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PHYSICAL CONDITIONS AND KINEMATICS IN PROTOPLANETARY DISKS
THROUGH LINE EMISSION

Las Ciencias Planetarias están constantemente progresando. Las infraestructuras actuales
han permitido el descubrimiento de exoplanetas y un estudio más detallado de los discos
protoplanetarios, que es donde se piensa que los planetas se forman. Entre los trazadores
más importantes de la evolución de discos protoplanetarios está la medición de condiciones
f́ısicas de los mismos. Esta tesis se enfoca en dos partes principales; la primera trata el
diagnóstico de ĺıneas de emisión en el gas; mientras que la segunda explora discos durante
etapas más tempranas en la formación planetaria, pasando a través de estallidos de acreción.

En el Caṕıtulo 2, describimos un diagnóstico de ĺıneas de emisión que permite la medi-
ción de temperatura, el ensanchamiento turbulento y la densidad de columna(número de
part́ıculas por unidad superficial) en discos portoplanetarios. Testeamos nuestro diagnóstico
de ĺınea a través de un análisis detallado de simulaciones hidrodinámicas post-procesadas de
un disco protoplanetario con un planeta gigante incrustado. Nuestro diagnóstico podŕıa po-
tencialmente detectar huellas cinemáticas en la emisión de ĺınea producida por interacciones
planeta-disco, tales como los vórtices de onda Rossby asociados con formación de planetas
gigantes. Pudimos concluir que nuestro diagnóstico de ĺıneas de emisión mide una huella
cinemática en el disco, aunque bastante pequeña. Cuando el diagnóstico de emisión de ĺınea
es aplicado a las simulaciones hidrodinámicas, la velocidad turbulenta medida muestra un
pequeño incremento para transiciones moleculares ópticamente gruesas en la ubicación del
vórtice y en la órbita del planeta.

En el Caṕıtulo 3, exploramos un clase intrigante de objetos circumestelares, objetos FU
Orionis. Objetos FU Ori se caracterizan por tener estallidos con altas tasas de acreción.
Ellos pueden resolver el problema de baja luminosidad en la formación de estrellas de baja
masa. Además se cree que las estrellas de baja masas pasan a través de este fenómeno
más de una vez durante su formación. El Caṕıtulo 3 aborda cómo los estallidos de acreción
cambian la estructura radial del disco circumestelar en V883 Ori, un objeto FU Ori. Con
nuestro acercamiento, medimos su temperatura y lo rápido que acreta. Usamos un algoritmo
autoiterativo que recibe el perfil radial de una fuente circumestelar y retorna su forma y
cuánto está acreatando, separando régimenes ópticamente delgados y gruesos. De nuestro
análisis de V883 Ori, encontramos que los mecanismos de calentamiento en discos pasivos no
reproducen el perfil termal inclinado de V883 Ori dentro de las treinta UA más cercanas a
la estrella. Por lo tanto, concluimos que la disipación viscosa provee la cantidad de enerǵıa
suplementaria necesaria para generar el perfil de emisión observado en V883 Ori.
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Abstract

Planetary Sciences are constantly progressing. Current facilities have allowed the discovery
of a considerable amount of exoplanets and a more detailed study of protoplanetary disks,
which is where planets are thought to form. Among the important tracers of disk evolution is
the measurement of physical properties of these protoplanetary disks. This thesis focuses in
two main parts; the first one in the diagnostic of gas line emission; while the second explores
disks during even earlier stages of planet formation going through outbursts of accretion.

In Chapter 2, we describe a line emission diagnostic that allows the measurement of
temperature, turbulent broadening and the column density (particle number per unit surface)
in protoplanetary disks. We test our line emission diagnostic through detailed analysis on
post processed hydrodynamical simulations of a protoplanetary disk with an embedded giant
planet. Our diagnostic could potentially allow the detection of kinematical signatures in
line emission of planet-disk interactions, such as the Rossby wave (RWI) vortices associated
with giant planet formation. We could conclude that our line emission diagnostic measures
a kinematical signature in the disk, although very small. When the line emission diagnostic
is applied to the hydrodynamical simulations, the measured turbulent velocity shows a small
enhancement for optically thick molecular transitions at the location of the vortex.

In Chapter 3, we explored an intriguing class of circumstellar objects, FU Orionis objects.
FU Ori objects have outbursts with high accretion rates. They could solve the low luminosity
problem in the formation of low mass stars. It is believed that low mass stars go through this
phenomenon more than one time during their formation. Chapter 3 addresses how accretion
outbursts shape the radial structure of the circumstellar disk in V883 Ori, a FU Ori object.
With our approach, we measure its temperature and how fast it accretes. We use a self-
iterative algorithm that takes the radial profile of a circumstellar source and returns its shape
and how much it is accreting, separating optically thin with optically thick regimes. From
our analysis of V883 Ori, we find that passive disk heating mechanisms do not reproduce the
steep thermal profile of V883 Ori within the inner 30 AUs. Thus, we conclude that viscous
dissipation provides the supplemental amount of energy necessary to generate the emission
profile observed in V883 Ori.
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“We are all in the gutter, but some of us are looking at the stars.”
Oscar Wilde
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también a mi papá, quien ha sido el motor de mi perseverancia, a lo largo de toda mi vida.

vii



viii



Contents

1 Introduction 1

1.1 Current Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Observational Facilities Breakthroughs . . . . . . . . . . . . . . . . . . 1

1.2 Star Formation Stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Young Stellar Objects and Circumstellar Disks . . . . . . . . . . . . . . 2

1.3 An Emphasis in Thermal Protoplanetary Disk Structure . . . . . . . . . . . . 5

1.3.1 Passive Disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 Active Disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 This research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4.1 Diagnostic of Physical Conditions using Molecular Lines . . . . . . . . 10

1.4.2 Impact of Viscous Dissipation in the Structure of the FU Ori Source
V883 Ori . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Line Diagnostic of Physical Conditions using gas emission. 14

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Hydrodynamics Simulations Setup . . . . . . . . . . . . . . . . . . . . 16

2.2.2 Radiative Transfer post-processing . . . . . . . . . . . . . . . . . . . . 17

2.2.2.1 Synthetic images for CO isotopologues for a face-on disk . . . 19

2.2.3 Input Fields for Benchmark . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Spectral Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Line emission Diagnostic . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.2 Optimization of the Line Diagnostic . . . . . . . . . . . . . . . . . . . . 23

2.3.3 Spectra Fitting using the Line Diagnostic . . . . . . . . . . . . . . . . . 25

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4.1 Temperature Fields recovered by the line diagnostic. . . . . . . . . . . 26

2.4.2 Column Density Measurements and Differences between Isotopologues. 28

2.4.2.1 Measurement for the Column Density in a Parametric Disk . 28

2.4.2.2 Hydrodynamical Simulation and Radiative Transfer post-processing
setups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4.3 Turbulence in the Gas Kinematics in the Planet’s Orbit and under the
Horseshoe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.3.1 Measurements in a Parametric Disk and Numerical Errors . . 32

2.4.3.2 Turbulent Velocity in the Simulations using CO isotopologues 35

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

ix



3 Viscous Heating as a heat source in the FU Ori object V883 Ori 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Two layers model approach . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.1.1 Model Assumptions . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.1.2 Heat Sources present in an Active Disk . . . . . . . . . . . . . 41
3.2.1.3 Effective Temperature . . . . . . . . . . . . . . . . . . . . . . 43
3.2.1.4 Midplane Temperature . . . . . . . . . . . . . . . . . . . . . . 45
3.2.1.5 Outer disk, Optically Thin Regime . . . . . . . . . . . . . . . 48
3.2.1.6 Algorithm Consistency . . . . . . . . . . . . . . . . . . . . . . 48
3.2.1.7 Convergence of the outside-in algorithm . . . . . . . . . . . . 49

3.2.2 Radiative Transfer Simulations . . . . . . . . . . . . . . . . . . . . . . 49
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3.1 Effect of Viscous Heating on Temperature . . . . . . . . . . . . . . . . 51
3.3.2 Radial Dependence of Flaring and Aspect Ratio . . . . . . . . . . . . . 53
3.3.3 Accretion Rate as a function of radius . . . . . . . . . . . . . . . . . . 54
3.3.4 Synthetic Predictions for V883 Ori . . . . . . . . . . . . . . . . . . . . 54

3.4 Discussion and Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.4.1 Comparison of the Efficiency between Radial and Vertical Diffusion . . 58

4 Conclusion 61

Bibliography 62

x



List of Tables

2.1 Parameters of the Parameteric Disk or Benchmark Model. . . . . . . . . . . . 21
2.2 Isotopologues Abundances. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 Parameters range for the spectra fitting. . . . . . . . . . . . . . . . . . . . . . 24

3.1 Parameters of Parametric Disk in V883-Ori . . . . . . . . . . . . . . . . . . . . 41

xi



xii



Chapter 1

Introduction

1.1 Current Context

After more than two thousands years of the first model of the Solar System, the knowl-
edge known to Western science about the components of the Solar System and the Universe
have made scientists reconsider previous theories. The different exoplanetary systems so far
suggest that the Solar System is rather a particular system than a general rule [Winn and
Fabrycky, 2015, Udry and Santos, 2007]. In that context the study of protoplanetary disks
and in particular, their physical conditions contributes to a more general knowledge about
the phenomenon.

So far, there has been more than 3869 exoplanets confirmed discoveries (29-10-2018).
Studying these exoplanetary systems is how astronomers are able to do statistics about plan-
etary formation outcomes. Previous studies and theories were mainly based only on the
Solar System, because of that, there was a bias present. Ongoing research about exoplan-
etary architecture and configuration shows that there is a great amount of diverse possible
configurations. There have been detections of exoplanetary systems with compact distribu-
tions. More than six planets in the same system at distances closer than the orbit of Venus,
being Trappist one of them (Luger et al. [2017]), or giant planets ten times bigger than Jupiter
that are very close o very far from their star. To understand all of these possible outcomes
it is necessary to understand their origins and how they affected their current architecture.
In other words, the study of circumstellar and protoplanetary disks have become important,
giving their role in the planet formation process.

1.1.1 Observational Facilities Breakthroughs

Planet formation and the architecture of exoplanetary systems is an evolution of different
stages. The different stages need to be studied at as many different wavelengths or bands as
possible. Each one of them provides us different insights on the entire process.
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Among the ground based telescope, facilities such as: the the Atacama Desert like the
Atacama Large Millimeter and sub-millimeter Array (ALMA) and the Very Large Telescope
(VLT) among many others, have allowed to push the frontier of planetary sciences and
astronomy to unknown limits. The first observations using ALMA, with 16 out of 66 antennas,
already showed interesting features in protoplanetary disks that have not been observed
before. The image of HL Tau [ALMA Partnership et al., 2015] was the first protoplanetary
disk observed with ALMA at such detail, showing multiple rings and gaps. A lot of different
features present in protoplanetary disks could be observed and studied with the current
facilities. Features such as: spirals, gaps, rings or dust traps. Now, at almost full capacity,
ALMA probably have already been able to detect protoplanets (planets starting to form).
Despite that its main focus has been the study of disks at an intermediate stage in the planet
formation process (Class II sources), it also has been helpful in the study of disks at early
stages, detecting snow lines in Class I objects (younger than transition disks). It will also
help to study other important condition such as chemical abundances, gas surface profiles or
disk masses. The early stages in planet formation will be much better constrained than they
were before. In the optical and near infrared(NIR) part pf the spectrum, the VLT with its
instrument SPHERE has been able to imagine planets inside the gap of protoplanetary disks
[Keppler et al., 2018]

Spatial telescopes and satellites have also contributed to the planetary science community.
The Kepler spacecraft only has discovered more than 2000 exoplanets using transits (Borucki
et al. [2010], Howell et al. [2014], Lissauer et al. [2011], Batalha et al. [2013]). TESS [Ricker
et al., 2015], Kepler’s successor, with higher sensitivity will be able to detect planet around
brighter stars. It already has its first Super Earth candidate [Huang et al., 2018]. Addition-
ally, over 900 exoplanets have been found using other exoplanet detection techniques, such
as: radial velocities, direct imaging, or microlensing. In the near future, James Webb Space
Telescope(JWST) will also allow to characterize planet composition through the study of the
spectroscopy of detected planets in the infrared part of the spectrum. JWST will be able to
characterize atmospheres and detect planets by direct imaging, although the latter will not
be its main focus. It will also contribute in the study of molecular clouds collapse and dust
emission in debris disks at early and late stages of planet formation respectively.

1.2 Star Formation Stages

1.2.1 Young Stellar Objects and Circumstellar Disks

Stars are formed in relatively cold gaseous molecular clouds. The molecular clouds, that
extent from tens to usually hundreds of AUs, collapse into dense cores because of gravitational
inhomogeneities. At some point during the collapse, the dense core will begin nuclear fusion,
becoming a protostar. The fast accretion rate of material onto the core is very inefficient
transporting angular momentum outwards, so the material begins to rotate faster, forming a
disk. There are some mechanisms that allow angular momentum transport outside the cloud;
however, they are not efficient enough. After some time (< 1 Myr), the gas surrounding the
protostar forms the circumstellar or protoplanetary disk. A protoplanetary disk is thought to

2



Figure 1.1: Spectral Energy Distributions for Young Stellar Objects at different evolutionary
phases from early to late stages [Dauphas and Chaussidon, 2011]. This thesis will focus in
physical conditions of Class I and Class II sources.
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be the birth place of planets. For a more detailed review about the evolution of protoplanetary
disks refer to Williams and Cieza [2011].

Inflow and outflow of material are present in the core, allowing for some angular momentum
transport in the disk. These Young Stellar Objects (YSOs) show evidence of accretion onto
their core. YSOs are known to have an UV excess produced shock heating of the gas being
accreted by the protostar onto hot spots. They also present infrared excess associated with
hot dust located in the disk near the star. This luminosity is the one that is reprocessed in
the disk, the irradiation heating term.

