALMA molecular gas line observations mentioned above
(Flaherty et al., 2015; Teague et al., 2016; Flaherty et al., 2017, 2018, 2020),
and with the recent estimates from CO evolution models (Trapman et al.,
2020).

Figure 2.2: Slices of the gas meridional velocity structure produced by the vertical shear
instability (VSI). The slice showing the disk face-on is taken at about 2H from the midplane.
The VSI induces quasi-axisymmetric meridional flows with a corrugated pattern.

The VSI is one of the most robust instabilities to operate in the outer
regions of protoplanetay disks, under the assumption that magnetic fields
remain decoupled from the gas; however, it can be partially suppressed in
layers where the local physical conditions forbid efficient cooling. For exam-
ple, in the uppermost layers of the disk gas and dust collisional decoupling
can increase significantly the local relaxation time suppressing the growth of
the VSI (Pfeil & Klahr, 2021). Moreover, linear instability analysis show that
the inclusion of dust evolution can also constrain the VSI active region to the
midplane disk layers (Fukuhara et al., 2021). Nevertheless, realistic global 3D
simulations that can self-consistently constrain the layers in which the VSI
can operate are still under development. Still, looking for signatures of the
VSI operating at different layers traced by, for example, CO isotopologues,
can help to constrain the regions in which the conditions for VSI to operate
are satisfied.

The gas dynamics produced by the VSI has direct influence on the dynam-
ical evolution of solid dust grains. First, the VSI vertical motions can lift
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up grains settled towards the midplane, increasing the dust scale height of
(sub)mm dust particles (Flock et al., 2017, 2020). Second, the VSI merid-
ional circulation can induce dust traffic jams, that is radial regions where
the speed of radial drift is reduced (Stoll & Kley, 2016; Flock et al., 2017,
2020). Such traffic jams can produce overdensities of dust, possibly helping
planetesimal formation by creating the conditions to trigger the streaming
instability (SI) (Schéfer, Urs et al., 2020). Third, the VSI can also produce
anticyclonic vortices in the gas velocities (e.g., Manger & Klahr 2018; Pfeil
& Klahr 2021, that can efficiently trap dust particles in their centers cre-
ating azimuthally concentrated dust traps, once again helping to reach the
conditions for dust growth and planetesimal formation. Nevertheless, such
dust substructures can also be induced by alternative mechanisms; therefore,
studying the resolved kinematic structure is needed to robustly disentangle
the VSI in protoplanetry disks.

For a thorough description on disk fluid instabilities including the VSI see,
for example, review by Lyra & Umurhan 2019 and the recent Protostars
& Planets VII review chapter on disk hydro-, mangetohydro- and dust-gas
dynamics in protoplanetary disks by Lesur et al. 2022.
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2.3 Resolved kinematic observations of planet-forming
disks

The study of the gas kinematics in protoplanetary disk has been demon-
strated to be crucial to unveil the physical processes in the disk (Pinte et al.,
2022). Thanks the development of ALMA, high spectral and spatial resolu-
tion of molecular line emission can be performed, allowing the study of the
dynamical structure of planet forming disk. These observations can reach
spatial resolutions that can resolve the disk pressure scale height of the disk
(< 10 au), needed to spatially resolve disk substructures. Not only that,
ALMA observations can map the disk with fine spectral resolution, that can
reach a velocity resolution of ~ 30 m s~! in Band 7 observations. Such data
quality it is so exquisite that can reveal dynamical perturbations in the disk
relative to the background Keplerian disk rotation (Disk Dynamics Collabo-
ration et al., 2020).

v @ r ] R
- \\\ <~ ] (/;‘ J/ Ké
° 2.8 km/s 3.2 km/s 36km/ ¢ TR .0 km/ % 4.8
9 b
e wj"

WLOoe

5.6 km/s 6.0 km/s 6.4 km/s 6.8 km/s 7.2 km/s

Figure 2.3: Emission from individual velocity channels of 2CO ALMA observations of the
protoplanetary disk MWC 480 (Oberg et al., 2021; Teague et al., 2021).

The observed disk substructures has been successfully reproduced via nu-
merical simulations of planet-disk interactions for most protoplanetary disks
(e.g., Zhang et al., 2018; Baruteau et al., 2019). However, with the exception
of the transition disk PDS 70, these companions have not been directly ob-
served (Asensio-Torres et al., 2021). In spite of this, oriented by theoretical
predictions of planetary induced kinematical signatures (Perez et al., 2015;
Pérez et al., 2018), long integration observations of CO have been performed
for the brightest protoplanetary disks, with the aim to find indirect evidence
of putative hidden population of forming planets. Moreover, the analysis
of such data products required the development of new techniques to ex-
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tract weak kinematical perturbations (Teague et al., 2018a, 2019a; Casassus
& Pérez, 2019), and dedicated post-processed numerical simulations, with
a fruitful outcome of signatures consistent with embedded planets detected
in HD 163296 (Teague et al., 2018a; Pinte et al., 2018; Teague et al., 2021;
I[zquierdo et al., 2022) and HD 97048 (Pinte et al., 2019). Nevertheless, kine-
matic observations have also revealed a myriad of intricate non-Keplerian
kinematical signatures in other targets, including "Doppler-flips’ (Casassus &
Pérez, 2019; Pérez et al., 2020), large-scale spiral arms (Teague et al., 2019b;
Wolfer, L. et al., 2021), and rings/arcs (Teague et al., 2021).

Circumstellar disk theory and observations reveal that the global motion
of the gas around the star follows (sub-)Keplerian rotation. Therefore, ve-
locity perturbations in kinematics data are understood as deviations relative
to a reference disk equilibrium solution (or unperturbed disk solution). Such
perturbations can be hunted in individual velocity channel maps (e.g., Pinte
et al.,; 2018, 2020), in which each channel shows the spatial distribution of
gas moving within a finite range of velocities in the velocity projected into
the line-of-sight (see e.g., channel maps of MWC 480 in Figure 2.3). Also
can be seen as coherent structures in the model residuals when subtracting
a background (sub-)Keplerian disk model to the line-of-sight velocity map of
the traced molecule (e.g., Teague et al., 2019b, 2021). The simplest refer-
ence model adopted is an axis-symmetric Keplerian background model, that
accounts for the geometry of the emission surface and the disk orientation
(see details in Chapter 3 Section 3.3.2). An example of the later approach
is shown in Figure 2.4, in which the model residuals reveal subtle deviations
from the global Keplerian rotation, unveiling a complex kinematic structure
(Teague et al., 2021). Alternatively, a radial view of the disk velocities struc-
ture can be obtained by stacking the spectral cube in concentric annulus,
with the advantage to find weaker perturbations thanks to a boosted sensi-
tivity. Not only that, its possible also to decompose each velocity component,
which has been applied to find meridional flows in HD 163296 (Teague et al.,
2019a) and HD 169142 (Yu et al., 2021). Still, a robust possible origin of the
kinematical signatures should be compatible with all the views stated above,
that is, individual channels emission, coherent non-Keplerian structures, and
radial velocity profiles.

Although most of the times kinematic signatures are interpreted as the
dynamical imprint of planets, the incredible potential of ALMA kinematic
observations has provoked the research of kinematical signatures from alter-
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native physical mechanisms. Three-dimensional simulations combined with
radiative transfer post-processing, have predicted observable kinematic sig-
natures for gravitational instabilities (Hall et al., 2020), with a tentative
detection in Elias 2-27 (Paneque-Carreno et al., 2021); anti-cyclonic vortices
(Robert et al., 2020), consistent with the observed structure in HD 142627
(Boehler et al., 2021); (sub-)stellar companions, observed in HD 100453
(Rosotti et al., 2019); and VSI (Barraza-Alfaro et al., 2021), whose kinemat-
ical signatures are studied in this dissertation. These findings demonstrate
the extraordinary potential of ALMA to unveil the disk physics by resolving
the disk kinematic structure.
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Figure 2.4: ALMA MAPS 2CO(2 — 1) observations of MWC 480 (Oberg et al., 2021;
Teague et al., 2021). From left to right, are shown the peak intensity map, velocity in

the line-of-sight, best fit Keplerian model, and model residuals representing deviations
from Keplerian rotation. The overlaid dotted black line shows the extent of the mm-dust
continuum, while the solid black lines in the third panel show the model elevated emission
surface.

For a complete picture of the current status of planet-forming disk kinemat-

ics and their interpretation see (Disk Dynamics Collaboration et al., 2020),
and recent PPVII chapter by Pinte et al. 2022.
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2.4 Planet-induced Substructures

ALMA continuum observations have discovered ubiquitous dust substruc-
tures, whose morphology are consistent with unseen forming planets. These
findings might indicate a population of massive planets orbiting at large dis-
tances from the star (r 210 au); however, elusive to its direct detection (Disk
Dynamics Collaboration et al., 2020). Such statement have gained support
from the observations of substructures in early stages of the disk (Segura-Cox
et al., 2020), hinting that planet formation might occur in the first 0.5 Myr
of the disk evolution. Moreover, the rotational profile of the disk with kine-
matic signatures of protoplanets is consistent with planet-induced pressure
bumps, radially trapping dust at their maxima (Teague et al., 2018a). Thus,
for studies of observational signatures of disk physical processes, it’s neces-
sary to consider the possible influence that an unseen massive planet might
have in the observable structures. Consequently, in this thesis in include the
presence of massive planets on the study of kinematical signatures produced
by the VSI, presented in Chapter 5.

The influence of the planet in their host disk can manifest in a range of disk
substructures and gas flows spanning a wide range of spatial scales. These
substructures created by the planet can be divided in different categories:
spirals arms, gaps/rings, spiral wakes, vortices, turbulent motions, circum-
planetary disks, and meridional circulation. However, the morphologies and
velocities of these structures strongly depend on the planet’s mass. For ex-
ample, depending on its mass is that a planet could open a gap or induce
meridional flows. Particularly important its the mass in which non-linear ef-
fects start to become significant, substantially affecting the planet triggered
structures. This mass its the so-called thermal mass, defined as:

3 3
My, = ijG = M, (i) , (2.1)
where M, is the mass of the central star, H and R, are the pressure scale
height at the planet’s position and radial distance from the star to the planet,
respectively. In a disk model for a Solar mass central star and a disk aspect
ratio (h = H/R) of 0.1 at the planet’s position, the thermal mass is approx-
imately the mass of Jupiter (with a planet-to-star mass ratio of =~ 10_3).
Figure 2.5 shows the influence of an embedded Jupiter mass planet in the
gas density and velocity field of the protoplanetary disk. Note that these
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values represent the average value for one disk pressure scale height, starting
at the disk midplane, in order to highlight the presence of meridional flows,
which are cancelled out at the midplane layer. In the gas density (p/po), the
massive planet opens a gap, triggers spiral arms and spiral wakes. In the
radial velocity (Vaq), strong flows reaching up to few percents of the local
Keplerian speed develop around the planet’s location, and the Lindblad spiral
arms. In the meridional velocity (vy), vertical flows are seen around the gap
location. Finally, in the azimuthal direction, strong velocity deviations are
seen along the spiral wakes and along rings of sub- and super- Keplerian gas
in the gap and gap’s edges. Following, a brief summary on formation theory
and observational signatures of these variety of substructures is presented,
highlighting the differences between linear theory and simulations of massive
planets.
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Figure 2.5: Structures induced by an embedded Jupiter mass planet in a protoplanetary
disk, showing the average value from the disk midplane to one pressure scale height.
Simulations show a broad range of substructures: Gaps, rings, spiral wakes, spiral arms and
meridional flows.