To identify and classify the different evolution stages of protoplanetary disk, Lada [1987]
made an spectral classification of YSOs according to its infrared spectral index,

αIR =
d log νFν
d log ν

=
d log λFλ

d log λ
. (1.1)

The α spectral index is usually calculated between 2 µm and 25 µm wavelengths. This first
classification created three classes, I-II-III, all of them that fit into the collapsing and rotating
core model ( [Adams et al., 1987] ).

After a few years of the classification, it had a refinement, made by Greene et al. [1994].
The change consisted in specify differences for sources between Class I and II. There was also
another addition. Andre et al. [2000] included an earlier Class 0, that did not belong to any
of the other previous classification.

Another classification was done based on the accretion state of the protostar according to
their optical phase. In this classification there are: Classical T Tauri stars (optical visible pre-
main sequence stars) that are associated with Class II YSOs; weak-lined T Tauri star(WTTS),
that are rather associated with the Class III YSOs of the previous definition. The former
type of protostar has strong Hα and UV emission, tracers of accretion, while WTTS has
almost not evidence of it.

Among the different stages in the star formation sequence, planets are believed to form
during the first 5-10 Myr. They are conform by the material surrounding the protostar,
i.e., the gas that is still present in the circumstellar disk, before it has all been accreted or
dissipated by the disk-star system.

Figure 1.1 shows the stages expected for the protoplanetary disk evolution during the star
formation process. It describes the different Classes and stages for star formation evolutionary
track as follows:

1. Molecular Cloud Collapse(Class 0)

Molecular clouds are the initial stage necessary for planet formation. For this type of
source, the Spectral Energy Distribution (SED) peaks in the far-IR or at the millimeter
part of the spectrum (λ ∼ 100 µm) and it has no flux emission in the Near-IR(NIR).

2. Class I Objects

Class I objects have a flat or rising SED into the mid-IR. The growing in the SED profile

4



means that αIR < 0. During this stage of the star formation, the protostar is embedded
in a surrounding envelope of gas that it is being accreted, and the circumstellar disk
has already formed.

3. Class II Objects and Transitions Disks

Class II sources are also called Classical T Tauri stars and they have a falling SED into
the mid-IR (−1.5 < αIR < 0). During this epoch is when most of planet formation
processes take place. Some Class II objects show giant gaps in the gas density and
dust cavities also. Additionally, during this stage is possible to observe spiral arms and
other important asymmetries in the disk structure. Disks that show gaps and cavities
are often called transition disks. Class II objects, and particularly transition disks have
received special attention by the astronomical community. It is believed that during
this is the stage when planets are forming. The dynamical processes [Armitage, 2011b]
and planets-disks interactions [Kley and Nelson, 2012] have been modeled to explain
the physics in protoplanetary disk and their possible evolution path; The interaction
with another bodies of their systems, is vital to understand the thoughts,

4. Class III Objects

Class III objects are already pre-main sequence type of stars and are also labeled as
WTTS. WTTS have little or almost no excess in the infrared, and they have not
significant accretion anymore. Most of the gas has already been depleted by accretion
or photoevaporation by the star. Some of them are also called debris disks. They are
almost an exoplanetary system.

1.3 An Emphasis in Thermal Protoplanetary Disk Struc-

ture

When the thermal balance (heating and cooling) in a disk is dominated only by the irradiation
from the star, disks are called passive disks. On the other hand, if there are other significant
heating or cooling sources such as an important dissipation of gravitational energy, we call
them active disks, e.g., accretion disks. For a disk to be active the other sources of disk
heating have to be at least comparable to the potential energy of the system. An estimated
accretion rate at which the gravitational energy release is comparable to the disk reprocessing
of the star’s luminosity is (see [Armitage, 2009] for more details):

1

4
L� =

GṀM∗
2R∗

, (1.2)

where the critical mass accretion rate is close to Ṁ ≈ 3 · 10−8 M� yr−1. It is worth to notice
that it is assumed that the disk reprocesses one quarter of the star’s luminosity). This critical
accretion rate is just in the range of the measured accretion rate for T Tauri stars (Gullbring
et al. [1998]). The range spans one order of magnitude above and two below this critical
accretion rate.
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Figure 1.2: Emission origin for different wavelengths and molecular transitions in a proto-
planetary disks, and their intrinsic properties [Kamp, Inga, 2015].

1.3.1 Passive Disks

Most of the luminosity of passive disk comes from reprocessed starlight by the disk. If we
consider an optically thick, the surface layers are the ones more exposed to starlight, therefore,
they are hotter than the midplane, which is usually colder. t o understand the radial thermal
profile of a passive disk, we need previous knowledge about the physics and the structure of
a protoplanetary disk. The vertical structure is given by hydrostatic equilibrium between the
pressure gradient and the gravitational force, i.e.,

dP

dz
= −ρgz, (1.3)

with ρ the gas density and gz the vertical component of the gravity. If we consider a parcel
of gas at a distance d from the star and at a height z from the disk midplane, the vertical
component of the gravity would be gz = GM∗

d2 sin θ. If we add the thin disk approximation
(z << d), we have that gz ≈ Ω2z, with Ω the Keplerian angular velocity. Moreover, it is fair
to consider vertical isothermal conditions for a passive disk in steady state. Under vertical
isothermal conditions, the equation of state becomes:

P = ρc2
s, (1.4)

6



with cs the local sound speed. Using the relation between ρ and P from equation (1.4) in
equation (1.3), we obtain the following relation:

c2
s

dp

dz
= −Ω2ρz. (1.5)

The formal solution of equation (1.5) results in a gaussian profile for the gas density in
the vertical direction. This gaussian solution is also centered at the midplane, ρ = ρ0e−z

2/2h2
,

where ρ0 is the midplane density and h is the scale height. The midplane density ρ0 and the
scale height h are given by

h =
cs
Ω
, (1.6)

and

ρ0 =
1√
2π

Σ

h
, (1.7)

with Σ the gas surface density.

The aspect ratio, h/r, describes the shape of the disk. Equation (1.6) shows that the
sound speed is correlated with the scale height, and the temperature as well; thus, if the disk
is flared (dh/dr > 1), the thermal radial profile would be different of the one of a flat disk.
This difference in the thermal radial profile is produced because the aspect ratio increases
with distance. In other words, at any distance from the star, the surface point of a flared
disk disk is exposed to the stellar irradiation.

There are several papers that describe the radial temperature derivation for the thermal
profile of passive disks ( see Adams and Shu [1986], Kenyon and Hartmann [1987] or Chiang
and Goldreich [1997b]). They show that flared, warped and flat disks have different temper-
ature profiles, meaning that the shape is an important feature to determine the temperature
profile in a disk.

We show a more formal derivation of the thermal profile for one of the simplest shapes for
a protoplanetary disk. Following the treatment in Armitage [2009], we consider a razor-thin
disk and a spherical star of radius R∗, which has a constant brightness I∗. The flux passing
through a surface element would be

F =

∫
I∗ sin θ cosφdΩ, (1.8)

where dΩ is the element of solid angle, θ and φ are the usual angles of the spherical coordi-
nates. We consider the main axis of the reference system pointing to the center of the star.
If we observe only one half of the disk, for example the top part, the incoming flux would be

7



F = I∗

∫ π/2

−π/2
cosφdφ

∫ sin−1(R∗/r)

0

sin2 θdθ. (1.9)

We assume that the received flux F is equal to the irradiation of one side of the disk at
an effective temperature Tdisk, Fdisk = σsbT

4
disk. Then, we evaluate the integral in equation

(1.9) with I∗ = (1/π)σsbT
4
∗ . The radial profile obtained from this relation is:

(Tdisk

T∗

)4

=
1

π

[
sin−1

(R∗
r

)
−
(R∗
r

)√
1−

(R∗
r

)2]
. (1.10)

We integrate the surface received from the disk, Fdisk, at each surface area, 2πrdr, and
multiplied by the two sides of the disk to get the total disk luminosity:

Ldisk = 2

∫ ∞
R∗

2πrσT 4
diskdr =

1

4
L∗, (1.11)

which illustrates that the disk reprocesses only a quarter of the star luminosity. Addi-
tionally, if we do a Taylor expansion for the outer parts of the disk with the right terms of
equation (1.10), the temperature has the following profile:

Tdisk ∝ r−3/4. (1.12)

This profile corresponds to the profile of a flat and thin disk. For flared cases, given that
the disk keeps being exposed to the stellar irradiation, their radial dependence should be
higher than −3/4, i.e, they have a flatter thermal profile.

1.3.2 Active Disks

In an active disk, the same heat sources that are present in passive disks must be considered as
well. However, these heat sources have not the predominant role in the heating and cooling
mechanisms of the disk. For accretion disks in particular, one heat source that becomes
important is the accretional or viscous heating. Viscous heating is associated with the gas
shearing in the disk produced mainly by gas accretion. When accretion is high enough, viscous
heating could be dominant over the other heat sources, becoming the principal heat source
in the disk. Having said that, one of the main differences between the thermal structure of
active and passive heat sources is their radial dependence. In other words, passive and active
heating sources affect the disk in different ways. The stellar irradiation has a slower decrement
with distance than accretional heating, so, for an active disk, the star is the responsible of
the heating of the outer parts, while the accretional heating heats the inner parts.

Viscous heating depends primarily in the motion of the particles, the viscosity of the gas
and its density. When an inflow of material is present, the gas has a negative drift velocity vR,
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meaning that it is being accreted onto the star. The accreted gas crosses through orbiting
layers of gas that will produce a shear between them liberating energy and heating their
surrounding. The inward radial velocity, vr, mixed with the surface density, Σ, gives an
expression for the mass accretion rate,

Ṁ = −2πRΣvR. (1.13)

The gas azimuthal velocity is close with the velocity of an object orbiting the central
source (in this case the star), this means that it is nearly the Keplerian velocity, i.e.,

vφ = RΩK(R) =
(GM∗

R

)1/2

, (1.14)

where M∗ is the mass of the star, G the gravitational constant and R the particle distance
to the central source.

As has been said, the viscous dissipation per unit plane surface area, D(R), is given by;
the viscosity of the gas ν that quantifies the amount of shear between the particles; the
gas surface density, Σ, which describes the amount of particles colliding; and the Keplerian
angular velocity ΩK . The viscous dissipation has the functional form

D(R) =
9

8
νΣ

GM

R3
(1.15)

1.4 This research

This work tries to recover the physical conditions at early and intermediate phases of pro-
toplanetary disk evolution after the formation of the protostar. The first part details the
development of a diagnostic that measures physical conditions in protoplanetary disks us-
ing line emission from molecular tracers. One of the main focuses in the planetary science
community is the understanding of the planet formation process at its early stages. Physical
conditions such as temperature or velocity are vital to constrain the pathways followed by
planet formation process. These conditions also determine the possible outcomes for the final
exoplanetary architecture.

The second part of this thesis focuses on the thermal profile of V883 Ori, a FU Ori object.
ALMA observations of dust continuum were used to measure its brightness temperature ra-
dial profile. Furthermore, V883 Ori shows a steeper thermal profile at the inner AUs than
the expected for a passive disk. Because of that, we can infer that it has additional heat
sources. The measurement of this additional heat source may help to constrain some physical
properties of the disk, such as the accretion rate and its morphology. Accretional heating is
then included as an additional heat source in the radiative transfer of this object. Through
modelling of the accretional heating and the brightness temperature measure from the obser-
vations, we recover the disk shape and its accretion rate. Our aim is try to understand the
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underlying structure and the morphology that lead to the thermal profile observed in V883
Ori.

1.4.1 Diagnostic of Physical Conditions using Molecular Lines

One of the principal objectives in the study of protoplanetary disks is the detection of proto-
planets. ALMA is at current date the best facility to do so, given its spatial resolution and
spectral windows. ALMA allows astronomers to observe molecular lines inside disks, task
that is not possible with other facilities or telescopes because either the star is too bright or
the dust emission is too optically thick. The rotational energy transitions that are observable
with ALMA at millimeter and sub-millimeter wavelengths make possible the study of disks
at different depths tracing their vertical structure. Figures 1.2 and 1.3 sketch how different
molecular lines trace distinct regions and layers in protoplanetary disks.

Studies of emission lines are done to measure the physical conditions at different regions in
the disk, understanding its structure or its thermal and chemical evolution. The constraint of
physical conditions determine how planets are formed and the future composition of planets
[Kamp, Inga, 2015, Kamp et al., 2017]. Observing at the same lines of sight, it is possible
to infer the relative abundances between different species and the underlying processes that
produce some specific lines or the lack of them. The lines emitted or absorbed, their profile
and other features contain information about the gas that is emitting it, such as: its velocity,
its temperature and the total amount of material along the line of sight. These conditions are
the baseline for core accretion models, protoplanetary disk evolution and planet formation
theories. Furthermore, kinematic features in line emission have been recently used to test the
presence of protoplanets disturbing the otherwise sub-Keplerian profile of the gas [Teague
et al., 2018, Pérez et al., 2018b, Pinte et al., 2018b].

We have developed a line diagnostic that measures the physical conditions in the proto-
planetary disk. Our main goal was to measure temperature, turbulence and column density
along a certain direction of the molecular line emission. The diagnostic was designed to
be applied in ALMA data of protoplanetary disks, but it certainly could be used for other
purposes or type of sources.

1.4.2 Impact of Viscous Dissipation in the Structure of the FU Ori
Source V883 Ori

Early in the planet formation process, some stars go through a very high accretion stage.
These young stars with large optical outbursts are identified with the name of FU Orionis
objects, named by the first source of its type [Herbig, 1977]. Figure 1.4 illustrates the inflows
and outflows of material in a FU Ori object. They also have some particular spectroscopic
features. FU Ori objects present a spectral type of late F or G supergiants at optical wave-
lengths, very blueshifted Balmer lines with broad absorption. On the contrary of their optical
spectra, the infrared emission of this class of source is best fitted with K-M supergiant at-
mospheres. Their infrared spectra has strong CO absorption and water vapor bands in the
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Figure 1.3: Different layers observed at the same spectral window with CO isotopologues.
Each one of them traces a different depth (or height) inside the disk, allowing the study of
its vertical structure [Pinte et al., 2018a]

.

Figure 1.4: Sketch of a FU Ori object structure. It shows the characteristic inflow of material
at the midplane and the winds at the envelope in a FU Ori object. Hartmann and Kenyon
[1996]
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Figure 1.5: Example of light curves of FU Ori objects before and after the outburst of
accretion. They increase their luminosity in two or more magnitudes.Hartmann and Kenyon
[1996]
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near infrared (∼ 1 − 2µm). So far, FU Oris are been modeled as a steady state accretion
disk, what for most of the cases is a good approximation. It is believed that although this is
a short stage, it is a repetitive and very common phenomenon in the formation of low mass
stars [Hartmann and Kenyon, 1996].

Figure 1.5 show different examples of FU Ori objects. It is observed that during this out-
burst of accretion, the luminosity of the circumstellar disk could be amplified by one hundred
or one thousand times the star’s luminosity. This high accretion stage is key to explain the
low luminosity problem Dunham and Vorobyov [2012]. The low luminosity problem is related
to the low luminosity in low mass stars, meaning that their accretion rate is not high enough
to reach their final masses [Evans et al., 2009]. So, there must be a shorter stage where more
of the mass in the disks is accreted. Although, FU Ori outburst are short in star formation
timescales, they may be a common stage in the low mass stars formation process.

When this transitory stage occurs, several conditions are changed. The disk structure
changes abruptly, for example, there is evidence of wiggles in the radial profiles of the con-
tinuum emission in this class of sources [Sheehan and Eisner, 2018]. Winds, shock heating
and viscous heating produce changes in the thermal structure and the disk shape. The con-
densation radius where volatiles transform into their solid form called ice lines are displaced
because of that. Moreover, the chemistry and radiative processes in the disk are different
from the stationary stages. The phase of some volatiles or dust grains quickly changes dur-
ing short periods of time, so dust coagulation, fragmentation and thus planet formation are
severely affected. Chemical reactions and abundance ratios are then modified during this
stage [Molyarova et al., 2018].

Because the water snow lines are farther out in FU Ori objects, the study of dust popu-
lations and trapping at the frontier is more feasible. Several theories could be tested in FU
Ori objects. For example, it is believed that drier planets may be formed inside the water
snow line, where minerals were able to overcome bouncing barriers through their melting
[Hubbard, 2017]. The study of these hotter sources represent a good starting point trying to
understand the delivery of volatiles in planets and the condition needed for habitability.

To study the chemistry and dynamics in FU Ori objects, the effects of accretion must be
included in the modeling. FU Ori systems have more emission at inner radius than passive
disks with low accretion rates. The usual heating sources of a passive disk also affect a FU
Ori, meaning irradiation heating and interstellar heating. However, the heating produced by
the viscous shear of the gas is usually not included in the modeling of emission for specific
sources, although it is a valid and studied heat source in accretion disks. [Frank et al., 2002,
D’Alessio et al., 1998, Pringle, 1981]

We use a self-iterative method to model the disk shape and the additional amount of
heat neceded to reach the thermal profiles observed for V883 Ori. We compared the thermal
structure with and without the viscous dissipation produced by the accretion rate, showing
that passive heating does not heat the disk enough to increase their dust emission and obtain
such steep profiles as the one of V883 Ori at the inner fourty AUs.
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Chapter 2

Line Diagnostic of Physical
Conditions using gas emission.

Millimeter and sub-millimeter observations along with spectroscopy of protoplanetary disks
have allowed the measurement of their physical conditions. Line emission of certain molecular
tracers, such as CO, depends on a variety of different physical conditions of the gas; tem-
perature, column density and velocity among others. These physical conditions are of great
importance to study the evolutionary paths for planet formation and to constrain its effect on
its host protoplanetary disk. Here, we present a model that fits line emission from molecular
tracers and quantifies local physical conditions that would reproduce the line shape. We start
by doing a benchmark using a controlled input of a fiducial disk. After that, we applied our
line diagnostic to a 3D hydro-dynamical simulation with an embedded giant planet (1 MJ)
on a protoplanetary disk for 500 orbits for a planet located at 100 AU from the central star.
We test for kinematic signatures of structures launched via planet-disk interactions.

2.1 Introduction

During protoplanetary disk evolution, there are several stages, each one of them with char-
acteristic features and spectra. Transition disks represent an intermediate stage in disk
evolution which has received particular attention for its possible ling to giant planet forma-
tion process [Williams and Cieza, 2011]. This type of disk possesses a considerable amount
of features containing the dynamical and kinematic history of the disk. A thorough de-
scription of protoplanetary disk evolution goes beyond the scope of the line diagnostic, for
a deeper description of the steps in the protoplanetary disk track see Wyatt et al. [2015].
Most of the observational studies have been conducted with the Atacama Large Millimeter
and sub-millimeter Array (ALMA).

With ALMA, more detailed and resolved observations of transition disks structures are
now possible, both spatially and spectroscopically [Casassus, 2016, Perez et al., 2015b, Regály
et al., 2012]. Thanks to that, different features in these disks have been observed and modeled
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over the past years. To explain the origin of these features or the probable evolution of disks,
a better understanding of their physical conditions is necessary, using theoretical models as
well.

There are several approaches to disk modeling using theory. They intend to improve
the understanding of the physical and chemical processes in the transition disk stage (see
Haworth et al. [2016] and Armitage [2011]). One of particular interest to the scope of this
chapter is the study of kinematic effects over the gas produced by planet-disk interactions
[Rosotti et al., 2017]. Flaherty et al. [2018] for instance, they studied the amount of tur-
bulence in a protoplanetary disk a found a certain type of correlation between temperature
and turbulence. Nevertheless, the turbulence only reaches level usually lower than 10% of
the local sound speed, so it is in the order of tens of meters per second. In another study,
Dong et al. [2018] analyzed possible footprints of velocity dispersion inside gaps; however,
they need very high sensitivity observations and they did not decouple the effect of thermal
broadening to the dispersion time to be allowed to detect them.

Temperature is among the most important parameters to measure, given its importance
in different processes for both chemistry and physics. There have been previous attempts
done by Schwarz et al. [2016] and Teague et al. [2017] to measure the gas temperature at
different regions and/or layers using CO isotopologues. Knowing the thermal structure, it is
possible to constrain the snow lines locations and phase changing zones in the disk [Du et al.,
2017]. Ice lines are linked with the stickiness of dust and their ability to coagulate into bigger
grains. Snow lines of different volatiles are also important in the chemistry differentiation of
disks. All of these physical parameters are important in several ways during the evolutionary
tracks of protoplanetary disks. Gas composition and emission shape the dust evolution, the
disk’s shape and planet formation; hence the importance of their study.

Because of its characteristics, CO is one of the favorite lines to observe [Bruderer, 2013]
in mm and sub-mm wavelengths. Besides that CO is an abundant molecule in the interstel-
lar medium, it also possesses a multiplicity of vibrational transitions and isotopologues with
different optical depths in the ALMA observability range. For example, Miotello et al. [2015,
2016, 2017] and Williams and McPartland [2016] have measured the available mass in proto-
planetary disks with the measured CO flux. Perez et al. [2015a] and Yu et al. [2016] observed
and analyzed the CO emission in protoplanetary disks, finding gas features that correlates
with the continuum emission of the disk (mainly dust emission). Fedele et al. [2017] described
the depth of CO isotopologues emission, showing that they trace different heights or layers
in the disk, so there are precedents that a vertical study of the disk structure could be done
using these isotopologues.

ALMA observations of dust and gas are useful to unravel the evolutionary paths of young
planetary systems, but this has to be done with special caution. [Boehler et al., 2017] reported
some issues to be considered in the measurement of the amount of gas with line emission.
Usually, gas emission lines are separated from the continuum by subtracting an interpolated
linear function of the dust emission for frequencies where there is not line present. In most
of the cases, this method underestimates the gas emission because it only considers the gas
emission above the continuum and not the continuum absorption. When the dust-to-gas
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ratio is considerable(>0.1), like in high dust concentration scenarios such as dust traps, cau-
tions should be taken to correctly measure the amount of gas. This absorption effect is more
remarkable for optically thick gas tracers, when the dust emission is almost entirely depleted
by the gas under the molecular line.

Here, we report a line diagnostic using uniform slab models for molecular line emission,
particularly of CO isotopologues in transition disks at millimeter wavelenghts. Our model
separates the kinematic broadening of the line into thermal effects and turbulent ones. We
also measure the amount of excited column density; if we consider Local Thermodynamic
Equilibrium (LTE) and the temperature measured from the fit, the net column density for
that particular tracer can be recovered. Previous observational attempts to measure kine-
matic signatures through line emission did not considered the decoupling between thermal
effects and turbulent ones, fitting the velocity dispersion as just one parameter. We also
include the combination of different isotopologues at the same spectral window obtaining
the vertical structure of the disk. This diagnostic can be used to study the abundance ratio
between different species and the kinematic effects of protoplanets in their host disk, either
vertically or radially in the disk plane. It also can be used to give details about the thermal
structure and how it changes during the protoplanetary disk evolution. The inference of
physical conditions and the model described here have been used for the recovery of physical
parameters in other fields as well. For example, Peñaloza et al. [2017] did a similar work
measuring physical conditions from line emission with a uniform slap approach but applied
to molecular clouds instead.

The following chapter is structured as follow: Section 2.2 describes the model and param-
eters used as input for the hydrodynamical and radiative transfer models. In Section 2.3,
the benchmark model of line emission and parameter measurement is detailed. Section 2.4
describes the results of the benchmark and compares the input parameters of the simulations
and the parameters measured by the model. 2.5 summarizes the chapter.

2.2 Methodology

2.2.1 Hydrodynamics Simulations Setup

To test the modeling, we used the hydrodynamic simulations published in Pérez et al. [2018a].
These simulations were conducted using the open software Fargo3D [Beńıtez-Llambay and
Masset, 2016] and are briefly described in this section. Figure 2.1 illustrates the results of
the simulations for the density at the midplane, the velocity fields and the deviation respect
to the expected sub-Keplerian profile.

The simulations were run using a spherical grid with a resolution (r, φ, θ) of 400×600×40,
where r is the radial coordinate, φ is the azimuthal component, and θ the colatitude angle
measured from the zenith. The radial grid has a logarithmic spacing between 40 and 280
AU, while the angular coordinates spans linearly in the range (0, 2π) for φ, and (2π

5
, 9π

10
) for

θ. The surface density was set with a standard power law that decays proportionally with
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Figure 2.1: Hydrodynamical simulations done by Pérez et al. [2018a]. Left to Right: Loga-
rithm of gas density, radial velocity, colatitude velocity and difference of azimuthal component
with respect to the sub-Keplerian solution. The simulations show that there is a deviation
of the order of ≈ 20 % of the keplerian profile in the planet’s orbit and about a 10% under
the dust trap due to the planet-disk interactions.

the inverse of the distance to the central star, i.e., Σ ∝ r−1. We used an alpha-viscosity
prescription [Shakura and Sunyaev, 1973a] for the disk, where the α parameter is related to
the efficiency in the transport of angular momentum. We set a conservative α parameter
with a value of 10−4. However, it is important to notice that such α value allows turbulence
to prevail for a longer time than a higher one.

2.2.2 Radiative Transfer post-processing

Once the hydrodynamical simulations were finished, they were post-processed with the pub-
lic radiative transfer code RADMC-3D [Dullemond et al., 2012]. RADMC-3D performs the
radiative transfer in the disk through Monte Carlo predictions of the dust and gas emission
using photons as random walkers to find thermal equilibrium. The setup for the radia-
tive transfer was set taking a standard central star with a temperature T∗=7000 K. Given
that we are looking for thermal or kinematic signatures rather than dust structures and the
wavelength regime studied scattering is not as significant as gas absorption, we set photon
scattering to zero. However, in others wavelength regimes, scattering should be considered
in both, simulations and line emission modeling.

We set the gas temperature for the parametric disk with a standard power law :

T (r) = 70(
r

30
)−0.5 K, r > 30. (2.1)

To measure the accuracy of our model we produced a benchmark using the initial condi-
tions of the hydrodynamical simulations as a parametric disk with no embedded planet. The
gas and dust temperature were fix and consider to be equal. We assumed a conventional ISM
dust-to-gas ratio of 0.01 for the simulations.
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In both cases, continuum emission and its absorption by the gas depends on the dust
size for specific wavelenghts, vertical and radial distribution of grains along with its size
distribution are relevant to neither underestimate nor overestimate gas emission. The vertical
distribution and the grain size change the opacity and continuum emission of dust, thus, they
change the thermal equilibrium of the disk, altering the gas line and the dust continuum
emission. In other words, it alters the way that gas line emission is perceived [Barrière-
Fouchet et al., 2005].

One of our aims is to trace the kinematic signatures of a protoplanet. Therefore, we
included an embedded giant Jupiter mass planet to generate a vortex in the disk. After 500
orbits, the planet carved a gap in the disk with a stable profile and formed a vortex in the
outer parts of the disk. We situated the planet at a distance of one hundred AU from the
central star, in a fixed circular orbit. The acceleration that the star and the reference frame
feel due to the planet’s gravitational pull was also considered as an indirect term in the disk
potential. This term could change the gap’s width, the accretion rate and the total available
mass in the disk. Regály and Vorobyov [2017] have reported that the indirect term may have
significant effects in the kinematic structure of the gas for a massive planet.

As the system evolves, the drag in the dust particles changes their vertical distribution in
the disk. Larger particles settles in the midplane, while smaller ones are more disperse and
coupled to the gas. This stratification of the dust is called dust settling. The benchmarks
were done in two scenarios. The first one has two dust populations with different sizes
stratified in the disk. This was done to study the differences produced by dust distribution
and how much of the emission observed is related to the amount of dust (larger particles have
tighter distributions). In this two populations model, both of them follow a gaussian vertical
distribution, but with different dispersions. The group of smaller particles is coupled to the
gas, i.e., it behaves as the gas does, and the group of larger particles has a dispersion equal
to the one used by Armitage [2007]:

ρp
ρ

=
(ρp
ρ

)
z=0

e
− z2

2h2
d . (2.2)

The scale height is linked to the distribution and dispersion of the particles, and it is given
by:

hd =

√
D

ΩKtfric
, (2.3)

being D the dissipation coefficient. The other scenario uses just one population, which is
coupled to the gas.