2.4.1 Spiral arms

A planet can excite large-scale spiral arms in the gas via Lindblad resonances
(Goldreich & Tremaine, 1980), that is, the orbital frequency of the planet is
in resonance with the local gas epicyclic frequency. These large scale spiral
arms can efficiently transport angular momentum trough the disk and give
origin to gaps.

In numerical studies, relatively low mass planets create the Lindblad spirals
expected from linear theory, that is, one spiral outer and one spiral inner to
the planet’s orbit. However, hydrodynamical simulations of planet-disk inter-
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actions of planets above the thermal mass show the development of multiple
spiral arms inside the planet’s orbit. While the development of multiple spi-
ral arms is strongly affected by non-linear effects, recent works explain their
origin as constructive interference of different sets of wave modes around the
Lindblad resonances (Bae & Zhu, 2018).

In the dust distribution of the disk, spiral arms are expected to be present
for the dust well coupled to the gas. For example, the um-sized dust ob-
servable in near-infrared wavelengths. In continuum observations at radio
wavelengths, spiral arms are hard to observe as they do not act as efficient
traps of mm-sized dust. Nevertheless, current predictions indicate that it
might still be possible to extract thermal emission from Lindblad spirals in
ALMA observations (Speedie et al., 2022).

Finally, in a inefficiently cooled disks with realistic thermodynamics, an
additional set of spiral arm can develop via buoyancy resonances (Bae et al.,
2021). These spirals are tightly wound compared to the Lindblad spirals, and
have a strong vertical velocity component.

2.4.2 Gaps and rings

As mentioned above, spiral arms are the responsible for the opening of a gas
density gap in the disk, by depositing angular momentum of the locations in
which the spiral steepens into a shock (Bae et al., 2017). The gas density
structure developed in the gap region has a direct consequence in the pressure
structure of the disk, forming rings of super- and sub- Keplerian gas. These
pressure changes in the disk create radial dust traps in the disk, in the radial
regions in which the pressure has a maxima (Pinilla et al., 2012a). Planet-
induced dust traps have been invoked to explain ringed structures observed in
(sub-)mm dust continuum emission (e.g., Dipierro et al., 2015; Zhang et al.,
2018). However, the gap properties, such as width and depth not only depend
on the planet’s mass, but also on the disk temperature and gas viscosity (e.g.,
Kanagawa et al., 2016). In particular, gas turbulence plays an important role
in gap formation acting as a diffusion mechanism re-filling the gap.

Meridional circulation

As direct consequence of the depletion of gas in the gap modifying the ver-
tical pressure gradient, planets can generate vertical flows (Kley et al., 2001;
Tanigawa et al., 2012; Szuldgyi et al., 2014; Morbidelli et al., 2014). On an
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azimuthal average, inside the gap these flows are expected to move gas from
the upper layers of the disk towards the midplane. On the contrary, at the
gap edges the flows move from the midplane towards the disk atmosphere.
The meridional circulation of gas can directly affect the dust vertical distri-
bution in the disk, by lifting up grains from the midplane (Binkert et al.,
2021; Bi et al., 2021). Moreover, it is theorized that they can modify the disk
thermochemical evolution via mixing (Alarcén et al., 2020).

Turbulent motions

Along the planet-carved gap region and along the Lindblad spiral arms gas
flows are expected to have an increase on the gas velocity dispersion (Dong
et al., 2019). Such turbulent flows are expected to increase the width of the
molecular emission line by introducing non-thermal broadening, potentially
observable in deep kinematic observations.

2.4.3 Anticyclonic vortices

In disk with low effective gas viscosity, the Rossby-wave instability can be
triggered at the sharp gap edges, developing long-lived anti-cyclonic vortices
(e.g., Huang et al., 2018). The importance of these structures on planet-
formation its due the effect of the gas onto the solid dust particles (Barge &
Sommeria, 1995). These, vortices can efficiently trap dust, creating crescent-
shaped azimuthal asymmetries (Baruteau et al., 2019). Inside these dust
traps, high dust-to-gas mass ratio is reached, ideal for dust to growth and
planetesimal formation (e.g., Li et al., 2020). While these vortices have been
predicted to be observable in gas kinematics (Robert et al., 2020), they are
strongest close to the midplane layer of the disk, harder to trace with good
sensitivity in high-resolution molecular line observations.

2.4.4 Circumplanetary disks

The material of the disk flowing towards the planet is expected to form a cir-
cumplanetary disk (CPD) before its accreted into the planet. This structure
is present at spatial scales below the planet’s Hill radius, with large velocities
compared to the local Keplerian rotation. The CPD region is connected to
the disk via the spiral wakes and meridional flows, whose dictate how the
material falls towards the CPD region and its accreted into the planet. In

25



2 Brief Review of Planet formation in Circumstellar Disks

particular, most recent simulations show that meridional flows of gas plays a
fundamental role in the planet accretion process (Szulagyi et al., 2022).

Sub-mm dust particles can form a long lived CPD, predicted to be ob-
servable at radio wavelengths (Zhu et al., 2018; Szulagyi et al., 2017). Such
CPD emission was observed for the first time in recent high resolution ALMA
observations of the dust continuum around the disk PDS 70 (Benisty et al.,
2021). This breakthrough discovery opens the door to empiric studies of solid
accretion towards the CPD region and moon formation.

Circumplanetary disk are also expected to leave an imprint in the gas kine-
matics. Particularly, the CPD region is expected to emit offset of the Keple-
rian disk at several individual velocity channel maps, due the large velocities
of the CPD gas (Perez et al., 2015; Disk Dynamics Collaboration et al., 2020).
Moreover, it could also produce a localized increase of the line width of the
molecular emission at the CPD region (Perez et al., 2015).

2.4.5 Interpreting planet-induced substructures

Despite the variety of structures triggered by embedded planets in their host
disks, the large scale features have alternative scenarios. For example, as
described in Section 2.2.1, the VSI can produce dust rings via traffic jams,
anticyclonic vortices and meridional flows. The structures localized around
the planet’s location, that is, spiral wakes and circumplanetary disk, can
easily confirm the planet scenario, but are harder to observe as they are
shown in smaller spatial scales. Therefore, connecting different observational
signatures in multi-wavelength observations to a single planet can confirm an
indirect detection. Nevertheless, understanding the alternative scenarios and
their interplay with planet triggered structures is crucial. This having been
said, gas kinematics is a powerful tool to disentangle different mechanisms,
as it can directly probe the induced gas flows in the disk at different disk
layers (e.g., Teague et al., 2021).

For a more detailed description of planet-disk interactions and their ob-
servational signatures see, for example, dedicated chapters in the Protostars
and Planets Series (Baruteau et al., 2014; Paardekooper et al., 2022), and gas
kinematics review chapters (Disk Dynamics Collaboration et al., 2020; Pinte
et al., 2022), respectively.
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Numerical Methods

This chapter presents descriptions of the numerical methods used in the re-
search presented in this Thesis (Chapters 4 and 5).

3.1 Hydrodynamical Simulations

The numerical simulations works presented in this thesis were performed
using the publicly available versions of the PLUTO? code (Mignone et al.,
2007). The PLUTO code is a Godunov grid based code that can solve
fluid dynamics problems including relativistic and non-relativistic magneto-
hydrodynamics. For the numerical simulations presented in Chapter 4 we
used PLUTO version 4.3, while for Chapter 5 we used version 4.4.

I conducted global high-resolution hydrodynamical simulations of isother-
mal circumstellar disks unstable to the vertical shear instability. By global
referring to simulations of a full disk, as to differentiate from local-box sim-
ulations which only simulate a small section of the disk.

We use the HD module of the PLUTO code to solve the Navier-Stokes
equations of classical fluid dynamics:

o = , o
aJrV-(pv)—O (3.1)
agt“) +V - (pt0") = —VP—pV, (3.2)

were p is the gas mass density, v is the gas velocity vector, P is the pressure,
and & is the gravitational potential. The fluid is affected by the gravitational

2http://plutocode.ph.unito.it/

29



3 Numerical Methods

potentials of a star only in Chapter 4, &, = —G M, /r, while in Chapter 5 we
add the potential of embedded massive planets.

For all the simulations presented, the hydrodynamical equations were solved
using a second-order accurate scheme with linear spatial reconstruction (LIN-
EAR), with the least diffuse limiter implemented in PLUTO (monotonized
central difference limiter; MCLIM). For the time stepping calculation, I chose
second-order Runge-Kutta time-stepping (RK2), while for the solver we use
the Harten-Lax-Van Leer-Contact (HLLC) Riemann solver, that restores with
the middle contact discontinuity. The Courant number (CFL), that controls
the time step lenght, is set to 0.25 for the simulations of Chapter 4, and 0.3
in Chapter 5, with no differences in the results®.

For the VSI-unstable disk simulations I run inviscid numerical simulations;
therefore, technically the code solves the Euler equations. However, for the
simulations including an artificial viscosity presented in Chapter 5, I include
the viscous stresses into the HD equations, implemented as a parabolic dif-
fusion term in the momentum equation. The viscosity depends on a shear

viscosity coefficient (v), which we set to follow the alpha viscosity prescription
of Shakura & Sunyaev 1973:

v=acsH, (3.3)

with o the widely used alpha constant parameter, which I set to be a =
5x107%. ¢4 and H denote the local sound speed and the disk pressure scale
height. For the numerical integration of the diffusion term we chose the
Super-Time-Stepping (STS) technique as implemented in PLUTO, which
accelerates the calculations compared to an explicit treatment.

For all simulations, the computational domain extends from 0.4 to 2.5 code
units of length in the radial direction, and in the azimuthal direction the grid
covers the full 27 rad. However, in the vertical (or merdional) direction the
model covers approximately ~ 9 disk scale heights in total for the simulations
presented in Chapter 4, and ~ 10 for the ones presented in 5. Note that we
simulate the full disk, that is both disk hemispheres; thus, for example the
simulation grids of Chapter 5 cover 5H at each side of the disk midplane
(Z=0).

The grid of our simulations follow an spherical geometry, logarithmically
spaced in the radial direction r, while evenly-spaced in colatitude (#) and

3The stability criterion is CFL < 1/Ny;,, for our setup, with Ng;,,, the number of dimensions.
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azimuth (¢). For the simulations presented in Chapter 4 resolution of the
grid is (r,0,¢) = (512,128,1024), which gives a resolution of roughly 14 cells
per scale height and cells with an aspect ratio dr:rdf:rd¢ of approximately
1:1.9:1.7. The simulations later presented in Chapter 5 have a higher reso-
lution in the vertical direction, with 192 grid cells in colatitude (19 cells per
scale height).

Since our simulations follows a locally isothermal equation of state, these
can be re-scaled to any physical radial distance. However, the reference aspect
ratio at the code unit of lenght of H/R = 0.1 set in our simulations fits best
for a disk model re-scaled to around 100 au. Aditionally, the stellar mass
is set to be equal to one Solar Mass (M, = 1Mg). Therefore, I use these
reference values to re-scale our simulation results in all figures presented in
Sections 4.2.2 and 5.2, and also for the radiative transfer post-processing.

In the set of simulations presented, I adopted similar boundary conditions
as Flock et al. (2017), which consist in the following: In colatitude, it corre-
sponds to a modified outflow boundary condition which enforces zero inflow
of gas into the computational domain. In the gas density, it extrapolates the
logarithmic field along the meridional direction into the ghost cells. Addi-
tionally, includes a softening of the azimuthal velocity radial gradient, only
at the meridional interface between the ghost cells and the computational
domain to reduce effects from the boundary corners. In the radial direction,
enforced zero inflow of gas is also imposed. In order to minimize wave reflec-
tions close to the inner and outer radial boundaries, I include buffer zones
in which the gas density and radial velocity are damped to the initial pro-
files. In the simulation of Chapter 4 the buffer zones are equal to 20% of
the inner and outer edge radius, respectively. Due the inclusion of planets, a
larger buffer zone at the inner boundary is implemented for the simulations
of Chapter 5, equal to 25% of the grid inner radius. Morevoer, the damping
in the simulations of Chapter 5 is faster, with a timescale of 10% of the local
orbital period, while being 30% in the simulation shown in Chapter 4.

I present a summary of the parameters used in the simulations presented
in this thesis in Table 3.2.
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3.2 Radiative Transfer Calculations

To produce synthetic images of molecular line emission of a VSI-active disk,
the simulations outputs are post-procesed with the Monte-Carlo radiative
transfer code RADMC-3D* (Dullemond et al., 2012). The RADMC-3D version
0.41 was used in Chapter 4 and version 2.0 in Chapterb, with no significant
differences in the results. The construction of the RADMC-3D input files from
simulation data is partly based on the FARGO2RADMC3D® scripts (Baruteau
et al., 2019).

We explore as observable the spatially resolved velocity centroid map (also la-
beled line-of-sight velocity map) computed from synthetic CO channel maps.
To study the effect of different tracer abundance, the synthetic maps for
three different CO isotopologues are computed: 2CO, 3CO and C'0, whose
probe different disk layers. In Chapter 4 we compute predictions for the J=2-
1 transition observable in ALMA Band 6, while in Chapter 5 we compute the
data cubes for the J=3-2 transition observable within ALMA Band 7. No
significant differences are observed in the choice of transition for our mod-
els besides the traced emission layer being higher for the J:3-2 transition.
Nevertheless, ALMA Band 7 has finer spectral resolution available, ideal for
kinematical observations.

3.2.1 Setup

As mentioned in Section 3.1, the simulations are scale-free. Therefore, it is
necessary to re-scale the simulation outputs to physical units before using
them as input into the radiative transfer code. A central star of 1M is
assumed, and the density and velocity fields of the hydrodynamical simulation
are re-scaled to Ry =100 au (i.e., one code unit is re-scaled to 100 au), and
then used as input into RADMC-3D. To improve the performance, we volume-
average the simulation data onto a coarser grid, halving the grid resolution for
the radiative transfer post-processing. We also extended our disk, including
an inner disk that goes from 10 au to the simulation grid’s inner edge of 40
au, that follows the equilibrium solution used as the initial condition in the
simulation (see equations 4.1 and 4.2). Therefore, our disk model extends
from 10 to 250 au. Additionally, we set the gas density of the model so the
total gas mass of the disk in molecular hydrogen is 0.05 Mg in Chapter 4,

4http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d
Shttps://github.com/charango/fargo2radmc3d
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which result in a gas surface density of ~3 g cm™2 at 100 au. In Chapter
5, the total gas mass of the disk is lowered to prevent tracing the grid cells
close to the simulation’s edge in colatitude.

The disk temperature is computed via dust thermal Monte Carlo and as-
sume that gas and dust have the same temperature. However, since our
simulations are gas only, the dust is included manually, adopting a constant
gas-to-dust mass ratio of 100. The dust is composed of 60% astrosilicates
(Draine & Lee, 1984) and 40 % amporphous carbon (Li & Greenberg, 1997).
The optical constant of the mixture was calculated using the Bruggeman
mixing formula, with a resulting intrinsic density of 2.7gem™3. Mie theory
was used to compute the dust opacities (Bohren & Huffman, 1983). In the
models of Chapter 4, the dust size distribution is defined adopting 10 loga-
rithmically spaced dust size bins, with sizes ranging between a minimum of
0.01 gm, and a maximum of 1cm. The dust size distribution follows a power-
law profile n(s) oc s7P with p = 3.5, in which the mass in the i-th size bin is
My ; = xMgqs X sf_p /Y s?_p , with s; the size of the i-th dust bin, 3°; denotes
a sum over all bins, x = 0.01 the dust-to-gas mass ratio and Mg, = 0.05 M,
the gas mass in the disk model (see also Baruteau et al., 2019). We adopted
a simplified dust vertical settling prescription in which the dust smaller than
10 um has the same scale height as the gas, whereas the dust with sizes larger
than 10 pum is settled towards the midplane, with the dust scale height of the
i-th dust size bin following: H;; = AHy(s;/ Smin) 01, where H, is the scale
height of the gas and s,,;, is the minimum dust size in the model. The
settling parameter A is set to 0.2, selected to roughly match our mm-sized
dust scale height with constraints from observations (e.g., Pinte et al., 2016;
Villenave et al., 2020). The adopted dust scale heights are comparable to the
obtained using standard diffusion models (e.g., Dubrulle et al., 1995) for the
disk-averaged vertical alpha in our simulation a4 ~ 5.1 X 10~*, computed for
one hemisphere of the disk following Eq. 4 in Stoll, Moritz H. R. et al. 2017.
Global simulations of the VSI that including dust and gas dynamics constrain
larger dust scale heights due to the vertical mixing produced by the VSI ver-
tical motions (Stoll & Kley, 2016; Flock et al., 2017, 2020). Nevertheless,
in our models a different vertical distribution of dust would only change the
vertical temperature gradient of the disk in our radiative transfer predictions,
which would have a small effect on the observable kinematic signatures.

In Chapter 5, the approach described above is simplified to speed-up the
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3 Numerical Methods

calculations by assuming only one representative dust size bin, and limiting
its maximum size to 10 pum, following the same distribution as the gas. In
addition, the dust opacity is slightly reduced to 2.0gecm™3, giving a total
disk mass in dust of 5 x 107°. The resulting temperature structure is not
significantly affected by these changes.

We assume that the central star emits as a perfect Black-body with an
effective temperature of T, = 7000K and a has a radius of R, =1Rs. The
obtained midplane temperatures roughly matches the used in the hydrody-
namical simulations, which follows a power law oc R~ with R the cylindri-
cal radius. Given the assumed central star, the midplane temperature goes
from ~ 40 K at 40 au to ~ 16 K at 250 au. The dust is not included in the
image ray-tracing to avoid optical depth effects produced by the dust contin-
uum in the line emission, since dust-gas simulations are required to properly
model these effects. We use 10° photon packages to compute the dust tem-
perature via thermal Monte Carlo and 108 photon packages for the image
ray-tracing. In Chapter 4 we only consider absorption opacities, while in
Chapter 5 we also consider scattering opacities, assuming Henyey-Greenstein
anisotropic scattering.

For the molecular abundances, a constant fraction of '2CO relative to
Hy of 1 x 1074 its assumed. To obtain the abundance of 13CO and C¥0
isotopologues, the >CO abundance its scaled with the ISM isotope ratios
[12C]/[3C] ~ 77 and [1%0]/[*¥O]~ 560, respectively (Wilson & Rood, 1994).
The line emission is computed assuming local-thermodynamic-equilibrium
(LTE). The molecular data is from the LAMDAS database (Schoier et al.,
2005). Variations of CO abundance from photo-dissociation are not included
in our models, while a simplified freeze-out is included in Chapter 5, by re-
ducing the CO abundance in cold regions (7' < 21 K). Although we omit
the effect of CO freeze-out in Chapter 4, the dust temperature obtained via
thermal Monte Carlo shows a vertical gradient, leading to stronger emission
in the upper layers.

Using the molecular abundance fraction above, we generate sets of 3D grids
of CO number density, and the three components of the velocity. Finally,
as mentioned above, the gas temperature cube is constructed assuming the
same temperature as the dust, computed via dust thermal Monte Carlo.

As the gas motions produced by the VSI are roughly axisymmetric, only

Shttps://home.strw.leidenuniv.nl/~moldata/
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effects of varying the disk inclination are studied, while keeping the disk
position angle (PA) fixed. We assume a distance to the source of 100 pc.

The synthetic data cubes are computed with a fine velocity resolutions of 10
m s~ 1. Then, we average these to obtain data cubes with a coarser resolution,
matching the velocity resolutions observable with ALMA and mimicking the
telescope limitations without including artificial micro-turbulence. The later
data cubes are used to simulate the ALMA observations, described in the
following Section.

I present a summary of the parameters used in the radiative transfer pre-
dictions of this thesis in Table 3.3.

3.2.2 Simulated Observations

To predict how the synthetic images of the models would look in an interfer-
ometric ALMA observation, I simulate mock observations with the Common
Astronomy Software Applications package (CASA; McMullin et al. 2007),
the main data processing software for the Atacama Large Millimeter/sub-
millimeter Array and other radio observatories. From the different versions,
in Chapter 4 I used version 5.6, while in Chapter 5 I used version 6.4, both
publicly available’.

The simulated observations are computed in three steps, the simulation of
the observed visibilities, inclusion of noise and cleaning of the dirty image.

First, we use the task simobserve to simulate the observed visibilities using
our RAW synthetic data cubes as input image used to model the sky. The
uv-coverage is computed for a combination of two antenna configurations, one
extended and one compact, in which the integration of the compact configu-
ration is roughly 22% — 23% of the extended one, as described in the ALMA
proposers guide. The combination of two different antenna configuration is
to cover both short and long baselines in the uv-plane, in order to recover
information from large and small spatial scales, respectively. Long on-source
integration times (> 10 h) are used in the set of simulated observations, in
order to have good uv-coverage, crucial for a final image with good fidelity
to extract the kinematical information. Furthermore, such long integrations
are also needed due the difficulty to get fairly good signal-to-noise in high
resolution (spatial and spectral) CO observations.

Second, we use the task SM.CORRUPT() (simulator.corrupt) to corrupt the

"https://casa.nrao.edu/index.shtml
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3 Numerical Methods

simulated data, adding errors in the visibilities. We include errors with an
RMS in mJy/beam corresponding to our assumed long integration times,
calculated using the ALMA sensitivity calculator®. Note that these noise
calculations assume particular atmospheric conditions, that significantly af-
fect the time required to reach a particular sensitivity.

Third, I applied the CASA tclean to reconstruct the image from the
modeled dirty image visibilities, following the CLEAN algorithm. In this
process, I used the multi-scale mode and a briggs weighting scheme. More-
over, I used the non-interactive Automasking (auto-multithresh; Kepley et al.
2020), which automatically generates the masks used during the cleaning pro-
cess. Such automatic masking is possible due the known morphology of the
emission from the radiative transfer models; however, in real observations
masking the image manually is recommended. As a final product cleaned
spectral cube with expected artifacts from real ALMA observations is ob-
tained.

3.3 Kinematic Analysis Tools

The kinematic signatures of the synthetic predictions are extracted in two
steps. First, the line-of-sight velocity map is computed from the data cube
(also referred as velocity centroid line maps, see Section 2.3). Second, the
best fit Keplerian model to the line-of-sight velocity map is found, which
when subtracted to the original reveals the structure of the non-Keplerian
gas flows.

3.3.1 Line Centroid Maps

For the first step, we compute velocity centroid maps (vg) from the ALMA
simulated data cubes using a Gaussian function to fit the CO line emission in
each pixel. For this we use the publicly available Python package BETTER-
MOMENTS? (Teague & Foreman-Mackey, 2018; Teague, 2019). This package
robustly computes the centroid maps of spectral line data for a variety of
methods, and their respective statistical uncertainties. A Gaussian function
is chosen as it gives the best results for the synthetic models, which is ex-
pected since the emission lines in the radiative transfer code are also modeled
as a Gaussians.