During the radiative transfer simulations, we input a uniform microturbulence term (aturb)
in the parametric disk. We set it to 0 for the benchmark and for the hydro-dynamical
simulation. It is expected that in the hydro-dynamical simulations, microturbulence should
have an effect in the line shape as it is included in the radiative transfer code. According
to our definition of turbulent velocity, it would be related with the microturbulence through
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the relation:

vturb = amicrot/
√

2. (2.4)

2.2.2.1 Synthetic images for CO isotopologues for a face-on disk

We generated data cubes of line emission in radio wavelenghts for the benchmark model and
the simulations. We used three different CO isotopologues lines in the rotational transition
J = 3 − 2; 12CO, 13CO and C18O. This particular molecular transition is observable with
ALMA band 7, however, the same procedure could be applied for another transitions or
molecules as well, being highly replicable. The relative abundances assumed between CO
isotopologues and the rest frequencies for the transition are listed in Table 2.2. To reproduce
observational features we used a circular beam with a size equivalent to 0.1 arcsec. For a
source at a distance d=140 pc, the observations would have a resolution close to 15 AU in the
disk. We did not convolved the benchmark because we wanted to recover the uncertainties of
the model using a native resolution without smoothing effects. The images themselves do not
have any errors, but an error of 2.4 mJy arcsec−1 was considered for the line fitting. Despite
that the uncertainty is included in the fitting, because no noise was added to the simulations
there is a bias in the analysis and the results are based on a best case scenario.

The gas density is used as a proxy for the dust density, as we did not solve for the dust
evolution in our hydro-dynamical simulations. Dust opacity is given by a mixed population
between astrosilicates (70%) and amorphous carbon (30%). The dust size distribution (n(a))
of the populations follows a power law proportional to the dust grain size , i.e.,

n(a)da ∝ a−3.5da, (2.5)

where a is the size of the dust particle, spanning from 0.1 µm to 1 cm in grain size.

2.2.3 Input Fields for Benchmark

Our fitting model compares and tests for kinematic signatures in observations using 3D
hydro-dynamical simulations, which were post-processed with radiative transfer. We started
comparing the fitted parameters measured by the line diagnostic of a parametric disk. Given
that the input grid of parameters is in 3D, we compared them using the following steps:

1. The spherical 3D grid of the parametric disk is transformed into a cartesian grid. This
procedure is done to facilitate the integration along the line of sight from the observer.
It also allows to compare between the controlled input and the output of the fit. We
transform the coordinate through a trilinear interpolation layer by layer of the disk in
the vertical coordinate. At the end, the initial spherical grid is converted into a new
3D grid in cartesian coordinates.
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2. The input parameters are integrated along the direction of the observation, for inclined
disks the integration is done through distinct layers at different regions of the observed
disk. The integral along the line of sight is weighted by the gas number density until
the optical depth, τ , reaches the value one (τ=1), otherwise it is integrated to the
highest optical depth possible, meaning that it is an optically thin regime. At the end,
the integral has to be normalized by the total column density up to the τ = 1 layer.
Integrations were done for each of the parameters (using temperature as an example)
in the following manner, :

Tinp(x, y) =

∫ τ=1

0
T (x, y, z) · nH(x, y, z)dτ∫ τ=1

0
nH(x, y, z)dτ

, (2.6)

Tinp is the input temperature of the final image and nH is the number density of hydrogen
(most of the particles in the disk are hydrogen).

Other parameter measured by the our diagnostic of line emission is the column density.
For a given molecule along the line of sight it is defined as :

NX =

∫ τ=1

0

fX · nH(x, y, z)dτ, (2.7)

where NX is the column density of the X molecule(amount of X particles in the line of
sight per unit of surface) and fX is the isotopologue fraction of X with respect to H2.
In our study, we used CO isotopologues; particularly 12CO, 13CO and C18O. The CO
isotopologues can be observed in the same narrow spectral window, but having distinct
abundances, they trace different vertical layers in the disk.

The final parameter that the model fits is velocity. We distinguish between the velocity
of the grid (v2

grid = v2
φ + v2

r + v2
θ) and the input velocity. The first one (v) is the velocity

in the grid of the simluations, while the last (vinp), the one that we expect to observe
and measure. The turbulent input velocity is calculated considering that it has two
different components, a thermal and a turbulent one, which are related through the

relation: v2
inp = kT

m
+ v2

turb. The final turbulent velocity is then vturb =
√
v2

inp − kT
m

.

We then set the input velocity as:

vinp =

∫ τ=1

0
vturb(x, y, z) · nH(x, y, z)dτ∫ τ=1

0
nH(x, y, z)dτ

. (2.8)

The model can also be applied considering inclination; however, at high inclination
the measurement becomes more degenerate because the line of sight crosses distinct
regions of the disk at different radii, thus the temperatures and physical conditions
could substantially change. To integrate the dispersion in velocity with inclination,
the initial grid must be rotated and then projected along the direction of the line of
sight. Taking (r, φ, θ) as radius, azimuth and colatitude of the initial grid with their
respective velocity components (vr, vφ, vθ) and i the inclination angle, the projected
velocity component in the disk is:

vi = vr(sin i sin θ sinφ+ cos i cos θ)+
vφ sin i cosφ+
vθ(sin i cos θ sinφ− cos i sin θ).
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Table 2.1: Parameters of the Parameteric Disk or Benchmark Model.
Parameter Value
Flaring Index 1.15
Disk Mass 1.5 MJ

Star’s Mass 1 M�
Star’s Temperature 7000 K
Radius Range [4, 280] AU
Colalitude Range [1.25, 1.57] radians
Azimuth Range [0, 3.14] radians
Dust Grain Size Range [0.09, 1500]µm
Grain Size slope -3.5
Inclination 0◦

Table 2.2: Isotopologues Abundances.

Isotopologue Relative Abundance to H Isotopologue fraction (f) Rest frequency [GHz]
[12CO] 10−4 1.0 345.79601898
[13CO] 1.25 · 10−6 0.0125 330.5887993
[C18O] 1.78 · 10−7 0.0018 329.3305802

3. After that, the 2D map of the disk is masked to avoid problematic pixels at the edges.
These pixels may overestimate the error between the model and the synthetic images.
The mask was done considering just the points were the emission is higher than one third
of the peak (I > Imax/3). Although the algorithm could be computational expensive,
it can be applied locally to a mask at lower computational costs.

2.3 Spectral Modeling

2.3.1 Line emission Diagnostic

We use the uniform slab approach to model the emission of each line. We assume LTE
conditions and solve the radiative transfer equations to make a line diagnostic of the gas
emission in the protoplanetary disk. The kinematics and the opacity in the disk model are
dependent on its thermal structure. In particular, the opacity at a given frequency is highly
dependant on the physical conditions of the gas, such as: temperature, velocity and column
density. The model for the intensity received is stated in the following equation:

Iν(τν) = B(T, ν)(1− e−τ ) + I0(
ν

ν0

)αe−τ , (2.9)
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Figure 2.2: Dust emission absorbed under the line for different isotopologues. It is observed
that gas absorbs part of the dust emission as it was previously noticed by [Boehler et al.,
2017]. Thicker isotopologues (12CO and 13CO) absorb most of the dust emission. If this
effect is not taken into account there would be an underestimation of the line emission.

with τ the optical depth, ν0 the rest frequency of the molecule observed, α the spectral index
and B(T, ν) the blackbody emission at temperature T and frequency ν.

We based our line emission model based on a similar approach previously done by Williams
and Best [2014], although our model has the dust continuum absorption by the gas. The line
diagnostic is intended to work in small spectral windows, thus the continuum is assumed to
be a constant with value I0 but modulated by the spectral index α. However, gas absorption
of the continuum is considered and included in the optical depth profile, meaning that dust
emission is absorbed by the gas under the line. Figure 2.2 shows that optically thick tracers,
like 12CO, have larger absorption of the dust emission than optically thin ones, such as C18O.

The line profile is modeled with a gaussian function. In this gaussian, the broadening
of the line (its dispersion) is given by the kinematics of the gas. The principal broadening
factor of the molecular line is the velocity dispersion. We intend to separate this dispersion
in two terms. The first term is the thermal broadening, and the temperature is tied to the
peak of the line (its maximum intensity). The other term is the turbulent velocity. This
velocity component is related to the kinematic effects of the gas dynamics and planet-disk
interactions without considering temperature. When there is noticeable turbulence in the gas,
broader lines are expected [Regály et al., 2014]. The optical depth in the model would be
determined by the column density [Mangum and Shirley, 2015], the collisional cross section of
the respective isotopologue and the inclination of the disk. Additionally, for long wavelength
emission (sub-mm or longer), a correction for stimulated emission must be included. The
optical depth of the lines is then:

τν = NCO
u · exp

( hν

kBT
− 1
)
· f · c2

8πν2
Aul · sec(i), (2.10)
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where NCO
u is the CO column density in the upper state of the transition observed, f is the

isotopologue fraction, Aul the Einstein coefficient for the transition to be observed, φ(ν) the
frequency dependent line profile and i the inclination angle of the disk. To simplify notation
we will denote

σ =
Aulc

2

8πν2
0

· φ(ν). (2.11)

The φ(ν) profile defines the line shape of gas emission and its dependence on turbulent
velocity and temperature, which is mostly expressed on the broadening of the line. The line
shape used is:

φ(ν) =
1

∆ν
√

2π
exp
−(ν − ν0)2

2∆ν2
, (2.12)

where

∆ν =
ν0

c

√
kT

m
+ v2

turb. (2.13)

One of the main difficulties measuring the gas kinematics is to accurately define the
velocity deviation of the particles respect to the velocity centroid. The most usual approach
is to directly measure the standard deviation of the line profile with respect to the weighted
velocity centroid as a velocity dispersion estimator. The problem is that this dispersion
contains both, thermal and turbulent components. To distinguish between both of them,
temperature should be also measured to quantify and then subtract its effect on the net
broadening. The effect on the gas kinematics of any not thermal phenomenon could be
obtained separating these two components, for example, planet induced structures in the
disk. We defined the thermal kinematic component as:

vthermal =

√
kBT

m
. (2.14)

Because the measured column density corresponds to the amount of gas in the upper
or excited state of the transition observed, the total column density is recovered using the
rotational partition function:

Qrot =
∑

i

giexp
(−Ei

kT

)
. (2.15)

For LTE conditions, the total column density, Ntot, is given by the following relation:

Ntot = Nu ·
Qrot

gu
exp
( Eu
kTexc

)
. (2.16)

2.3.2 Optimization of the Line Diagnostic

To find the physical conditions that fit the observed emission, we minimize a target function.
The target function to minimize is the negative log likelihood (NLL) between the model
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Table 2.3: Parameters range for the spectra fitting.
Parameter Range

Temperature [K] [5, 100]
NCO[cm−2] [0, 1022]

vturb[cm·s−1] [0, 60000]
ν0 [Hz] [ν̄ − dν/2, ν̄ + dν/2]

and the line. To minimize the NLL we use the Minuit algorithm [James and Roos, 1975].
Minimizing the NLL is equivalent to maximize the likelihood of the model, therefore, the
maximum a posteriori (MAP) probability of the model is also maximized. The Likelihood
Probability function used for the model is related to the χ2 error between the model and the
data of the simulations, which is the following:

L(pars, ν) ∝ exp
∑

(Iν − I(pars, ν))2/2σ2. (2.17)

The parameters of our line model were bounded by a physical range to improve the spectral
fitting. The range used for each parameter is detailed in Table 3.1, where ν̄ is the frequency
obtained from the first moment (centroid) of the spectrum at each pixel, which is calculated

using ν̄ =
∑
Ijνj∑
Ij

, and dν is the spectral resolution of the simulation or the observations. For

inclined disks, the centroid of the line is also fitted as a free parameter, given that the line
is not necessary centered at the rest frequency of the molecule as it does in face-on (i=180◦)
parametric disks.

Once the parameters from the model are obtained, we calculated a relative error between
the expected parameter from the input and the one fitted by our line diagnostic.

ep =

√√√√∑i(
P input

i −Pfit
i

P input
i

)2

N
, (2.18)

ev =

√∑
i(v

input
i − vfit

i )2

N
. (2.19)

We used Equation 2.18 for the temperature and the column density. For the velocity
dispersion, we used the mean squared error (eq, (2.19)) instead because velocity dispersion
could have a zero value making the error diverge (this happens in the case of the face-on
parametric disk with no microtubulence).

To test our diagnostic tool, we made different cuts for each measured parameter on the
physical 2D fields. Azimuthal cuts were done at specific radii. This radii were chosen where
the dispersion and parameters error were the highest or they were of particular interest for
kinematic structures.
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Figure 2.3: Spectra fitting at different points of the parametric disk. Top: 12CO, 13CO,
C18O from left to right. Center: Integrated spectra in frequency, Bottom: 13CO fits. The
algorithm fits the spectra at different regions of the disk and with different isotopologues. It
is observed that the line profile is recovered at different temperatures and gas abundances.

We calculated two different cuts. The first cut is a radial one at a specific direction (fixed
azimuth) and the second one is a general radial cut. For the second cut, the median for all
the azimuths at a specific radius was used as the estimator for the physical condition at that
distance.

2.3.3 Spectra Fitting using the Line Diagnostic

Using the parametric face-on disk, the measured parameters by the fit match the input
parameters given by the parametric disk of the simulations (Fig 2.3). Despite that, the
observed spectra in inclined disks of optically thin molecules, such as C18O, show a non
gaussian profile with more than one peak in the emission. This is produced because the line
of sight goes through more than one region in the disk. These regions have different orbital
velocities and distinct projected components along the line of sight, so their emission peaks
at different frequencies. For cases with optically thin isotopologues and inclined disks, it
is more difficult to produce good measurements of physical conditions given that emission
comes from different zones that are probably under different sets of physical parameters.

25



20

30

40

50

60

70

80

T
em

pe
ra

tu
re

 [K
]

Temperature Radial profile,  =1.9 rad
12CO
13CO

C18O

Input

40 60 80 100 120 140 160 180

r [AU]

20

30

40

50

60

70

80

T
em

pe
ra

tu
re

 [K
]

Temperature Radial profile
12CO
13CO

C18O

Input

Figure 2.4: Temperature radial cut for the face-on benchmark model (i = 180◦).Top: Temper-
atures at a particular azimuth, φ = 1.2 radians. Bottom: Median Azimuthal Temperature.
It is illustrated that the measured temperature matches the input even at specific directions.

2.4 Results

2.4.1 Temperature Fields recovered by the line diagnostic.

The temperature was fixed for both models, so it should recover the power law profile given
in equation (2.6). Figures 2.4, 2.5 and 2.6 illustrate the measured temperatures for the
benchmark in a 2D field, and both radial and azimuthal profiles. Fig. 2.4 shows that except
from C18]O at the very inner regions, the CO images allow us to measure the temperature in
the disk with a very low error, matching the power law profile as an azimuthal average and
at a specific random direction. This trend is also observed in the azimuthal cut of the Figure
2.5. The azimuthal profile (Figure 2.5) show that the behaviour of the most optically thick
isotopologues is more stable and close to the input temperature. The C18O shows a scatter
∼ 20 K and it is centered around a temperature ≈ 2K above the input level. Of the three
isotopologues the most stable is the 13CO, the temperature measured from it is well related
to the input. Finally we can observed the combined effect of both ob them in the 2D map in
Fig. 2.6, where it can be seen that the deviations are of the order of ∼5 K.

The 12CO and 13CO are able to recover the temperature profile from the input, while
C18O has an error that reaches the 20 K (Figure 2.6) in the region with radius r ∈ [80, 120]
AU. Additionally, the C18O temperature in the figure shows concentric rings that result in
systematic errors in its measurement.
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Figure 2.5: Temperature in azimuthal cut at a physical radius of 120 AU. The cut shows that
12CO and 13CO, the optically thicker isotopologues recover the temperature of the field, while
C18O, which is optically thin, overestimates the temperature, but in less than four Kelvin
degrees for distances larger than 60 AUs.
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Figure 2.6: Comparison between the temperature field and the input measured. Top: Input
temperature of the model, 12CO, 13CO, and C18O. Bottom: Residuals between the recovered
temperature and the input.
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Figure 2.7: Radial profile recovered from the benchmark or parametric disk for the three
isotopologues. The profiles illustrates the measured column density with its numerical error
in the fitting in a profile withou addition of noise. As expected, C18O is the one with
more reliability and 12CO the most uncertain. The uncertainty in the column density for
12CO also produces uncertainty in the turbulent velocity measurements. At higher radii the
measurement is no longer reliable for optically thin traces, which is produced by the low
temperatures of the gas and its low density, so line emission becomes comparable to the dust
continuum, making the measurement of the line harder.

2.4.2 Column Density Measurements and Differences between Iso-
topologues.

2.4.2.1 Measurement for the Column Density in a Parametric Disk

Given the fact that the optical depth of the gas is strongly related to the column density
of gas. C18O, being the least abundant molecule, tracing even to the midplane layer. On
the other hand 12CO is too thick to be a reliable estimator of the total amount of gas along
the line of sight. Figure 2.7 and 2.8 show the profiles recovered for the column density. We
can observe in Figure 2.7 that it follows the power law profile of the column density for the
set gamma value of γ = 1, i.e., NCO ∝ r−1. The errorbars are the dispersion of the values
measured in the azimuthal direction. It can be seen that the uncertainty in 12CO is even
higher than an order of magnitude in some cases. On the contrary, 13CO and C18O show a
better constrain of the local column density, being C18O the best tracer in this case with a
very low dispersion, except at larger radii, when the temperature is too low, so the continuum
and line emission are more difficult to decouple. 2.8 illustrates the radial profile at a radius,
r=144 AU. The same behavior that was observed in the radial case is observed here, although
the dispersion at this particular radius is lower for all the isotopologues. Nevertheless, 12CO
presents a systematic off set of a factor between two and three between the exact amount of
gas, underestimating it. Therefore, 12CO can not be trusted as a column density tracer.
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Figure 2.8: Azimuthal profile recovered from the benchmark for the three isotopologues at
120 AU. It is observed that C18O and 13CO have the best behavior in the measurement of
the column density, while 12CO underestimates the column density by a factor between two
and three. The errorbars for 13CO and C18O are smaller and in the same order of magnitude.
On the contrary the dispersion of 12CO is much higher and leads to higher uncertainties in
the turbulent velocity as well.

Despite the fact that there is a higher degeneracy between temperature and column density
in optically thin case, C18O does not seem to show any trouble recovering both quantities
at higher radii. The degeneracy is visible in the equation 2.9 for the optically thin regime
(τ << 1). In that case is no longer easy to decouple temperature and column density. The
approximation e−τ ≈ 1− τ for low optical depths makes the degeneracy more visible:

Iν(τν) = B(T, ν)τ + I0(
ν

ν0

)α(1− τ), (2.20)

An increase in temperature could be compensated by a decrease in NCO and vice versa,
making the degeneracy more visible.

2.4.2.2 Hydrodynamical Simulation and Radiative Transfer post-processing se-
tups

We measured the expected column densities in our synthetic images of a hydro-dynamical
simulation using the three isotopologues. Figure 2.9 illustrates the input column density and
Figure 2.10 shows the quantities given by the model. It is clear that the horseshoe is observed
in 13CO and C18O; however, the 12CO seems pretty uncertain as it was expected. Figure 2.10
shows the peak in column density under the horseshoe concentrating a higher amount of
gas. As it was shown in the parametric disk, C18O has the best accuracy in the recovery of
the column density; however, when either the temperature or the column density is too low,
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Figure 2.9: Input image of the column density for C18O. The image presents a horseshoe
feature in the gas. The goal of the line diagnostic is to recover the column density and the
turbulence in the disk, i.e., the input field.

the diagnostic underestimate the line emission. C18O shows a higher contrast, although the
emission at that radius is lower, and given the less amount of material in the opposite side
of the horseshoe, the measurement becomes more difficult at that region.
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Figure 2.10: Images of the measured column density in a transition disk with a one Jupiter
mass embedded planet at 100 AU. Top:Column density measured from each isotopologue.
Because C18O is the most optically thin, it is the most reliable to measure the column density,
however, outside the horseshoe the emission decreases so it becomes more difficult to measure
it. The ring shows the peak intensity in the horseshoe at r=144 AU. Bottom: Azimuthal
profile of the column density measured in 13CO and C18O at r=144 AU. There is a contrast
of a factor 2.3 in 13CO inside the horseshoe and outside of it.
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Figure 2.11: The Figure shows the turbulent velocity with its dispersion at each radii. C18O
has the lowest values measured, even though is the optically thin isotopologue. Despite the
fact that 13CO measurements are not 0, its values are within the dispersion and are low
enough to keep being reliable. 12CO has the highest dispersion and highest values among
the three isotopologues, however it. Again it is important to keep in mind that the synthetic
images have not white noise added, so this error is only numerical.

2.4.3 Turbulence in the Gas Kinematics in the Planet’s Orbit and
under the Horseshoe

2.4.3.1 Measurements in a Parametric Disk and Numerical Errors

After running the line diagnostic in the benchmark model, there should be no turbulent
velocity in the fit measurements. Because we expected 0 turbulent motion, any measurement
is basically the error of the model. The most trustworthy isotopologue is C18O, although
the three of them have good performances, considering that the spectral resolution of the
simulations is of 75 m s−1 between channels.

Figures 2.11 illustrates the radial profile of the turbulent velocity, and ?? shows an az-
imuthal cut at 144 AU, where the horseshoe is. In the radial profile C18O is consistently
null with small variation within the spectral resolution of the synthetic images. 13CO mea-
surements are above zero, but all of them are within the dispersion value. The isotopologue
with the highest turbulence measured is 12CO probably produced by the saturation of the
line, which increases the uncertainty in the measurment for this particular isotopologue.
The azimuthal profile shows a similar trend, but it is not exactly the same. C18O has null
measurements, but 12CO and 13CO have the same level of scattering, around 20 m s−1.
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Figure 2.12: Input image of the turbulent velocity for 12CO. The turbulent velocity in the
simulations was calculated using equation (2.8). The peak in the turbulent velocity is at the
position of the planet, the horseshoe does not show a considerable turbulence for the input,
although is slightly higher in that region.
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Figure 2.13: Images of the measured turbulent velocity in a synthetic transition disk with
a one Jupiter mass embedded planet at 100 AU. The turbulent velocity is shown for 12CO
and 13CO, C18O emission is too weak to allow for measurements in the turbulence, given the
simulation conditions. The figure shows that the only isotopologue with a strong turbulence
is 12CO. The planet is located at a PA=240◦ and it is marked in the plot with a gray
circle. 12CO measurements recover the higher turbulence in the planet’s orbit, although the
horseshoe has a stronger signal that the one present in the simulations. The golden circle
represents a circumference at 144 AU from the star at the maximum gas emission inside the
horseshoe.
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Figure 2.14: Azimuthal profiles at the planet’s orbit and at the peak of the horseshoe. It
is observed that turbulence reaches a maximum in the planet’s locations, where it reaches a
value of 58 m s−1. Also, there is a measured turbulent velocity in the horseshoe with a peak
value of 29 m s−1, however the horseshoe’s signature was not observed in the input image.

2.4.3.2 Turbulent Velocity in the Simulations using CO isotopologues

We analyzed the synthetic images of the disk for possible footprint of the planet’s presence in
the disk. Among the three isotopologues, 12CO was the only one with a signal strong enough
to be able to have a signature in the disk in the measured turbulence. We analyzed the
azimuthal profile in both the horseshoe and inside the gap in the planet’s orbit. Figure 2.12
is the input velocity field for 12CO and 2.13 show the image obtained from the line diagnostic
of the convolved images. It is observed that the horseshoe’s signature is not observed in the
input field, although the kinmeatic signature in the planet’s orbit is observed in both. The
planet’s orbit has the highest turbulence velocity in both cases, but it has a lower column
density. Given that 12CO is the most abundant isotopologue, it is the easiest CO isotopologue
to observe. Figure 2.14 shows azimuthal cuts of the planet’s orbit and at the peak of the
horseshoe emission. From the figures, it could be inferred that the kinematic signature of the
planet is much stronger in the upper layers than in the midplane of the line emission, because
the signal was too weak in the other isotopologues or the kinematic footprint was too low.
From the benchmark, the dispersion of the turbulent velocity at 144 AU was very low, less
than 8 m s−1, while the turbulence reaches a plateau of level of ≈ 32 m s−1. The case of the
planet’s orbit is different because the dispersion was much higher, with σ ∼ 14 m s−1, but
the peak in the planet’s position is 52 m s−1, higher than 3σ, so it could be detectable, and
if the planet is even more massive the signature would be stronger.
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2.5 Summary

We developed a line diagnostic using the uniform slab model to fit physical properties in
protoplanetary disks. The line diagnostic was done using different molecular tracers in radio
wavelengths. We aimed to give a characterization of the reliability of the measurement of
physical features in the gas emission of disks. Particularly, we looked for kinematic signatures
of a vortex produced by an embedded giant planet in the turbulence motion of the disk.
The line shape contains relevant information about the temperature, amount of gas and
the turbulence, but they are intimately linked, so a proper the model is needed in order to
decouple them. Although our line diagnostic has the caveat that it models the line emission
assuming LTE conditions and an isothermal structure, it also takes into account the effect of
continuum absorption by the gas, effect that has recently been addressed. If this effect is not
considered it leads to underestimation of the temperature and the column density of the disk.
Among the different CO isotopologues, 12CO has the worst performance, but specifically for
the column density. On the other side, C18O shows the best performance overall. It is
the best tracer for the column density and the turbulent velocity, even though it was not
the best thermal tracer, the uncertainties were not considerably high. Despite the fact that
C18O is the best tracer to recover the physical conditions, the turbulence effect produced by
the planet seems to be higher at upper layers in the disk. The turbulent velocity is clearly
observed in the 12CO, in both the planet’s orbit and in the horseshoe, reaching levels of
∼ 50 m s−1 and ∼35 m s−1 respectively. Despite that the turbulence peaks in the planet’s
orbit, the gas emission is lower inside the carved gap, so there was not recovery for the other
tracers, and even though 13CO measures turbulence under the horseshoe, it is too low to be
a considerable footprint of a vortex in the disk. Nevertheless, the analysis was done for a
Jupiter mass planet, a standard and more conservative value, so a more massive planet would
generate more turbulence in the disk, what could potentially produce a stronger kinematic
footprint.
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Chapter 3

Viscous Heating as a heat source in
the FU Ori object V883 Ori

FU Ori objects with high accretion rates could lead to a better understanding of planet
formation processes. The outburst of high accretion takes the snow lines farther out in the
disk, so they are easier to observe and study. Among the FU Ori objects, V883 Ori was the
first one with indirect evidence of a resolvable snow line. V883 Ori observations with the
Atacama Large Millimeter and sub-millimeter Array (ALMA) presents an abrupt change in
the spectral index at ∼40 AU of the central star. We show that the observed thermal profile
at the inner disk is too steep for a standard passive disk, thus the usual heating components
of a disk can not be the only heat sources. We introduce a model for the thermal structure
of this source including accretional heating as an extra heat source. Our aim is to reproduce
the thermal structure and morphology of the disk that could explain the observations. The
disk modeling includes the effect of both, stellar and flaring heating terms; the influence in
the disk shape caused by this outburst of accretion is included as well. To determine the
accuracy of our model, we produce synthetic images with radiative trasnfer simulations that
recreate the V883 Ori mm observations. Our final predictions underline the importance of
this extra heating term for this class of source.