8https://almascience.eso.org/proposing/sensitivity-calculator
9nttps://github.com/richteague/bettermoments
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Among the options, the most accurate for optically thin lines are Gaussian
and quadratic fits, while Gaussian Hermite can be used for more optically
thick lines. In addition, the traditional methods to compute statistical meth-
ods (e.g., First and Ninth Moment methods are available).

Alternative methods can be also applied in this step, for example fitting a
quadratic function or a Gaussian Hermite. In addition, the traditional meth-
ods to compute statistical methods (e.g., Zeroth and First Moments), and
the Ninth Moment method are available in BETTERMOMENTS. In order to
apply the fitting of a quadratic or Gaussian function, a high average signal-
to-noise observation is needed for the methods to work properly; however,
are required to have precise results. Moreover, the use of these higher pre-
cision methods (quadratic or Gaussian) are needed to accurately extract the
line-of-sight velocity of the upper emission surface only, without mixing in-
formation from both emission layers. On the contrary, the widely used First
Moment map (as implemented in CASA) can have contributions from the
upper and lower CO layers, that could result in a incorrect interpretation of
the kinematical structure of the disk. Further, the First Moment map results
would be inconsistent with the following step of fitting the upper emission
surface to find the best Keplerian model, since the model fitting assumes that
the information comes from one layer only. Nonetheless, the method used to
extract the line-of-sight velocity map on real observations will depend on the
particular quality of the observations, traced molecule, and disk geometry.

3.3.2 Finding the best Keplerian model

Following, we extract the velocity perturbations of the projected velocity
into the line-of-sight image. For this purpose we use the Extracting Disk
DYnamics Python suite EDDY!Y (Teague, 2019a) to obtain the best fitting
Keplerian disk model for the '2CO velocity centroid maps of the simulated
ALMA observations.

I used a model that assumes a geometrically thick disk with an elevated
emission surface, in which the emitting surface is parameterized by:

z(fr):zo><<f/>w><exp (—[ d ]qp) (3.4)

Rtaper

Onttps://github.com/richteague/eddy
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where R is the disk cylindrical radius, ¢ dictates the flaring of the emission
surface, and zp and Reper the reference disk aspect ratio and exponential
taper reference radius. The exponential taper mimics a drop of the emission
height seen in observations (e.g., Teague et al. 2021).While in Chapter 4 such
exponential taper is included, I found that it was not optimal for our models;
therefore, in Chapter 5 I assumed the limit R4per = 00, reducing the number
of free parameters.

For the fitting of the disk rotation in Chapters 4 and 5, I used two different
options available in EDDY.

In Chapter 4 I used the more flexible option, in which the fitting also
includes a global contribution of the radial velocity component, where both
the disk rotation curve and radial velocity follow a power-law profile:

R Ys,q

Vp = Vp,100 X (100&11) (3.5)
R \URa

VR = VR,100 X (100 au) , (3.6)

with R the cylindrical radius, and vg 100 and v 199 the disk radial and az-
imuthal velocity at 100au from the star. This approach allows a rotation
curve that follows a rotation curve slightly different from Keplerian, being
sub-Keplerian in my models due the contribution from the global pressure
gradient and the disk being not self-gravitating.

Following, the disk velocity model projected into the line of sight consid-
ering the contributions of both radial and azimuthal velocity components:

Vinod = Vg COS @ -sini +vp-sing-sini +vrgg, (3.7)

where ¢ is the polar angle of the pixel (measured east of north relative to
the red-shifted major axis) and v gr is the systemic velocity. In this flexi-
ble approach, the free disk parameters are the disk position angle, systemic
velocity, disk center, the radial and azimuthal velocity at 100 au from the
star, the slope of the radial and azimuthal velocity power-law profiles, and
emission surface parameters (29, ¥, Riper and guaper). We fix the distance
to the source to 100 pc and the disk inclination equal to the value used to
compute the input data cube. Then, a series of MCMC chains are run to
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find the parameters of the best fit (sub-)Keplerian model for the geometri-
cally thick disk. In this case, I use 128 walkers that take 2000 burn-in steps
and additional 500 steps to sample the posterior distributions for the model
parameters. A delimited radial region of the disk is considered in the model
fitting, set to [0.55,2.0], [0.58,1.85] and [0.6,1.7] arcseconds for inclinations
of 5, 25 and 35 degrees, respectively. Finally, the velocity perturbations are
extracted by subtracting the velocity centroid map of the best fit disk model
(Vinod) to the original (vo).

In Chapter 5 we applied a different approach for fitted rotation curve, since
I found very similar results as the presented in Chapter 4 with fewer free
disk parameters. In this case, the rotation curve follows a Keplerian profile
accounting the altitude of the emission height:

GMstarR2
VKep = \J(R2+Z2)3/27 (38)

with Mgqr the mass of the central star. The fitting is run as described
above, but with fewer free parameters (Mgtqr, disk PA, 2o, ¥,vr.5R, o, %0),
again fixing the disk inclination to the input model inclination and the dis-
tance to the system to 100 pc. The projected line-of-sight velocity in the
later case do not include the radial velocity component; therefore, follows:

Vinod = UKep - COS ¢ -sini+vrsp (3.9)

Again, both approaches give similar results, and the application to real
observations would depend on the target’s emission surface geometry and
the constrained parameters.

An alternative way to look at the disk kinematic structure is to obtain an
azimuthally averaged view of the disk velocities (radial profiles); however,
in this thesis I only study the two-dimensional view of the deviations from
Keplerian rotation. In principle, I could exploit the axis-symmetry of the
VSI flows with such approach, while also boosting the signal-to-noise of the
simulated observations, reducing the observing time needed to extract the ve-
locity perturbation. Unfortunately, there is a degeneracy between the flows
produced by the VSI and a massive planet when exploring the radial velocity
profiles of the upper CO emission layer only. Moreover, the extraction of
the radial profiles is extremely sensitive to systematic errors, and more com-
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putationally expensive. Finally, I highlight that alternative tools to BET-
TERMOMENTS and EDDY are also publicly available, such as GMoments!!
(Casassus & Pérez, 2019) and Discminer (Izquierdo et al., 2021, 2022). Dif-
ferences between methods can be found in terms of flexibility of the models,
specific applications or to suit a particular target (see e.g., Disk Dynamics
Collaboration et al. 2020).

1 https://github.com/simoncasassus/GMoments
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Symbol | Definition Description
r,0,0 spherical coordinates
R.0.Z cylindrical coordinates
P gas density
H cs/Qx disk pressure scale height
h H/R disk aspect ratio
P pressure
Cs isothermal sound speed
P slope of the radial density profile
q slope of the radial temperature profile
Ur,09,Vg radial, meridional and azimuthal velocities
VK GM,/R Keplerian azimutal velocity
O GM,/R3 Keplerian angular frequency
Ry 4, R 4 Reynolds stresses in radial and vertical directions
O,z Stress over pressure ratios in radial and vertical directions
@ constant alpha viscosity parameter
v acsH artificial viscosity following alpha prescription
Vo velocity in the line of sight
VEKep rotation curve of a Keplerian disk
Vegq velocity in the line of sight of a disk in equilibrium
Vimod velocity in the line of sight of the best fit disk model
20 reference geometrical surface height (aspect ratio)
P flaring of the model emission surface
VLSR disk systemic velocity

Table 3.1: Summary of symbols used in this thesis.

Parameter Value (Chapter 4) | Value (Chapter 5)
Reference radius 100 au 100 au
Aspect ratio at 100 au 0.1 0.1
Flaring index 0.25 0.25
Surface density slope -1.0 -1.0
Temperature slope -0.5 -0.5
Stellar mass 1.0 Mg 1.0 Mg
# of cells in r 512 512
# of cells in ¢ 1024 1024
# of cells in 6 128 192
Grid inner radius 0.4 (40 au) 0.4 (40 au)
Grid outer radius 2.5 (250 au) 2.5 (250 au)
Grid domain in colatitude /24774 7/2+7/6.8
Inner buffer zone Radius 0.48 (48 au) 0.5 (50 au)
Outer buffer zone Radius 2.1 (210 au) 2.1 (210 au)
Damping timescale 0.3Qx 0.1Qx

Table 3.2: Summary of the parameters used in the simulations of Chapters 4 and 5.
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Parameter

Value (Chapter 4)

Value (Chapter 5)

Stellar radius

Stellar effective temperature

Distance
Disk total gas mass
Disk total dust mass
Maximum dust size
Minimum Dust Size
Dust size slope
Dust intrinsic density
Number of Dust Size Bins
Disk inclination

1.0 Rg
7000K
100 pc
0.05 M,
5x 1074
1 cm
0.01 pm
-3.5
2.7gcm™3
10
[5°,20°,35°]

1.0Rg
7000 K
100 pc
0.01 M,
5x107°
10 pm
0.01 pm
-3.5
2.0gcm™3
1
[5°,15°,30°]

Table 3.3: Summary of the parameters used in the radiative tranfer predictions presented in

Chapters 4 and 5.
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Observational signatures of the vertical shear
instability in protoplanetary disks CO kinematics

The content of this chapter is an adapted version of the the published research
article "Observability of the vertical shear instability in protoplanetary disk
CO kinematic” (Barraza-Alfaro et al., 2021).

4.1 Introduction

The main objective of the research project presented in this Chapter is to
study the observability of the gas velocity structure produced by the verti-
cal shear instability (VSI) in CO kinematics observations with the Atacama
Large Millimetre/submillimetre Array'? (ALMA). For this purpose, we per-
formed global 3D high-resolution hydrodynamical simulations of an inviscid
and locally isothermal disk unstable to the VSI. We post-processed the sim-
ulation results with radiative transfer calculations and produced synthetic
predictions of CO emission lines. Next, we computed the line of sight ve-
locity map and its deviations from a disk following a Keplerian equilibrium
solution, in order to predict their expected kinematical signatures. Finally,
we explored the potential of detecting these VSI induced kinematical sig-
natures by simulating ALMA observations, and extracting the kinematical
signatures by fitting a geometrically thick Keplerian disk model to the line
of sight velocity maps. I address which spatial and spectral resolutions are
needed to robustly characterize VSI kinematic signatures, and how their iden-
tification would add constraints on the disk physical properties. Especially
the morphology of the observable large scale VSI motions in gas kinematics
that may support or discard the VSI operating in planet-forming disks.

In this chapter I start by presenting the hydrodynamical simulations results.
Following, I show the radiative transfer images and simulated observations.

2nttps://www.almaobservatory.org/
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kinematics

I discuss our main findings in Section 4.4. Finally, I summarize our work and
draw our conclusions in Section 4.5.

4.2 Hydrodynamical Simulations

In the present Section, I first describe in Section 4.2.1 the physical model
used as initial condition for the simulations. Then, the results are shown
and described in Section 4.2.2. For a detailed description of the numerical
methods used for the simulations see Section 3.1.

4.2.1 Physical model

We adopted the physical model of the disk from Nelson et al. (2013). The
physical model is described using cylindrical coordinates (R,Z,¢). The hy-
drodynamical simulations described in Section 4.2 are performed in spherical
coordinates (r,0,¢). As initial conditions, we construct a set of 2D axisym-
metric profiles for the density and rotation velocity that fulfill hydrostatic
equilibrium. The initial conditions for density and angular velocity are given
by the equilibrium solutions:

wo-n(Bf o e l) W

2 q 1/2
QUR,Z)=Q + <>+1+ ——|

( ) K {(p q) R ( q) m]
where Qp is the Keplerian angular velocity Qg = /GM/R3, H = ¢s/Q
is the local disk scale height, cs; the local sound speed, Ry is the reference
radius, set to be equal to the code unit of length, and p and ¢ are the power-

(4.2)

law profiles for the density and temperature. pg sets the value of the gas
midplane density at » = Rp. The gas in our simulation is described by a
locally isothermal equation of state, that is P = pcg. The isothermal sound
speed is proportional to the temperature, cg o T'. Therefore, ¢ also represents
the radial power-law index of c(R):

A(R) = & (}i)q. (4.3)
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The disk pressure scale height follows:

(g+3)/2
H(R) = Hy <R>

2 , (4.4)

where Hy is the disk scale height at the reference radius Ry, set such that
Hy/Rop=0.1. In our simulations the midplane density slope is p = —1.0 ,
while the temperature slope is ¢ = —0.5, resulting in a flared disk with a
flaring index of 0.25. Looking at the last term of the prescription given in
equation 4.2, we observe that for the same cylindrical radius the upper layers
of the disk have slower angular velocity than the midplane; that is, the disk
has a vertical shear, which sets the instability in our simulations.

The same disk physical model is also used for the Simulations presented in
Chapter 5.

4.2.2 Simulation results

Figure 4.1 shows the temporal evolution of the a,.4 value consisting of the ra-
dial Reynolds stress-to-pressure ratio. We determine .4 using the pressure-
weighted stress-to-pressure ratio

JTepdV [ pvibvﬁdV
(87 o _—
T rPdV [ pc2dV

(4.5)

with the volume dV/, and vy, and v} representing the turbulent components of
the velocities are determined by subtracting the azimuthally averaged value
at each r and 6. Fig. 4.1 shows the time evolution, with a growth from
very small values (we set the initial radial and vertical velocities to zero)
until reaching a saturated value after around 170 orbits of evolution with
Qg ~ 1.4 % 10~%. For the further post-processing we use a snapshot after
300 orbits. A 3D plot showing the 3D gas dynamics of the disk is shown in
Fig. 4.2.

As a next step, we present detailed horizontal and vertical 2D plots out of
the 3D dataset using the same snapshots after 300 orbits (measured at the
code unit of length). These 2D plots are shown in Figure 4.3. The fields have
been computed re-scaling the code unit of length to 100 au, and considering
a central Solar-mass star, therefore, the snapshot corresponds to a disk evo-
lution time of ~0.3 Myr. Each row represents snapshots of the midplane, top
row, at three scale heights middle row, and a vertical cut in the R-Z plane.
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Figure 4.1: Time evolution of the stress-to-pressure ratio a,.4 of the VSI-unstable 3D
hydrodynamical simulation. We show the time evolution in units of the orbital timescale at
R =100au. The dashed line indicates the time-averaged value of a4 between 200 and 300
orbits.

Perturbed velocity in c,
0.0005  0.005 0.05 0.5 5

‘* |

Figure 4.2: 3D rendering of a VSI-unstable protoplanetary disk. The color map shows the
perturbed total velocity of the gas in units of the local sound speed. Only a part of the
simulation domain is shown for visualization purposes.
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The four columns present density and the three velocity components. In the
left column of Fig. 4.3, we plot the gas density perturbations, (p—pg)/po. At
the midplane and upper layers we see a turbulent structure with spirals and
ring-like structures. At the midplane the density deviations are on a level of
several percent of the background value. At the upper layers of the disk the
density deviations reaches levels of up to 30%. We note that even though the
fluctuations are strong in the upper layers, there is no particular morphology
that could be easily identified as VSI-generated.

Figure 4.3, right columns, show the 3D velocity structure typical of a disk
in which the VSI is active in its saturated state. Strong perturbations are
present in the three velocity components. Similarly, very turbulent structures
are present in the azimuthal velocity deviations from a disk in sub-Keplerian
rotation (expected from an unperturbed disk) at the midplane. Close to
the surface, however, axisymmetric rings are visible. Interestingly, in some
of these rings the rotation is sub-Keplerian in one hemisphere while super-
Keplerian in the other. We also note that similar to the radial perturbations,
the azimuthal ones are also weakest in the midplane with values of around
10’s meters per second while they become larger at the upper layers.

We summarize that the density perturbations, radial velocity perturbations
and the azimuthal velocity deviation from a disk in Keplerian rotation are
weak close to the disk midplane, however, above three pressure scale heights
they can reach up to 100’s of meters per second.

Even more interesting are the meridional velocity motions, seen in Fig. 4.3
third column. There are prominent large scale motions through the whole
vertical extent of the disk reaching velocities of around 50 meters per second.
These motions are mostly axisymmetric, and therefore they show a clearer
signature compared to the radial and azimuthal components.
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Figure 4.3: Results of the VSI-unstable disk 3D hydrodynamical simulation. The panels
show snapshots of the density and the velocities, taken after 300 orbital periods. From left
to right: Perturbed gas density, radial velocity, meridional velocity, and azimuthal velocity
deviations from a sub-Keplerian velocity equilibrium solution. The velocity values are in
physical units, where the simulation code unit of length is re-scaled to 100 au, and the
central star is a Solar-mass star. From top to bottom: r-¢ slices of the fields at the disk
midplane, r-¢ slices of the fields at approximately three pressure scale heights (3H) above
the midplane, and r-6 slices of the fields. In the left-most column plots, the circles in dashed
lines indicate the location of the inner and outer buffer zones. The dotted lines in the r-¢
slices indicate the azimuth where the r-@ slice is taken, while in the -6 plots the dotted line
indicates the location where z ~ 3H.
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4.3 Radiative Transfer Post-processing Results

In this Section I present the radiative transfer images computed from the
post-processing of the simulations results shown in Section 4.2.2, simulated
observations of these synthetic images (see Section 4.3.1), and the extracted
non-Keplerian kinematical signatures (see Section 4.3.2). For a detailed de-
scription of the numerical tools used in these calculations see Section 3.2.
For the images presented in the present Chapter, we chose to compute predic-
tions of the emission of the J=2-1 transition for the three CO isotopologues,
12C0 centered at ~230.538 GHz, 13CO centered at ~ 220.399 GHz, and C'20
centered at =~ 219.560 GHz. All three transitions are observable with ALMA
Band 6. We compute predictions for three different inclinations: 5°,25° and
35°, while keeping the PA fixed to 90° east-of-north.

We compute the synthetic cubes to have a total bandwidth of 6 km s~!, with
600 channels of 0.01 km s~!. Then, we average these to obtain data cubes
with a resolution of 0.05 km s~ !, that is the current maximum resolution of
ALMA in Band 6, that we use in the analysis.

In the synthetic images, the disk near side is the south, and its rotation is
counter-clockwise with respect to the observer. The total integrated flux of
the 12CO(2—1), ¥CO(2—1) and C*¥®O(2 —1) synthetic data cubes are ap-
proximately 42, 23 and 13 Jy km s~!, respectively.

For a first approximation of a synthetic observation, we convolved the
raw resulting synthetic channel maps by a circular-Gaussian beam, and
study the addition of noise following the white noise model implemented
in FARGO2RADMC3D (see also Baruteau et al. 2019). A mask of 0.42 arcsec-
onds (42 au) was applied to all raw images to remove the emission from the
disk regions close to the simulation’s inner edge.

Additional data cubes varying the velocity resolution and spatial resolution
are computed to explore the dependency of our results with resolution which
we discuss in Section 4.4.3. The emission of four different velocity channels
convolved by a circular Gaussian beam of 50 mas (5 au) is shown in Figure
4.4, for each disk inclination. It is readily seen that the VSI produces veloc-
ity perturbations in individual channels, seen as a corrugated pattern at the
edges of the emission, more prominent with decreasing disk inclination.
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Figure 4.4: Predictions of the 2CO disk emission of a VSI-unstable disk for different velocity
channels. From left to right, the columns correspond to predictions for disk inclinations

i =5, 20 and 35 degrees. The channel widths are 0.05 km s~!. The images are convolved
with a circular Gaussian beam of 50 mas, shown in the bottom-left corner of each panel.

The disk emission shows a corrugated pattern. Only red-shifted channels are shown, as

the structures are quasi axisymmetric, therefore, the symmetric blue-shifted channels show
similar substructures.
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4.3.1 ALMA synthetic observations

We use our '2CO(2 — 1) synthetic data cubes as input to simobserve. We
simulate a 20 h integration in configuration C43-8 (8.5 km longest baseline)
combined with a 4.4 h integration in C43-5 (1.4 km longest baseline). Then,
we corrupt the visibilities to obtain a RMS of ~ 1.5 mJy beam™! in each
channel. This noise level is the expected RMS for a precipitable water vapor
(PWYV) of 0.9 mm and 20 h of integration time. Finally, we compute final
CLEANed spectral cubes with tclean using briggs weighting with robust
parameter 1.0, resulting in a synthesized beam with a FWHM of ~ 80 x 60
mas (8 x 6 au). The average signal-to-noise per beam and channel is ~ 10
at ~ 100 au from the central star, and larger than 5 in all the disk. Such
sensitivity level is ideal for kinematic analysis, and recover the non-Keplerian
coherent substructures. Further details on the simulated observations are
presented in Section 3.2.2.

4.3.2 Deviations from a sub-Keplerian disk model

The line of sight velocity maps, and extracted velocity deviations from a
sub-Keplerian disk for three different disk inclinations (5°, 20° and 35°) are
shown in Figure 4.5. The maps are computed for line emission data cubes
with a velocity resolution of 0.05 km s~!. In the first column, the line cen-
troid at each pixel is presented as the disk velocity in the line of sight (vg),
for images convolved by a circular Gaussian beam of 50 mas. Substantial
deviations from the typical pattern from an inclined sub-Keplerian disk are
already noticeable in the low inclination case. The following columns show
the extracted velocity perturbations, which are seen as quasi axisymmetric
rings that reach magnitudes of ~ 50 m s~!. The substructures become more
complex as we increase the disk inclination. In the second column, we present
the velocity perturbations obtained when we subtract to vg shown in the first
column, a second velocity centroid map computed from a synthetic observa-
tion of a smooth disk following an equilibrium solution (v.,). We use here
the initial conditions from the simulation as input for the radiative transfer
calculations, to compute the synthetic observations of the disk in equilibrium.
The resulting residual map can be used as the expected velocity perturba-
tions in an ideal observation with 5 au resolution. In the third column, the
residual of subtracting to vq, in this case computed for a synthetic cube con-
volved by a 10 au circular Gaussian beam, the best fit disk model obtained
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with EDDY (vj,0q). As detailed in Section 3.3.2, the model corresponds to
a geometrically thick disk, that follows power-law profiles for the velocities
in the radial and azimuthal directions. The resulting residual maps are the
observable velocity perturbations in a 10 au resolution observation, with the
addition of white noise with an RMS level expected for a 20h long-baseline
ALMA observation. Recovering properly the emission surface and velocity
profiles is harder for the highest inclination case presented (i = 35°). We
tested a higher inclination case with ¢ = 45°, and we found we were unable
to recover the velocity perturbations reliably. The extracted velocity per-
turbations match fairly well with the expected pattern for inclinations of 5
and 20 degrees. Additional modulations are present depending on the polar
angle with respect to the disk’s major axis for the inclination of 35 degrees
case. These modulations are due to systematic differences between the fitted
and the true emission surface, with a secondary contribution from the errors
on the disk center, PA, and velocity profiles (see also Figure 12 in Yen &
Gu 2020). In the fourth column, we applied the same procedure to extract
the velocity perturbations shown in the third column, but in this case for
a vop computed from the simulated ALMA observations described in Section
4.3.1. We observe that the perturbations are consistent with the expected
VSI ringed structure, therefore, VSI-signatures are observable within ALMA
capabilities.
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Figure 4.5: Results of the line of sight velocity map and extracted velocity perturbations
from '2CO(2-1) synthetic lines observations of a VSI-unstable disk. The velocity centroid of
the line was computed at each pixel from mock data cubes with a velocity resolution of 0.05
km s~!. The input fields are shown in Figure 4.3, which corresponds to a disk after ~ 0.3
Myt of evolution. From top to bottom, are shown the results for disk inclinations of 5°, 20°
and 35°. First column: Velocity centroid maps (vg). The images are convolved by a circular
Gaussian beam of 50 mas and have no noise. Second column: Residual map of subtracting
to vg the velocity centroid map obtained from a disk following an equilibrium solution