3.1 Introduction

FU Ori objects are young stellar objects with episodes of outbursts that occur when the
accretion rates of the young stars are enhanced by orders of magnitude. During these events,
they reach levels up to 10−5, 10−4 M� yr−1 [Hartmann et al., 1996]. In particular, these
stages could be a possible explanation for the low luminosity problem in the stellar formation
process [Dunham and Vorobyov, 2012, Kóspál et al., 2017]. The luminosity of the protostars
is not high enough to reach their final mass, meaning that they are not accreting as much
as they are supposed to. These short episodes of high accretion rates infalling onto the
protostar could solve this problem and they explain the low luminosities of the circumstellar
disks during the low accretion rate states. Furthermore, the high temperatures enhances the
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stickiness of dust grains, which is a possible formation scenario for dry planets [Boley et al.,
2014, Hubbard, 2017].

Recent ALMA observations [Cieza et al., 2016] have shown that this class of sources have
a very bright and optically thick core in the sub-mm continuum surrounded by an optically
thin halo. An excess of emission at the inner parts and snow lines that are probably outer
than usual. Cieza et al. [2016] measured the temperature in V883 Ori and resolved the
region where T < 115 K, observing an abrupt change in the intensity at 42 AU. The change
in the emission could be explained by the sublimation of ice grains, effect that adjusts the
opacity of the dust grains. Consequently, the abrupt change in the optical depth could be
interpreted as an indirect evidence of the presence of the snow line in a protostellar object.
This phenomenon may be due to the heating produced by the outbursts of high accretion,
which shifts the snow line outwards. Shifts in the snow line locations has been previously
predicted by Min et al. [2011] and Lecar et al. [2006]. They located the snowline shift at a
distance of the order of ∼ 10 AUs.

Different features have been studied trying to explain possibles sources for the outward
shift of the snow line. For example, Harsono et al. [2015] studied the disk thermal profile
with a flattened envelope in the model; however, this envelope would shift the snow line
just a couple of AUs. A shift of a few AUs is not enough to explain the case of V883 Ori,
another heat source that would locate the snow line at distances of tens of AUs is needed.
For luminous stars(> 10L�), unless the accretion rate reaches values higher than 10−4 M�
yr−1, the shift would be produce mostly by stellar radiation rather than by viscous heating.
Another possible reason for the outer location of the snow line could be found in the accretion
rate that heats up the circumstellar disk, raising the dust emission.

Several approaches have been done to model the structure of FU Ori objects. For example,
if matter starts to be accreted in the disk faster that onto the star, it will accumulate in a few
AUs keeping the elevated temperatures in the disk [Gammie, 1996]. The star’s accretion rate
is not the same as the rate at which the disk is fed, producing a congregation of dust closer
than 1 AU. Dust accumulation very close to the star has been predicted by Liu, Hauyu Baobab
et al. [2017]. This effect is produced by the inefficiency of the gravitational instability (GI)
to keep transporting material inwards at distances closer to the star; the pile-up of material
in magnetic field dead zones will eventually activate a magneto rotational instability (MRI),
producing the outburst of accretion. High concentrations of dust would increase the optical
depth to values much higher than 1, thus increasing the dust emission for cases when it could
be optically thin otherwise. However, Bae et al. [2014, 2013] described an alternative type of
FU-Ori source with an inside-out burst produced by a non zero dead zone viscosity instead
of the usual outside-in bursts of the GI + MRI process. MacFarlane and Stamatellos [2017]
did models with radiative and episodic feedback. They found that episodic accretion changes
the thermal and density profiles of the object.

Bell et al. [1997] showed that for FU Ori objects, the shape of their disks(their aspect
ratio h/r) changes with radius, meaning that they have a non constant flaring index. The
radial variability in the flaring index would produce some parts to be flared and another
ones to be self-shadowed by the disk itself. For high accretion rates scenarios, the inner part
of the disk follows a flared disk structure, but after a certain boundary radius the shape
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changes because viscous heating is not as important as it is at ineer radii. At that point
the scale height is lower because the disk is cooler, producing a self-shadowing. They also
showed that the boundary zone is dependent on the accretion rate of the star; for example,
in highly accreting stars, this radius would be of the order of tens of astronomical units.
With this self-shadowing, the outer parts of the disk are not directly irradiated by the star.
Moreover, Bitsch et al. [2013] showed that the inclusion of viscous heating produces thicker
disks, although the accretion rates used in their simulations are still orders of magnitude
lower than the ones measured in FU-Ori objects. The aspect ratio of their simulations follow
a flatter profile for increasing accretion rate, rather than a flared structure. Bitsch et al.
[2014] also reported changes in the structure of accreting discs with radial dips and bumps in
the disk produced by the accretion rate. Thus, the study of a non-constant flaring structure
in the parametric disk is needed for a thorough understanding of this type of objects, given
that the disk could have a different shape farther out the snow line. This feature could be
key to explain the excess emission at the inner part of V883 Ori and other FU Ori objects.

FU Ori objects are thought to be a short stage during low mass star formation. The
phenomenology and the importance of testing the possible explanations for FU Ori thermal
and density evolution are detailed in Armitage [2011a] and Hartmann et al. [2016]. Hartmann
and Bae [2018] and Zhu et al. [2009] analyze how young stellar objects accrete, and what
kind of thermal profiles should be expected for different parametric disks, changing the stellar
accretion rate and the mass of the central star. Due to the high accretion rates reached by
these objects, it is important to explore the heating sources that are involved and how these
sources would change the emission in the inner and outer parts of the disk. Liu et al. [2017]
reported that a possible combination of free-free and dust emission are relevant near the star,
because most of the dust would be sublimated at those high temperatures. Despite that,
we expect the free-free emission to be relevant for longer wavelenghts than ALMA band 6
observations at λ = 1.3 mm. Bitsch et al. [2015] studied the thermodynamics in the disk
including the viscous heating and the opacity of the dust grains for different thermal regimes.
They looked at different aspect ratios adjusting the radial dependence of the opacity in the
disks; also, they explored the changes produced by the viscosity assuming an α-viscosity
accretion disk [Shakura and Sunyaev, 1973b]. In some cases, when the self-shadowing is
present in the disk, the outer part would become shielded to stellar irradiation by the denser
and thicker inner regions.

We present the first model that replicates the steep thermal profile for V883 Ori at inner
radius in mm wavelengths. We have included the viscous heating produced by the high
accretion rates in FU Ori objects. For that, we used a self-consistent numerical modeling to
input in a radiative transfer code. Our model includes the accretional heating as the main
heat source in the inner disk, where the optical depth in V883 Ori has been predicted to
be high to be emitting as blackbody. The self-iterative algorithm that we developed fits the
continuum intensity modeling, the physical temperature, the dust distribution of the disk
and its accretion rate.

The following paper is structured as follows. In Section 3.2, we explain a two layers
analytical model for the disk using accretional heating. In Section 3.3, we present the model
that we used as input for the radiative transfer code RADMC-3D [Dullemond et al., 2012]. In
Section 3.4, we describe the results of the radiative transfer model for the dust and thermal
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structure along with the predictions for the millimeter emission. Finally, in Section 5, we
summarize our results and its conclusions.

3.2 Methods

3.2.1 Two layers model approach

Our first modeling approach was done with a passive disk(only with the irradiation heating).
The model was resolved with a MCMC fitting of the observations(Pérez et al in prep), and it
uses the self-similar solution of Lynden-Bell and Pringle [1974] for the dust surface density:

Σ = Σc

( R
Rc

)−γ
exp

[
−
( R
Rc

)2−γ]
, (3.1)

where Σc is the dust surface density at the characteristic radius Rc. This first approach
considers a constant flaring angle, i.e, the scale height is determined by the following equation:
h(R) = Hc(

R
Rc

)ψ. A more detailed explanation for the parametric disk model and the MCMC
fitting can be found in Cieza et al. [2017].

We used the parameters obtained from this simple passive disk fit as the starting point
for our self-consistent model described below, where we added a variable flaring index and
the viscous heating to the model. For this particular case, the parameters that fitted V883
Ori are detailed in Table 3.1.

The new Gaia DR2 [Gaia Collaboration et al., 2016, 2018] situates V883 Ori at a distance of
∼ 270 pc, instead of the previous measurement of 414 pc ?. It would relocate the snowline at a
distance of 26 AU. However, because the distance to Orion has been pretty well constrained,
we associated this distance to the outflows and to the luminosity of V883 Ori. A bright
source in the optical, such as V883 Ori, is problematical to calibrate adn it would have
higher systematical errors in Gaia DR2[?].

V883 Ori has a high measured bolometric luminosity of ∼ 400 L� [Strom and Strom,
1993]. That luminosity is equivalent to a total star accretion rate of Ṁ∗ ∼ 7 · 10−5 M� yr−1.
Although V883 Ori started its outburst of accretion nearly a century ago, its luminosity is
still high enough to consider viscous heating as an extra heat source.

V883 Ori is a very young source, so it has a very massive disk. We set for the disk a total
mass of 0.6 M�. Given that the midplane optical depth is proportional to the dust density,
we expect a optically thick disk at millimeter wavelengths, at least at the core of V883 Ori.
Nevertheless, it could still be optically thick even at distances of tens of astronomical units
from the protostar.
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Table 3.1: Parameters of Parametric Disk in V883-Ori
Parameter Value

Accretion Rate [M�· yr−1] 7.5 · 10−5

ψ, Flaring Index 1.15
Rc, Characteristic Radius [AU] 31.6

Hc, Scale Height at Rc [AU] 4.17
Md, Disk Mass [M�] 0.6

γ 1.48

3.2.1.1 Model Assumptions

Our model has two types of layers. One is the surface or photospheric layer, from where most
of the radiation comes, and the other one is the midplane at the center of the disk. We have
assumed the following conditions: 1)It is geometrically thin enough to be considered locally
plane-parallel. 2)The disk is axisymmetric. 3)The disk is in local thermodynamic equilibrium
and the viscous heating is evenly distributed in the vertical direction [Flock et al., 2017]. 4)To
use the Eddington approximation we need the radiation field to be isotropic, and the total
radiation flux at the midplane to be zero. 5)For simplicity, we haven’t considered scattering
in the modeling, so the scattering coefficient σν is set to 0 for the radiative transfer.

3.2.1.2 Heat Sources present in an Active Disk

For the model we have considered three heat sources. The first one is the irradiation heating
that comes from the central star. The second one is the viscous heating produced by the
accretion rate, and the third one is the background radiation field coming from the interstellar
medium. The last term is negligible compared to the other, but it was added mainly for
convergence of the numerical algorithm, although its influence is less important than the
stellar and accretional terms.

The total irradiation heating takes into account the stellar irradiation and the differences in
this heating associated to the flaring. Considering that the disk is irradiated by the two sides
and using the thin disk assumption, the irradiation received by each side is approximately
[Fukue, 2013]:

qirr = σsbT
4
irr = T 4

∗

[(R∗
r

)2

Hh

(dH

dr
− H

r

)
+

2

3π2

(R∗
r

)3]
. (3.2)

The variable Tirr introduced in equation (3.2) is just an ”equivalent temperature” for the
incoming flux of the irradiation heating at one side of the disk. This heating source has two

terms. The first one (
(
R∗
r

)2

Hh

(
dH
dr
− H

r

)
(flaring term) is related to the flaring of the disk

(dH
dr

) and its local thickness (H
r

), so it changes with the disk’s shape. In the equation (3.2),
we have added the factor Hh, that is used by Chiang and Goldreich [1997a] to describe the
location of the photosphere in young stars. This phostospheric scale height is proportional
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to the scale height of the disk in the model that we constructed. At radius between 1 to 100
AUs, it is considered to be between 4 − 5 times the scale height of the disk (Hh ≈ 4 − 5h).
In particular, our model uses Hh = 4h, where h is the scale height of the disk. The second

term 2
3π

(
R∗
r

)3

(stellar term) is associated to the star’s size, a bigger star has more impact

heating up the surrounding material as it scales with R3
∗. Because we have assumed a big

star radius, this term becomes important at the most inner parts of the disk.

Besides the irradiation heating, we need to add the expression associated to viscous dis-
sipation. The viscous heating in a ring for a standard α disk for each side is [Shakura and
Sunyaev, 1973b]:

δQ+ =
9

8
ΣνΩ2

K2πrδr. (3.3)

Taking the flux energy density of the accretional heat in the equation 3.3, we obtain the
expression:

q+ =
9

8
ΣνΩ2

K . (3.4)

.

Different radial and vertical prescriptions can be found depending on the disk structure
assumed for the parameters Σ and ν. Those two parameters are more difficult to constrain
observationally, so we used the accretion rate instead. This approach was chosen because it
diminishes the number of free parameters in our model and it is easier to constrain.

To express the viscous heating as a function of Ṁ , we use the equation that relates the
accretion rate with the viscosity and gas surface density for a steady state accretion disk:

νΣ =
Ṁ

3π
. (3.5)

The viscous heat then takes an expression that is a function of the accretion rate and the
Keplerian velocity ΩK =

√
GM∗/r3, thus the mass of the YSO. Combining equations (3.4)

and (3.5) the final equation for the accretional heating is then the following:

q+
acc =

3

8π
ṀΩ2

K = σsbT
4
acc. (3.6)

In equation (3.6) we introduce Tacc. It represents just a correspondence between the
viscous heating and an “ effective accretional temperature”. In this case, most of the viscous
dissipation will be embedded inside the disk, below of the photosphere. By assuming radiative
equilibrium, the energy dissipation will eventually reach the upper layers, heating them up.
We have assumed a uniform volume rate of energy dissipation Γ distributed vertically along
four scale heights. The viscous heating is multiplied by two, because the term in equation
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(3.6) corresponds to only one side of the disk. This means that the viscous energy dissipation
per unit volume in our model is:

Γ(r, z) =
3

8π
(ṀΩ2

K)
1

2h
. (3.7)

Equations (3.6) and (3.7) show a linear dependence between the viscous heat and the
accretion rate. If we considered a constant accretion rate, we would have a radial dependence
of the form q+ ∝ Ω2

K ∝ r−3. This means that for the outer radius, the irradiation from the
star will be much more important than the viscous heating since it decays with rˇ2 (see
equation (3.2)).