(Veq). Third column: Residual of subtracting to vy the best fit disk model obtained using
EDDY (vmoq). The images in this case are convolved by a 0.1 arcseconds circular Gaussian
beam and have an RMS noise of ~ 1.5 mJy beam™!. Fourth column: The same as the third
column, but for a 20 h Cycle 7 ALMA simulated observation using configurations C43-8 and
C43-5, with an RMS noise of ~ 1.5 mJy beam™!. The beam size is shown with a black circle
at the bottom left of each panel. The black-dotted ellipses in panels of columns 3 and 4 are
the inner and outer edge of the region considered to obtain the best fit model. The x- and y-
axes indicate the R.A. and Dec. angular offset from the central star’s position in arcseconds.
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How the different velocity components contribute to the projected line of

sight velocity (LOSV) is crucial to interpret the velocity deviations. Asshown
by Teague et al. 2019 (see their Figure 5), a ring of super(sub) Keplerian
azimuthal motions show a sign-flip (from red- to blue-shifted, or vice versa)
with respect to the PA of the disk. While for a ring of inward(outward) flow
the sign flip is with respect to the line perpendicular to the disk PA. A ring
of upward(downward) vertical motion, however, has the same sign for all PA.
To better understand the contributions of each velocity component to the
projected line of sight velocity, we computed the expected velocity perturba-
tions considering each component separately. The synthetic data cubes were
calculated using an input velocity field in which only one of the three velocity
components is from a VSI unstable disk simulation and the remaining two are
set to follow an equilibrium disk solution (v¢;). In Figure 4.6 we observe the
contributions to the LOSV from the radial velocity v,, meridional velocity
vg and azimuthal velocity vy for different disk inclinations. It is clear that
the meridional velocity dominates the LOSV. With increasing inclination,
the radial and azimuthal velocities contribute more to the LOSV, where the
radial velocity introduces asymmetric features in our highest inclination case.
The contribution from the azimuthal velocity perturbations is minor for all
the inclinations explored.
To summarize, the meridional flows from the VSI body modes are the most
distinctive feature observable in the velocity centroid maps of a VSI-unstable
disk. For low disk inclinations we have rings of red- or blue-shifted emission.
Increasing the inclination we have a significant contribution of the radial
velocity, in which the asymmetric nature of the radial perturbations adds
complications to interpret the observable VSI signatures. Moreover, modu-
lations of the extracted perturbations depending on the polar angle relative
to the disk PA can appear due to the limitations of the method, making the
characterization of the VSI-signatures difficult.
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Figure 4.6: Results of the expected observable velocity perturbations from 2CO synthetic
lines observations, in which one of the velocity components is from a VSI unstable disk. The
input VSI-active velocity field into the radiative transfer is modified to follow an equilibrium
disk solution in two of the components. From left to right, the columns show predictions
considering the contributions of the radial velocity, the meridional velocity and azimuthal
velocity, respectively. From top to bottom, the different rows show the results for disk
inclinations of 5°, 20° and 35°. The mock data cubes have a velocity resolution of 0.05 km
s~!, and the images are convolved by a circular Gaussian beam of 50 mas, shown at the
bottom left corner of each panel. The x- and y- axes indicate the R.A. and Dec. angular
offset from the position of the central star, in arcseconds.
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4.3.3 Kinematic signatures for different CO isotopologues

Observing different CO isotopologues allows to study different layers of the
disk and probe the dependency of the kinematic structures with disk height.
To test the effect of the tracer optical depth, we run the radiative transfer
calculations of our VSI unstable disk model for 12CO, BCO and C'®0. The
disk layers traced approximately by the different isotopologues are shown
in Figure 4.7, where we display the layer where the disk becomes optically
thick (7 = 1 surface). For simplicity, the calculations of the 7 =1 surfaces
are computed for a disk face-on (i =0°). The emission surfaces traced in our
predictions, shown in Figure 4.7, roughly match with constraints from recent
ALMA observations (e.g., Zhang et al., 2017; Pinte et al., 2018).
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801 B3Co(3-2)
— CB0o@-1
— 8 _
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Figure 4.7: Radial profile of the disk layers where the disk becomes optically thick (7 =1
surface), for different CO isotopologues of the VSI-unstable disk radiative transfer model.
We illustrate the 7 = 1 surface for the J:2-1 and J:3-2 transitions of three CO isotopologues,
12C0, 13CO and C'®0. We assume a face-on disk orientation for the calculation. The gray
dashed lines show where Z =AR for A= 0.1;0.2;0.3;0.4 and 0.5. The solid black line shows
the grid boundary in colatitude of the simulated disk, located approximately at Z = 0.45R.
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The expected velocity perturbations from a VSI-unstable disk for the three
different isotopologues is shown in Figure 4.8, for different disk inclinations.
We observe that the quasi axisymmetric ring structure present in the residuals
of the 2CO predictions are also recovered for the 13CO and C'O predictions.
Further, the remaining velocity residuals are feebler for optically thinner trac-
ers, where the difference between isotopologues becomes more noticeable with
increasing disk inclination. These findings are expected since the emission
layer for these lines trace lower disk heights where the VSI perturbations
are weaker. Moreover, the radial and azimuthal velocity components de-
crease faster than the vertical moving towards the midplane, as seen in the
r-0 slices of the disk in Figure 4.3, where is shown that the vertical motions
from the VSI body modes penetrate through the whole vertical extent of the
disk. Therefore, the meridional component of the velocity perturbations is
predicted to also dominate the line of sight velocity at deeper layers, result-
ing in the recovered quasi axisymmetric ringed morphology (as discussed in
Section 4.3.2). Furthermore, the difference among tracers becomes larger for
more inclined disks as the contribution to the line of sight velocity from the
radial and azimuthal gas velocity increases with inclination. Additionally, the
velocity structure is smeared for optically thinner tracers due to the emis-
sion arising from a larger range of heights (Zhang et al., 2017). Therefore,
detecting VSI signatures in CO or C'¥0O would require higher sensitivity,
especially for inclined disks. Adding the difficulties to get high spatial res-
olution observations with enough signal-to-noise, we conclude that 2CO is
the best tracer to detect VSI signatures. Nevertheless, observing the weak
dependence with disk height of the morphology and magnitude of the VSI
velocity perturbations for low inclined disks is essential to confirm its origin.

99



4 Observational signatures of the vertical shear instability in protoplanetary disks CO

kinematics
Vo — Veq [III S_l]
HE s
-60 -30 0 30 60
12CO = 13CO CISO

=2 4

24

Offset [arcsec]

-2 1

—
~—

Offset [arcsec]

-2

Figure 4.8: Results of the expected observable velocity perturbations from a VSI unstable
disk synthetic lines observations for different CO isotopologues. From left to right, the
columns show predictions for 12CO, 3CO and C'®0O. From top to bottom, the rows show
the results for disk inclinations of 5°, 20° and 35°. The mock data cubes have a velocity
resolution of 0.05 km s~!, and the images are convolved by a circular Gaussian beam of 50
mas, shown at the bottom left corner of each panel. The x- and y- axes indicate the R.A.
and Dec. angular offset from the position of the central star, in arcseconds.
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4.3.4 Detectability of VSI driven turbulence

A previous study has shown that a disk with isotropic turbulence can produce
observable signatures of nonthermal gas motions in ALMA observations (Si-
mon et al., 2015). First, it can produce a change in the shape of the spatially
integrated line of emission, increasing the ratio of the peak line flux to the flux
at line center. Such diagnosis has been applied to constrain disk turbulence
in the outer regions of protoplanetary disks (see e.g., Flaherty et al. (2020)
and references therein). We note that Simon et al. (2015) used a parametric
fit to nonthermal gas motions to determine a turbulent broadening param-
eter as a function of radius and height. This parameter was then used as
input in the line radiation transfer code LIME for the sake of computational
efficiency. For our work we include the full 3D velocity field to calculate the
line emission.

We explored if we can see the effect of line broadening by turbulence in
our simulation data with anisotropic turbulence from the VSI. We compare
directly the shape of the line of the synthetic observations for the VSI unsta-
ble disk, and a disk that follows a sub-Keplerian equilibrium solution with
Vpury = 0, that is a laminar disk with the radial and meridional velocities
being zero. We assume the same dust temperature structure for both disks.
The comparison is shown in Fig. 4.9 for data cubes with spatial resolution of
50 mas (5 au) and velocity resolution of 50 m s~1. We observe that the effect
of VSI turbulence in the line shape is negligible compared to the thermal
broadening for all inclinations and CO isotopologues explored. We recovered
similar results for a disk around a central star with lower temperature, anal-
ogous to a young Sun, with an effective temperature of 4300 K and radius of
2.6 Re. This highlights how important is to use the full 3D velocity data to
produce synthetic observation and study the line broadening in protoplane-
tary disks.

The second main result by Simon et al. (2015) showed that isotropic tur-
bulence can affect the distribution of the emission in a given velocity chan-
nel. Flaherty et al. (2020) has shown that anisotropic turbulent motions
can mimic such effect in spatially or spectrally unresolved observations. We
observe that this effect is minor in our predictions, as the physical size and
magnitude of the velocity perturbations is rather small (about 10 au and 50
m s~ !). The finger-like features are already indistinguishable in independent
channels for a spatial resolution of about 30 au. We summarize again that
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a full 3D velocity field is needed when studying line-broadening. For 12CO,
the thickness of the emission layer is smaller than a scale height. Further-
more, line broadening is only caused by velocity fluctuations with physical
scales smaller than the depth of the emission layer. This fact causes the tur-
bulent broadening to be negligible because the amplitudes of these velocity
fluctuations are about one order of magnitude smaller than the large scale
fluctuations. We stress that it might be more promising to determine the
kinematics by spatially and spectrally resolved observations in contrast to
determine the line broadening in unresolved disk observations. Our results
of the « viscosity values from the hydrodynamical simulations are consistent
with the upper limits from nonthermal broadening in ALMA observations,
with a viscosity values < 1073. We compute in our simulation a disk-averaged
radial a value of ;.4 = 1.4 x 1074, and a value about 3.6 times larger in the
vertical direction (computed for one hemisphere of the disk following Eq. 4
in Stoll, Moritz H. R. et al., 2017), i.e. a4 ~ 3.6a;4. However, we note
again that these are not directly comparable as stated above, and going for
higher resolution, or more sensitive observations would not result on the con-
straint of a turbulent o from VSI. We emphasize that spatially resolving the
velocity perturbations from the VSI is required to confirm it as a source of
turbulence. Moreover, it is feasible to estimate an « viscosity value of the
disk by directly comparing the observed velocity structure with synthetic
predictions from 3D hydrodynamical simulations. We conclude that the cur-
rently applied diagnostics to detect nonthermal turbulent motions in ALMA
observations using a parametrization of the turbulence level are not reliable
if the turbulence is anisotropic. Therefore, we can not discard that the VSI
is active in these disks, and that turbulence is still playing an important role.
Finally, despite our simulations do not resolve the smallest scales of the insta-
bility (Flores-Rivera et al., 2020), we do not expect a change in the turbulent
line broadening when resolving these. The smaller turbulence scales are ex-
pected to have lower RMS velocities due to the turbulent cascade. Therefore,
they do not significantly contribute to the broadening of the integrated line
emission.
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Figure 4.9: Line profiles from synthetic observations for different CO isotopologues and disk
inclinations. In each panel we show a comparison of the integrated line emission for a VSI
unstable disk (solid lines) and a laminar disk (dashed lines).
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4.4 Discussion

4.4.1 Differences between VSI signatures and other mechanisms

Recognizing VSI-driven gas motions is very important to interpret kinemat-
ics observations. Large-scale perturbations in the gas velocities can also be
produced by other mechanisms. For example, massive planets (Disk Dynam-
ics Collaboration et al., 2020), vortices (Huang et al., 2018; Robert et al.,
2020) or gravitational instabilities (Hall et al., 2020). Therefore, it is crucial
to identify the features that can be used to separate the VSI signatures from
other mechanisms.

Firstly, VSI signatures are quasi axisymmetric. Velocity perturbations of
similar magnitude are visible in all velocity channels (see Figure 4.4), and
show ringed substructures when extracted from the Moment one map (see
Figure 4.5). On the contrary, perturbations from the aforementioned alterna-
tive mechanisms are asymmetric, as trace spiral-arms or localized deviations.
Planetary-wakes and vortices are expected to be strongest in a few velocity
channels and show a localized signature in the velocity centroid maps (Perez
et al., 2015; Pérez et al., 2018; Huang et al., 2018; Robert et al., 2020). Large-
scale spiral arms, however, can also appear across all velocity channels, yet
are distinguishable from rings when extracted from the velocity centroid maps
(Pérez et al., 2018; Hall et al., 2020).

Secondly, the velocity component that contributes more to the line of sight
velocity of the perturbations in a VSI-unstable disk is the vertical compo-
nent. For planetary wakes and spiral-arm structures the largest contributions
are from the radial and azimuthal velocities (Pérez et al., 2018; Hall et al.,
2020). Meridional flows can also be generated in the gaps carved by embed-
ded massive planets (Kley et al., 2001; Morbidelli et al., 2014; Fung & Chiang,
2016; Teague et al., 2019a). For Jupiter mass planets, the azimuthally aver-
aged velocities at the gap and gap’s edges can have similar magnitude as the
predicted VSI signatures (Teague et al., 2019a). However, such flows are typ-
ically present together with spiral arms and perturbations localized around
the planet’s location (Pérez et al., 2018; Juhéasz & Rosotti, 2018). Therefore,
resolved two-dimensional velocity centroid maps are required to disentangle
between both scenarios.

Thirdly, the vertical motions of the VSI-modes are present in the whole disk
vertical extent. Therefore, no significant change in the morphology of the

64



observable VSI signatures are predicted when tracing different CO isotopo-
logues. For planetary wakes and spiral arms, it is expected that the observable
velocity perturbations change depending on disk height (Perez et al., 2015).
Fourthly, an embedded planet in a slow-cooling disk can generate additional
tightly wound spiral arms due to buoyancy resonances. These spirals can
have a strong vertical velocity component and produce observational signa-
tures that can be confused with VSI signatures (Bae et al., 2021). Neverthe-
less, high spatial resolution observations can potentially disentangle between
tightly wound spirals and VSI quasi axisymmetric rings in the line of sight
velocity residuals.

Finally, VSI-perturbations are expected to produce dust traffic jams in the
outer disk (Flock et al., 2017, 2020; Schéfer, Urs et al., 2020). It can also gen-
erate a dust trap at the radial transition where the cooling-timescale is short
enough to sustain the VSI (Flock et al., 2020). Additionally, it can trigger
Rossby Wave Instability vortices (Flock et al., 2020; Manger & Klahr, 2018),
which can efficiently trap dust at its center (Barge & Sommeria, 1995). Simi-
lar structures in the dust distribution can be produced by embedded planets.
Thus, it is difficult to disentangle between VSI and other mechanisms when
studying the radial and azimuthal distribution of the dust continuum. Nev-
ertheless, by studying the vertical distribution of the dust from edge on it is
possible to assess if dust vertical mixing from the VSI is present (Flock et al.,
2017, 2020; Villenave et al., 2020).

In our simulation, short-lived small-scale Rossby Wave Instability vortices
appear, consistent with previous results on VSI-unstable disks with very short
thermal relaxation time scales (Richard et al., 2016; Flock et al., 2020). These
vortices could produce kinematic signatures in CO line emission, as previously
shown for large-scale planet-induced vortices (Huang et al., 2018; Robert
et al., 2020). However, we focus on the global quasi-axisymmetric ringed
structure produced by the VSI. Further analysis is needed to constrain the
observability of vortices induced by the VSI in CO kinematics.

4.4.2 Constraints on the disk properties from a VSl-detection

Strong constraints can be done from the detection of the VSI in a proto-
planetary disk. First, a VSI detection would confirm that the disk has a
vertical shear and a radial gradient of the temperature. Second, a short cool-
ing timescale is necessary for the VSI to operate in the traced layers of the
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disk. Via hydrodynamical simulations it has been shown that the VSI is
active in disks with cooling timescales < 10% of the local orbital timescale
(Nelson et al., 2013; Lin & Youdin, 2015; Flock et al., 2020). Hence, a VSI
detection would constrain the disk cooling timescales. Finally, it also shows
that the turbulence in the disk is fully or partly due to the VSI, which has
been constrained from hydrodynamical simulations to « viscosity values in
the range of 107° to 1073. Damping of the VSI is predicted for the upper lay-
ers of the disk where the densities are low enough to allow collisional dust-gas
decoupling (Pfeil & Klahr, 2021) and magnetic effects dominate (Cui & Bai,
2020). Therefore, studying the velocity perturbations at different layers of
the disk can help us to understand changes in physical conditions at different
disk heights.

4.4.3 Observations spatial and spectral resolution

We explored the effect of spatial and spectral resolution on the observable
velocity perturbations for a disk with an inclination of 20 degrees. We display
in Figure 4.10 the expected velocity perturbations from a VSI unstable disk
varying the velocity resolution of the data cube, and size of the convolved
circular Gaussian beam, in the first and third row, respectively. Additionally,
the statistical uncertainties from the calculation of the line centroid maps de-
rived using EDDY (Teague & Foreman-Mackey, 2018) are shown in the third
and fourth rows. Each data cube has added white noise with an RMS level
expected from a 20 h integration ALMA observation. We observe that for
beam sizes < 10 au the VSI structure is well resolved. For such a high spatial
resolution, all velocity resolutions explored reach an uncertainty level smaller
than ~ 20% the channel width and the structure is recovered. However, only
for the highest velocity resolution cases (channel width <50 m s~1) these un-
certainties are below ~ 20% the magnitude of the velocity perturbations. In
summary, we found that high resolution observations using ALMA extended
antenna configurations can spatially resolve the VSI signatures. However, the
highest spectral resolution observations are needed for a robust detection.
For our predictions, with an assumed distance to the system of 100 pc, a 0.1
arcsecond resolution is enough. In ALMA band 6, the antenna configuration
8 gives the required resolution, where a 20h integration time can get suffi-
cient signal-to-noise ratio. Disks further away would require higher angular
resolution to resolve the VSI, which would require a longer integration time.
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Our simulated observation setup is at the limit of the capabilities available
for ALMA Cycle 8. Therefore, detection of VSI-signatures in the next ALMA
cycle might be feasible for the brightest protoplanetary disks only.
Considering a standard Hanning smoothing, the highest resolutions are
~ 0.05 km s~! and~ 0.03 km s~!, for ALMA Bands 6 and 7, respectively.
According to our predictions, with these resolutions it is possible to resolve
well the VSI signatures. Nonetheless, no spectral averaging and avoiding
Hanning smoothing when preparing ALMA observations allows to achieve
finer spectral resolution (down to ~ 0.025 km s~! for Band 7), which could
ease the identification of VSI signatures.

We highlight that a good calibration is key to recover velocity perturbations
from the data. For such a high spectral resolution observation to be success-
ful, at least one of the basebands should be set up in TDM /wideband to get
the best calibration. Otherwise, there may not be enough total bandwidth
for best phase calibration, and this is truly essential to get the highest dy-
namic range images using self-calibration.

Our predictions are also valid for the CO J:3-2 transitions, observable within
ALMA Band 7 in which higher velocity resolution observations are possible.
Moreover, observing 2CO and '3CO within the same observation can be done
for the J:3-2 transition. Obtaining the VSI signatures at different layers of
the disk is important to better understand the vertical flows in the disk, and
can potentially confirm the origin of the velocity perturbations.

The velocity resolution required to identify the VSI signatures could also
vary depending on the method used to compute the line centroids and ex-
tract the velocity perturbations. Alternative methods to obtain the moment
maps and the non-perturbed velocity centroid map are GMOMENTS!3, and
CoNEROT!" (Casassus & Pérez 2019, Casassus et al. in prep). The ad-
vantage of CONEROT compared to EDDY is that the perturbations can be
extracted directly from observations without strong assumptions about the
underlying disk model, and employing a reduced number of free parameters.
Nevertheless, we do not expect significant differences in our results, but in
its application to ALMA data.

Last, further study of the disk velocity structure can be performed
analysing the velocity radial profiles. For this purpose CONEROT and

Bhttps://github. com/simoncasassus/GMoments
Mnttps://github.com/simoncasassus/ConeRot
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GOFISH15(Teague, 2019b) can be applied. However, as discussed in Section
4.4.1, a thorough study of the three velocity components at different layers
of the disk would be required to possibly disentangle between perturbations
produced by planets or VSI.
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Figure 4.10: Results of the expected observable velocity perturbations from a VSI unstable
disk 2CO synthetic lines observations (vg — veq), for various velocity and spatial resolution
data cubes. Each channel of the cube has a RMS noise expected from a 20 h integration
ALMA observation with an extended configuration (1.9, 1.5, 1.0, 0.8, 0.6 mJy from the
higher to the lower velocity resolution cases). In addition, we show the uncertainties in the
calculation of the velocity centroid map using BETTERMOMENTS (dvg). The FWHM of the
circular Gaussian beams are shown at the bottom left corner of each panel. The x- and
y- axes indicate the R.A. and Dec. angular offset from the position of the central star, in
arcseconds.