We also set a local basal temperature as a background radiation. We set this basal
temperature as the one that comes from the interstellar medium or the environment of the
star. This background radiation field sets a constant lower limit for the temperature of the
disk. The basal temperature is added as another external heat source, as follows:

qbasal = σsbT
4
basal, (3.8)

where we set Tbasal = 20 K. However, we notice that the results didn’t have major changes
using Tbasal in the range between 10 K and 20 K.

3.2.1.3 Effective Temperature

We define the effective temperature as the one that would match the dust as if it emits as a
blackbody considering its attenuation by optical depths effects(at least in the optically thin
region). For the optically thick regime we used the brightness temperature as the effective
temperature.

According to models done by [Cieza et al., 2016], V883 Ori would have a spectral index
of ≈ 2 at the inner ∼ 40 AU. This spectral index is typical of blackbody emission, so we
assumed that the disk is optically thick at that part. Thus, for the purposes of the modeling,
given that the dust is emitting as a blackdoby and its milimeter emission is optically thick at
the inner 40 AU, the brightness temperature(Tb) is almost equal to the effective temperature
Teff .

From the energy conservation equation we obtain the relation for the radiative equilibrium
of the disk. The input energy at the surface is the viscous heating from the interior of the
disk plus the irradiation heating from the star and what we have called the basal radiation
from the medium. The energy output at a certain location is just the emission flux at the
dust effective temperature.

q+ + σsbT
4
irr + σsbT

4
basal = σsbT

4
eff (3.9)
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Figure 3.1: Comparison between viscous heating for three different accretion rates constant
along the disk and the stellar irradiation heating.

Figure 3.1 shows the comparison between stellar irradiation heating and accretional heat-
ing for a star with 10000 K and R∗ = 4R�. Accretion rates measured for FU Ori outbursts
have reached values close to 10−4 solar masses per year. When the accretion rate is of the
order of 10−4 M�· yr−1, the viscous heat overrules any other heat source to distances of the
order of AUs. We observe that the viscous dissipation for such high star accretion rate, as
the one in V883 Ori (≈ 3 ·10−5 M�· yr−1), should play an important role, being predominant
close to the star. It is then expected that the viscous dissipation is a heat source that would
strongly affect the source emission through changes in the disk morphology, increments of
the dust temperature and changes in the dust opacity regimes, i.e, the disk’s optical depth.

Following the results obtained by Bell et al. [1997], we expect a self- shadowed disk,
starting with a high flared structure caused by the high temperatures in the midplane that
enhances the local sound speed. Then, it decays, producing the self-shielded disk. At the
outer part of the disk, it is much more flared and much less dense, so we considered it to have
an isothermal vertical structure. Since the accretional heating is less important given that it
decays rapidly with radius, the outer part of the disk is principally heated by irradiation.

Irradiation and basal heating are not enough to explain the dust temperature measured
for V883 Ori, especially at its core. For the optically thick part(at the interior of the snow
line), we found that an additional heat source is necessary. Using just those heating sources
the intensity doesn’t even reach the 1% of the dust emission in the closest 40 AU to the
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star. This means that T 4
acc >> T 4

basal + T 4
irr. We assumed that the brightness temperature of

the emission should match the accretional temperature of the dust within a small margin,
meaning that we modeled the dust as it was emitting as a blackbody with Tacc.

Bν(Tb) ≈ Bν(Tacc)(1− e−τ ) ≈ Bν(Tacc). (3.10)

We used the relation (3.10) to quantify Tacc from the observations. Then, we used this
accretional temperature to solve the accretion rate using the viscous dissipation in eq 3.6.
The accretion rate inferred from this brightness temperature is

Ṁ =
8πσsbT

4
acc

3Ω2
K

. (3.11)

With that parameter, we estimate a local surface accretion rate necessary to achieve the
dust emission once the irradiation and basal heating have been taking into account. We obtain
the final effective temperature considering all the heating terms mentioned in eq (3.9):

T 4
eff = T 4

irr + T 4
acc + T 4

basal (3.12)

3.2.1.4 Midplane Temperature

D’Alessio et al. [2005] predicted temperatures of thousands of Kelvin degrees for the midplane
in accretion disks. To calculate the effect of accretional heating in the thermal structure of
the disk, the optical depth is needed too, since the dust is the principal responsible of the heat
diffusion from the midplane to the surface. From the observations we have the brightness
temperature as a constraint between the effective temperature and the optical depth. Our
model uses the self-similar solution for the dust surface density expressed in equation (3.1),
so we have the dust surface density for each radius, as it was used as an input for this
two layers model. In particular, we had to use a gas-to-dust ratio of 0.1 to reproduce the
observations, otherwise optical depth of the source is not high enough. We considered the
temperature dependent opacity prescription from Bell and Lin [1994] for the heat diffusion in
the disk. With this opacity and the dust surface density, the optical depth to the midplane
is calculated using τmid = κΣ

2
. Once the viscous dissipation is obtained, we calculate the

temperature at the midplane using the radiation diffusion equation. More over, the sound
speed at the midplane constrains the aspect ratio and the scale height of the disk, given that
most of the disk mass is concentrated in that layer. On the other hand, the surface layer is
closer to the effective layer for the optically thick region, so it relates with the observed flux
from the disk, in this case at a millimeter wavelength (λ = 1.3 mm).

For the optically thick part, at the inner radius, the disk is much hotter in the midplane
(where the viscous heating has been input) than at the effective layer (near the surface), so
it will be heated up from the midplane to the surface. We solved the vertical structure of the
temperature with the radiative transfer equations for a gray atmosphere in the vertical axis,
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as in Hubeny [1990]. Considering µ = cos(θ), with θ the angle of the incident radiation, we
define the intensity moments: Jν as the mean intensity, Hν the Eddington flux, and Kν the
mean radiation stress, i.e.,

Jν =

∫ 1

−1

Iνdµ, (3.13)

Hν =

∫ 1

−1

µIνdµ, (3.14)

Kν =

∫ 1

−1

µ2Iνdµ. (3.15)

Using the plane-parallel approximation for a thin disk with no scattering term, the radia-
tive transfer equations become:

µ
dIν
dz

= ρ
( jν

4π
− κνIν

)
, (3.16)

dHν

dz
= ρ
( jν

4π
− κνJν

)
, (3.17)

dKν

dz
= −ρκνHν , (3.18)

where ρ is taken as the gas density, κν the absorption coefficient, and jν the dust emissivity.
We also considered the Eddington approximation, with an Eddington factor fK = K/J = 1/3.
This means:

Kν =
Jν
3
. (3.19)

The energy conservation equation between matter and radiation for a given (r, z),

0 = Γ(r, z)− ρ(j − 4πκjJ), (3.20)

allows us to solve the Eddington flux. In equation (3.20) Γ(r, z) is the vertical distribution
of the viscous heating given by the expression in equation (3.7). Integrating equation (3.20)
in the frequency solves equation (3.17).

This means that equation (3.17) is the mean vertical rate of change of the flux, which is
Γ(r, z)/4π (see (3.7)). Integrating the equation (3.17) from the disk surface to the midplane,
the following expression is obtained:
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H(z) = H(0) +

∫
Γ(z)

4π
dz = qacc(2h− (zm − z)), (3.21)

where zm is the midplane of the disk and H(0) is the Eddington flux at the surface. The
H(0) is given by the energy that comes from the disk’s interior, i.e., the viscous heating. In
other words,

H(0) =
σsbT

4
acc

4π
. (3.22)

Then, we integrated the equation (3.18) through all frequencies and used the optical
depth integrated over frequency dτ = −ρκdz between the surface(z = 0) and the midplane
layer(z = zm), i.e.,

∫ J(zm)

J(0)

dJ = 3

∫ zm

0

Hρκrsdz. (3.23)

Then, equation equation (3.18) becomes:

∫
dJ = 3

(
H(0)τmid +

∫ zm

zm−2h

qacc(2h− (zm − z))ρκrsdz

)
. (3.24)

We used a gaussian distribution for the vertical structure of the disk, with the scale height
as the dispersion, so ρ(r, z) = Σ(r,z)

h
√

2π
exp(−(z − zm)2/2h2). Solving the integral in the right of

equation (3.24) with that dust density distribution, it results in:

J(zm) = J(0) + 3H(0)τmid + σsbT
4
accτmid

3(1− e−2)

4π
√

2π
. (3.25)

We applied the following boundary condition at the surface of the disk., J(0) = 2H(0) +
σsbT

4
irr

π
+

σsbT
4
basal

π
. The final expression for the midplane temperature is then:

T 4
mid =

3

4
T 4

acc

(
τmid +

2

3

)
+ T 4

irr + T 4
basal + T 4

accτmid
3(1− e−2)

4
√

2π
. (3.26)

To calculate the optical depth in the millimeter regime of the inner disk, we used a mean
opacity value of κmm = 0.02 cm2· gr−1 considering only absorption (no scattering) [Hord et al.,
2017]. With this, we measured the optical depth for the band 6 continuum observations. We
get that the optical depth is much greater than 1 at radius less than 40 AU. The high optical
depth at inner radii is showed in Fig 3.6, where τmm increases as it gets closer to the star.
However, for the inner disk τmm ∝ Σd, because we have considered κmm to be constant.
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3.2.1.5 Outer disk, Optically Thin Regime

In the outer disk (τmm < 1) the brightness temperature measured is lower than the temper-
ature of an irradiated disk, thus an optically thin disk is needed, otherwise the temperature
from the model would be higher than the physical temperature of the disk. In this zone
of the disk, farther out from the star, the main heating source is the irradiation term. Be-
cause the accretional heating has become negligible at this part, the hottest layer won’t be
the midplane, so heat won’t diffuse from the center to the surface. Another treatment is
needed to find the thermal structure at this region. In this area of the disk, we have assumed
that it is vertically isothermal, so the midplane temperature and the surface temperature are
considered to be the same.

We measure the optical depth in this region solving the radiative transfer equation Iν =
Bν(1− e−τν ), where we know the physical temperature from the passive disk fitting, and the
brightness temperature is obtained from ALMA Band 6 observations. The expression for the
millimeter optical depth τmm is the following equation:

τ = − ln
(

1− Bν(Tb)

Bν(Tphy)

)
. (3.27)

3.2.1.6 Algorithm Consistency

Initially, we used a self-consistent two layers model as in Chiang and Goldreich [1997a] to find
the thermal structure in the disk. We consider just the irradiation term stated in equation
(3.2) with a star of R∗ = 4R� and a temperature of T∗ = 10000 K. Equation (3.2) takes
into consideration the effect of both stellar irradiation and the flaring of the disk, i.e. its

shape. The
(

dH
dr
− H

r

)
term states that the flaring could actually cool down the disk when it

is self-shadowed, i.e., dH
dr
< H

r
. This may occur in this FU-Ori object and it is observable on

the data, when the emission decreases and then goes up again at the frontier of the possible
snow line location. This radial term shows that the irradiation heating is dependent on both,
the local scale height and its radial rate of change. Once we have calculated a midplane
temperature, the sound speed changes, so the scale height and the flaring are updated to
the new temperature along with the opacity regime, which could strongly change the optical
depth. For the algorithm to be consistent, it needs to solve the thermal and flaring structure
for the same radius more than one time, because of the interdependence between flaring,
temperature and opacity.

The algorithm begins by solving the effective temperature for each radius from the outer
part to the inner regions. It starts fitting until the optical depth is τmm ∼ 1.

For the first run, we only considered the irradiation and basal terms. After that, we add
the viscous heating term equating the brightness temperature to the accretional temperature
for regions with τmm > 1. Then, the midplane temperature is calculated using the equation
(3.26), where the Rosseland mean opacity is calculated from the Bell and Lin [1994] prescrip-
tion and the dust density is taken from the fit done by [Cieza et al., 2017]. Changing the
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temperature produces a change in the scale height and the sound speed, this in turn changes
the flaring and aspect ratio, so the temperature varies again. The self-iterative algorithm
takes into account the changes in the local flaring, aspect ratio and opacity during each iter-
ation and updates them with the new temperature calculated. After the recalculation with
the new midplane temperature is done, the algorithm starts again from the beginning with
a new irradiation term that is given by the new flaring and aspect ratio (see eq. (3.2)). The
algorithm follows iterating until the shift in temperature is smaller than ≈0.1 K.

Before running the algorithm, we studied its convergence considering different initial outer
radii. We found that the algorithm converged at ≈ 150 AU, so using a rout=180 AU for
the grid is good enough to trace the temperature in the interior of the snow line. The
algorithm used a basal temperature of Tb = 15 K at the outer radius, as the temperature
of the environment of V883 Ori. We used different temperatures for this basal temperature
between T = 10 K and T = 20 K, and it didn’t change the results. We set the algorithm to
start with a self-iterative loop from the outside(500 AU) to the inside of the disk(outside-in)
with an initial flaring index of 1.5 and a initial aspect ratio of 0.13. Then, the algorithm
follows solving iteratively until convergence to the inner radius of the observations.

3.2.1.7 Convergence of the outside-in algorithm

We run the algorithm for different outer radii used as starting points in the range between
110 and 10000 AUs. Figure 3.2 shows the convergence of the algorithm for a sample of
different outer radiis chosen as starting points. It is observable that for the temperature and
the aspect ratio, the algorithm converges very quickly to a stable solution. Inside 100 AU, all
of them have already converged. The case for the flaring angle is the one that takes longer
to converge and the most variable, so we used this parameter to define the radial grid of
the algorithm. Our model starts with a flaring angle of 1.5 at the outer radius of the grid
and then converges to a value of 1.15. We decided to define the outer radius of the model
at 500 AU, because we observe that it has already converged at nearly 250 AU, and we are
interested principally in the modeling of the inner 50 AU.

3.2.2 Radiative Transfer Simulations

The radiative transfer was done using the additional heatsource.inp input file for RADMC-
3D as it was implemented by Hord et al. [2017]. This component considers an additional heat
source in the simulation grid. It includes the amount of energy added by the external heat
source at every cell of the grid. We included this extra component using the expression in
equation (3.6).