YPhttps://github. com/richteague/gofish
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4.5 Summary

In this chapter, I presented a study of the observability of gas motions pro-
duced by the vertical shear instability (VSI) in ALMA CO kinematics obser-
vations. We explore the effect of disk inclination, spatial and spectral reso-
lution. Furthermore, we compare the results for different CO isotopologues.
We couple the results of 3D global hydrodynamical simulations of a disk
unstable to the VSI, with radiative transfer calculations to obtain synthetic
line emission predictions for 12CO, 13CO and CO molecules. Next, we pro-
duce simulated observations that are directly comparable to those obtained
by ALMA. Finally, we extract the velocity perturbations from our simulated
observations, and recover the VSI perturbations. The main findings from this
project are:

« We find that the VSI perturbations are seen as a corrugated pattern
in the emission of individual velocity channels, and quasi axisymmetric
concentric rings in the line of sight velocity residuals after subtracting a
sub-Keplerian disk model fitted to the data.

e The characteristic morphology of the extracted perturbations results
from the meridional velocity component being dominant in the velocity
projected into the line of sight.

o With increasing inclination, the line of sight velocity has stronger addi-
tion of the radial and azimuthal velocity of the disk, adding asymmetries
on top of the rings, making the VSI-perturbations challenging to char-
acterize. Moreover, the method to extract the perturbations does not
correctly recover the expected morphology for large inclinations (i = 35°).

e The morphology of the extracted VSI velocity perturbations is predicted
to be similar for different layers of the disk. The change in the magni-
tude of the expected velocity perturbations for different tracers remains
relatively low for all inclinations explored. Further, the difference in
magnitude increases with disk inclination.

e Our results show that the nonthermal broadening produced by the VSI in
integrated line emission is negligible, consistent with current limits from
ALMA radio observations. We emphasize that resolving the structure is
fundamental to determine the turbulence sources in the disk.
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o To recover the VSI-perturbations, spatial resolution below the disk pres-
sure scale height might be enough to resolve the structures, which in our
case corresponds to beam sizes < 10 au. However, the spectral resolu-
tion needed to capture the perturbations reliably (< 0.05kms™!) is the
highest available with the ALMA interferometer.

I highlight that the predictions are optimistic and the predicted observa-
tional signatures should be treated as upper limits. The conducted simu-
lations are inviscid and follow a locally isothermal equation of state, giving
the ideal conditions for the development of vigorous VSI motions in the disk.
The inclusion of a finite cooling time or background viscosity can weaken the
VSI perturbations.

Observing the gas kinematics at different layers of the disk is important to
disentangle between the VSI and other mechanisms that could produce sim-
ilar kinematic signatures. We conclude that the best cases to detect VSI
signatures are gap-less disks close to face-on, in which the VSI meridional
flows can be directly traced.

Finally, the presence of velocity perturbations from a different origin (e.g.,
massive planets) can obstruct the identification of the VSI signatures. In
Chapter 5, I present an investigation of kinematic signatures in the case of a
disk unstable to the VSI interacting with massive embedded planets. How-
ever, further work is needed to study other possible physical mechanisms that
could coexist with the VSI affecting the observed kinematical structure.
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Kinematical signatures of planet-disk
interactions in VSI-turbulent protoplanetary disks

This chapter presents results of the research publication in preparation ”Kine-
matical signatures of planet-disk interactions in VSI-turbulent protoplanetary
disks” (Barraza-Alfaro et al. in prep.).

5.1 Introduction

Planets are thought to form inside the weakly ionised region of protoplanetary
disks. In the fast cooling parts of the dead-zone the vertical shear instability
(VSI) can be active, inducing turbulence and large-scale gas motions. The
objective of this project is to understand what is the effect of the turbulence
and gas motions generated by the VSI, in the evolution of the structures
triggered by a fairly massive planets, and vice versa.

While our results of the observability of the VSI presented in Chapter 5
predicts clear kinematical signatures of the VSI, these simulations assume
a clean case, in which the VSI develops without interacting with planets or
other physical processes. However, the brightest disks, in which the VSI could
be observed, also show dust substructures that hint the presence of unseen
embedded massive protoplanets. Therefore, it is important to understand
how these unseen planets would affect the detectability of VSI kinematic
signatures, and explore how the VSI could affect the kinematical detection
of these planets.

Planets embedded in VSI-unstable disk have been previously studied for
planets of 10, 30 and 100 earth masses (Stoll et al., 2017). While for the 10,
and 30 M.+, cases the VSI remains unaffected by the presence of the planets,
a 100 M,,+p planet can change the VSI dynamical structure at the midplane.
Following these results, we studied further these interactions by conducting
global 3D hydrodynamical simulations of an inviscid and locally isothermal
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VSI-unstable disk with an embedded massive planet. We explore the cases of
an embedded Saturn mass planet (~ 95 M,,4;) and Jupiter mass planet (=
318 Meyrin). Moreover, we compare the VSI-unstable disks with results from
an alpha-viscous disk. Post-processing our set of simulations with a radiative
transfer code, we studied the kinematical signatures that could be observed
in CO high resolution ALMA radio interferometric observations.

The present Chapter is structured as following. First, I present the global
3D hydrodynamical simulation results. Second, I show the results of the
Radiative Transfer calculations and synthetic observations. Third, I present
the discussion of results and Fourth, I draw the chapter’s main conclusions.

5.2 Hydrodynamical Simulations Results

As initial conditions for the simulations we use the same equilibrium solutions
as presented in Chapter 4 Section 4.2.1. The simulations grid have the same
domain and resolution in the radial and azimuthal direction as our simulation
presented in Chapter 4. However, is extended in the colatitude direction to
cover 10H at the code unit of length, with a resolution of 196 cells.

5.2.1 Inclusion of planets

For the inclusion of planets, we use an standard approach slowly inserting
the planet as a gravitational potential of a point of mass, with a smoothing
around the location of the planet (e.g., Stoll et al. 2017).

_%7 ford > dysm,
el () 2 () 2 ()] i

where d is the distance between a fluid element and the planet’s position. A
potential smoothing length d, g, is used to prevent numerical artifacts at the
planet location. The value of d,s,, is set to be three cell diagonals evaluated
at the planet location, this corresponds to around 56% of Saturn’s and 37%
of Jupiter’s Hill spheres (g = rp(my/3M,)Y3).

In order to avoid numerical artifacts during the inclusion of the planet, its
mass is smoothly increased from zero to its final mass in 40 and 100 planetary
orbits for the Saturn and Jupiter cases, respectively. We include the planets
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in the VSI-unstable disk simulations after 200 orbits of evolution, when the
VSI is already in its saturated state (as shown in Figure 4.1 and discussed
in Section 4.2.2).

To compare directly our simulations of VSI-unstable disks with a case with-
out VSI, we run the same set of simulations including artificial viscosity fol-
lowing the alpha prescription of Shakura & Sunyaev 1973, that is v = acsH,
for a viscosity value comparable to the effective viscosity driven by the VSI.
Including artificial viscosity with o =5 x 10™% is enough to damp the VSI in
the disk and recover similar structures from previous studies of planet-disk
interactions in isothermal disks (e.g., Pérez et al. 2018; Rabago & Zhu 2021).

We inspect and post-process the output after 300 orbits of evolution for
the VSI simulation without a planet, while for the Jupiter and Saturn mass
planets simulations we chose the outputs after 145 and 285 orbits after the
inclusion of the planet, respectively. At these times, the planets have already
carved a gap and the structures are in quasi steady state.

5.2.2 VSl-unstable planet-forming disks

In this sub-section we describe the structures induced in our set of VSI-
unstable disk simulations. First, we compare a cartesian face-on view of the
simulations fields at the midplane (Figure 5.1) and above three pressure scale
heights of the disk (Figure 5.2). Particularly important is to inspect different
disk heights, since observations of optically thick CO isotopologues, such as
1200, trace upper layers of the disk, while optically thinner can trace deeper
layers (e.g., C180).

In both Figures 5.1 and 5.2, we present a simulation without an embedded
planet (first row), with an embedded Saturn (second row), and with an em-
bedded Jupiter (third row). The columns indicate, gas density relative to the
initial density field (p/po; first column), radial velocity (v,; second column),
meridional velocity (vg; third column), and azimuthal velocity deviations
from Keplerian rotation (vy —vgep; fourth column). For reference, in the ra-
dial velocity negative values indicate gas moving towards the central star, in
the meridional direction positive values indicate gas flowing downwards (e.g.,
positive flow at Z ~ 3H means gas moving towards the midplane), while in
the azimuthal direction positive means super-Keplerian flow. In the first rows
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of Figures 5.1 and 5.2, we recover the velocity structure of a disk unstable
to the VSI as described in Chapter 4 Section 4.2.2. In the midplane, the
axisymmetric meridional flows dominate the velocity structure, while in the
surface strong velocity perturbations are seen in all velocity components. In
the simulations including planets (second and third rows), a gap depleted of
gas carved by the planet, deeper and eccentric for the Jupiter-mass planet
case. At the edges and inside the gap, rings of super- and Sub-Keplerian
gas are seen. Additionally, spiral arms via Lindblad resonances are induced
by the planets in the density, and radial and azimuthal velocities. Around
the planet location, planetary spiral wakes are also produced by the planets.
Moreover, a large-scale vortex is also produced by the Jupiter planet, seen
as a horseshoe shaped structure in the gas density (see also Chapter 2 Sec-
tion 2.4 on planet-disk interactions). At the disk midplane, we observe that
the planet induced structures dominate the overall structure. Interestingly,
in the meridional velocities, damping of the VSI flows is produced for both
planet masses. Such dampling, is produced in the region inside the planet
radial location, the gap and gap outer edge. At the disk surface, however,
damping of the VSI meridional flows seems to be present only for the Jupiter
mass case (see Figure 5.2). For the Saturn mass planet case, a mixture of
VSI structures and the planet-induced spiral arms is observed. The velocity
structure in the meridional and azimuthal directions from the VSI simula-
tion without a planet and a Saturn mass planet are similar overall; however,
a global damping of the VSI induced flows is produced by the planet, reach-
ing lower velocities. Finally, in the Jupiter case, the localized velocity flows
around the planet are strongest in the radial and meridional directions, while
in the azimuthal directions a ring of super-Keplerian gas at the outer gap
edge is the most prominent feature.

To highlight the stronger damping of the VSI at the disk midplane produced
by the presence of the embedded planets, we show a Z — R view of our set
of VSI-unstable disk simulations in Figure 5.3. We present the azimuthally-
averaged fields, following the same order of presentation as in Figures 5.1
and 5.2. Clearly, the damping of the VSI is more effective in the region below
three pressure scale heights from the midplane. In the outermost regions of
the disk, flows induced by the VSI are still active, characterized by the full
columns of gas moving upwards or downwards. A interesting feature also
seen in Figure 5.3, later discussed in Section 5.4, is the different symmetry
of the flows with respect to the midplane from the perturbations induced by
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planets and the VSI. In the radial and azimuthal directions, the VSI flows are
symmetric with respect to the midplane, while planet-induced flows are anti-
symmetric. On the contrary, in the meridional direction the VSI flows are
anti-symmetric with respect to the midplane, while planet-induced flows are
symmetric, that is they move towards the midplane at both disk hemispheres.
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Figure 5.1: VSI-unstable disks simulations at the disk midplane (Z = 0). From left to right,
gas density normalized by the initial value, radial velocity, meridional velocity, and azimuthal
velocity deviations from Keplerian rotation. From top to bottom, simulation without an
embedded planet, with a Saturn planet (m, = 0.3m ), and a Jupiter planet (m, = m ).
The black dashed lines in the first panel show the simulation buffer zones. The white circles
show the location of the planets, in which their sizes are equal to the planets’ Hill spheres.
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Figure 5.2: VSI-unstable disks simulations at the surface. Same as Fig. 5.1 but above three
pressure scale heights from the midplane (Z ~ 3H).
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Figure 5.3: R — Z view of the azimuthally-averaged fields of our VSI-unstable disks
simulations. From left to right, gas density normalized by the initial value, radial velocity,
meridional velocity, and azimuthal velocity deviations from Keplerian rotation. From top to
bottom, simulation without an embedded planet, with a Saturn planet (m, = 0.3m s,;), and
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