The numerical simulation were run in a numerical grid of 500× 256× 1 in (r, θ, φ) respec-
tively. The radius cells follow a logarithmic sample. The colatitude coordinate is linearly
sampled from 0 to π

2
, with mirror symmetry to the other side of the midplane. We preserved

the density structure obtained from the two layers model. In this case, most of the mass is
concentrated within a disk geometry, where the gas is vertically distributed with a gaussian
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centered at z = 0 and the local scale height used as the dispersion of the vertical distribution.
To avoid unnecessary numerical cost we used just one cell in azimuth, because the disk is
considered to be axisymmetric; hence, we considered isotropic scattering as well. In the radial
coordinate, our grid has a starting point at Rin = 0.8 AUs, and the outer radius is located
at Rout = 180 AUs. The radial grid is not as extended as the two layers model, because it is
not necessary for it to converge at a certain radius. We used a variable flaring, modeling the
disk with the shadowing effect obtained from the self-consistent fit.

The thermal equilibrium was calculated using 108 photon walkers for each run. This
number of photon walkers is usually enough to avoid photon noise. We modeled the opacity
of the dust with a mixed dust population of 70% of astrosilicates and 30% of amorphous
carbons. Dust size distribution follows a standard power law proportional to the dust grain
size,

f0(a) ∝ a−2.5, (3.28)

where a is the size of the dust particle. We set the minimum size for dust particles to be
amin = 0.1 µ m and the maximum size amax = 2.5 mm. Two different simulations were done
with a gas-to-dust ratio of 0.01 and 0.1, where we found that the 0.01 does not reproduce
correctly the emission and the optical depth of the source, while a gas-to-dust ratio of 0.1
has a better performance for the fit.

In order to make a real comparison with the ALMA band 6 observations, a synthetic
continuum image for λ = 1.3 mm was generated with the radiative transfer code. Then,
the resulting image was convolved using the same elliptical beam that the one from the
observations. The ALMA elliptical beam has a semi major axis of ≈ 37 mas, a semi minor
axis of ≈ 27 mas with a position angle of 52 degrees.

The expression in equation (3.6) is a flux density, the grid defined in the code has three
dimensions, so we use the expression in. However, the vertical structure of the viscous heating
is unknown, but it did not seem to affect considerably the brightness temperature.

3.3 Results

3.3.1 Effect of Viscous Heating on Temperature

The first consequence of the addition of viscous heating is the increase of gas temperature to
values of the order of ∼ 1000 K at radius less than 1 AU. Due to the high gas density and the
uniform distribution of the heat source vertically in the disk, we obtain an almost constant
thermal structure for different colatitudes or heights within the disk. Because a high gas-to-
dust ratio was considered, the energy is more easily trapped by all this amount of gas and
dust. For lines of sight that are optically thick we expect that the brightness temperature of
the dust emission should be similar to the physical temperature of the disk. The two-layers
fit results in Fig 3.6 show that the accretional heating is substantially more important at few
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Figure 3.3: Comparison of data in continuum emission with model at λ = 1.3 mm with and
without accretional heating. Profiles represent different colatitudes of the grid, where the
angle is measured in degrees from the zenith to the midplane.
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Figure 3.4: Temperature of the dust grid after the radiative transfer simulation. Blue line
is an isothermal contour at T=115 K, an approximation for the snow line location. Left:
Image with accretional heating. Right: Image without accretional heating. The simulation
with viscous heating shows the shift in the location of the snow line in almost 20 AU.

AUs, so the disk is heated from the midplane to the surface. This phenomenon is stated in
Figure 3.3. It shows the thermal profile for a meridional cut with and without accretional
heating included, when the accretional heating is included the midplane is hotter than the
surface layers. It is observed that the accretional heating increase the temperature at the
midplane of the disk as far as 20-26 AU from the star. For the outer part of the disk (r > 70
AU), the accretional heating stops to be significant and the dust is almost isothermal and
coincident for both cases, so our initial assumption for the outer disk seems reasonable. It
is observed that for the simulation without accretional heating the brightness temperature
is much higher than the temperature of the dust in the simulation at almost every layer.
Considering that the physical temperature of the dust is an upper limit for the brightness
temperature (only in very optically thick regimes it is reached), the conclusion of an extra
heat source for the best fit of the data, besides irradiation heating, is reinforced. For the
simulations with the accretional heating, we see that the brightness temperature is almost
equal to the physical temperature of the gas, something that is predicted for the highly
optically thick disk modeled.

3.3.2 Radial Dependence of Flaring and Aspect Ratio

The self-consistent solution shows a variable flaring and some self-shadowed parts There is a
decline of the aspect ratio after the snow line, where the accretion rate also starts to decrease.
The change in the morphology is mainly caused by the decrement in the effect of accretional
heating and the change in the opacity regime of the dust grains. The increase in temperature
is correlated with a thicker disk, producing the shadowed disk after the snow line. At this
zone, the disk starts to cool down, so it becomes thinner and more shielded to the star’s
radiation by its inner parts. This phenomenon explains the abrupt change in the flaring as
the one that is observed in the Fig 3.6. A flaring index less than one causes the cool down of
the disk at that part, because it doesn’t receive direct irradiation from the star. Furthermore,
the aspect ratio and the flaring angle show a plateau between 10 and 40 AU; if the disk is flat,
the outwards zones would not be directly irradiated by the star. This zone is where there is
an indirect evidence of the snow line location. Additionally, at this location, the predicted
accretion wiggles, reaching its peak, after that it starts an abrupt decay. The change in the
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disk’s accretion rate could mean that there is an accumulation of material at the snow line
zone. Such effect would be important to understand the effect of snow lines in dust evolution
and planet formation. The τmm plot also shows a smooth connection between the two regions
of the disk, the optically thick, and the outer oprtically thinner disk, where τmm = 1 at ∼ 40
AU.

3.3.3 Accretion Rate as a function of radius

The accretion rate shown in Fig 3.6 is a local accretion rate. It reaches a peak near 10ˇ3 M�·
yr−1 just at the region of the plateau. Then, the outburst of accretion is not that strong,
otherwise the disk would still be very thick, keeping it with a high emission. The fact that
the accretion rate is not continuous throughout the disk means that there is a pile-up of
material. However, given that V883 Ori is a FU Ori object, it means that V883 Ori has at
least gone through an outburst of high accretion. The outburst scenario could explain the
differences in the local accretion rate. Fig 3.6 also shows that our measured radial velocity,
which given by rate (equation (3.29)), is still lower than the free fall velocity, see equation
(equation(3.30) ), even at the location where the peak of accretion occurs; hence the gas is
not virialize, i.e, it is still dynamically coupled to the dust to produce the viscous dissipation.

vr =
Ṁ

2πΣr
(3.29)

vff =

√
2GM∗
r

(3.30)

Integrating the accretional luminosity produced by the viscous dissipation should not be
higher than the bolometric luminosity measured for V883-Ori (∼ 400 L�) with the corrected
distance given by Gaia. The integration in this high accretion scenario is done with the
equation (3.31) through circular concentric rings at each radius,

L(R1, R2) =

∫ R2

R1

2 · 2πR 3

8π
Ṁ(R)Ω2

K(R)dR (3.31)

The accretional luminosity is Lacc ≈ 80 L�, which is less than the 20% of the V883 OriÂ´s
bolometric luminosity.

3.3.4 Synthetic Predictions for V883 Ori

Fig. 3.5 exposes the predicted dust continuum images for λ = 1.3 mm and its match with
the bservations, where the accretional heating produces a considerable change in the dust
emission. The accretional heating contribution is a centered increment in the intensity that
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Figure 3.5: Comparison between observations and synthetic images of dust continuum at
λ = 1.3mm with and without viscous heat in units of Jy/sr. Left: Observations, Center:
Image with viscous heating, Right: Image without viscous heating. The images show that
the addition of viscous heating matches the centrally peak emission of the observations,
whereas the image without viscous heating is not able to match the emission at the inner
AUs.

decays considerable at outer radii, producing a steeper radial profile, as the one observed in
V883 Ori.

Considering that V883-Ori is one of the most massive YSO measured so far, the best fits,
which give a disk mass of 0.7M� explain the photon noise at inner radius even using a high
amount of photon walkers. The dense gas produces the thick opacity regime in this region,
so it is most difficult for the photons to advance a step in the grid.

The MCMC fit were done in a model with a singular flaring index. However, this will
strongly affects the temperature structure, because the local scale height of the disk is propor-
tional to the temperature and the accretion outburst heats up the gas temperature through
the viscous dissipation, thus raising up the disk. As it was already reported by Bell et al.
[1997], active disks such as the ones present in FU Ori objects change their flaring index at
certain radius, where the accretion decreases. The location of this radius is farther out in the
disk with higher accretion rates.

The radiative transfer simulations had a smooth radial profile. Fig 3.8 shows the density
structure used as input in RADMC-3D. The plateau is observed at the inner 30 AU, where
the disk has a flaring index less than one, thus the aspect ratio is diminishing as it is shown
in the plot of Fig. 3.6.

There is a wiggle that has not been reproduced at the frontier of the snowline. It could
be associated with a change in the dust density or the dust grains size populations. This
phenomenon has been predicted in Banzatti et al. [2015] and in Okuzumi et al. [2016], where
they have simulated the density wiggles and dips before and after the snow lines, finding a
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Figure 3.6: Physical conditions of our model. The midplane temperature looks much higher
than the surface temperature, given by the optical depth effects. The fast increment in the
mm optical depth is observed as getting closer to the star inside the snow line. Flaring angle
and the aspect ratio shows the disk shape and the plateau that generates the self-shadowing
when the Ṁ starts to decrease. The mass accretion rate that is measured to match the dust
emission is still under the free-fall velocity of gas, so dust and gas are still coupled to generate
viscous dissipation.
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Figure 3.7: Comparison of data in continuum emission with model at λ = 1.3 mm. The dust
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emission at the inner 20 AUs.

Figure 3.8: Dust density distribution for radiative transfer code. The distribution shows the
change and the plateau obtained from the two layers approach, where the disk is shielded to
irradiation.
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greater concentration of dust just outside of them and a little depletion in the inside. They
also predicted a huge increment of the optical depth at the interior of the snow line of water
and an accumulation of dust particles at its boundary. The model shows a quick increment at
r∼ 26 AU of the optical depth as well. Besides the change in the opacity regime caused by the
melting of the ice grains, another possible treatment for this issue could be a differentiation
in the dust species. Through the addition of another dust population after the snow line,
it would cool down the gas because this produces a local change in the opacity of the dust.
An optically thinner disk just inside of the snowline would decrease its emission and thus
produce a heating just outside of it. The reason is because the outer layer would be more
exposed to stellar irradiation. This dust population composed of larger ice grains could then
be the producer of the wiggle in the emission.

3.4 Discussion and Summary

3.4.1 Comparison of the Efficiency between Radial and Vertical
Diffusion

In reality the disk diffuses both vertically and radially. However, we only consider vertical
diffusion because it is much more efficient than radial diffusion for the disk. in order to
explain it, we compared the radial and vertical gradient in temperature. The radial gradient

dT

dr
=
T

r

d lnT

d ln r
(3.32)

can be expressed in terms of the shape of the disk once that is known.

T ∝ c2
s, (3.33)

so

d lnT = 2d ln cs. (3.34)

From theoretical approaches:

cs = HΩ, (3.35)

thus, combining equations (3.32), (3.34) and (3.35) we obtain the following expression for
the radial gradient:

dT

dr
=
T

r

(d ln Ω

d ln r
+

d lnH

d ln r

)
. (3.36)
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Because the terms inside the brackets are of order unity at most (d ln Ω
d ln r

= −1.5 and d lnH
d ln r

is the flaring), dT
dr

scales with T
2r

.

For the vertical gradient, the midplane temperature can be approximated as

T ∼ Teffτ
1/4, (3.37)

then, differentiating with respect to z

dT

dz
=
Teff

4
τ−3/4 dτ

dz
=
Teff

4
τ−3/4ρκ (3.38)

.

If we compare equations (3.38) and (3.36) we obtain that

dT/dr

dT/dz
∼ Tmid

rTeff

τ 3/4

ρκ
. (3.39)

Using the equation (3.37), the approximation fro optical depth τ = Σκ
2

in a two layers
model and an approximation for the volumetric density as ρ ∼ Σ

H
; the following relation

results:

dT/dr

dT/dz
∼ H

r
(3.40)

within order unity. Relation (3.40) states that radial diffusion is less efficient than vertical
diffusion by a factor of at least five. Although it is important to notice that vertical diffusion
is more important than radial diffusion in a disk with a hotter midplane, and as such, its
inclusion would not change the macro structure of the disk. However, radial diffusion could
be a possible solution for some smaller features in the thermal profile of the disk.

In the comparison with and without viscous heating, it is shown that for FU-Ori objects,
the viscous heat has an important role. It changes the thermal profile and the shape of the
disk. It is significant in the first AUs, at short radii. There, it increases the temperature to
the order of 1000 K and higher values raising up the disk and producing a depression when
the accretional heating is no longer important. Despite that, for flared disks, the temperature
starts to drop by layers at different distances of the star, as could be expected for the disk
shape. On the other hand, for the self-shadowing disk, most of the gas in the outer part of
the disk is shielded by the inner part, the accretional heating is now irrelevant and the disk
is pretty much isothermal.

The main results are shown in Figure 3.6. It shows that when accretional heating is
included, the midplane temperature in the optically thick region is higher than the surface
temperature. In fact, accretional heating is the principal heating source at the inner disk,
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more important than the stellar or the flaring terms; however, it decays much faster than
these terms, so it becomes negligible at the outer disk. On the other hand, for stars with
lower accretion rates (Ṁ < 10−6 M� yr−1) the stellar heating is the main source of heating in
most of the disk parts, as it is seen in Fig 3.1. In Fig 3.7, the radiative transfer predictions of
the model are compared with the observations. Accretional heating provides the extra energy
budget to reach the emission levels. It shows that the addition of viscous heat increments
the continuum emission as a central source close to the star, changing the radial slope of the
thermal profile to a closer match with the observations. There is a presence of the wiggle that
is not explained by our model. We associate it with a change in the dust population right
before and after the snowline rather than a heating effect. The freezing of water enhances
dust growth, since the fragmentation velocity becomes bigger.

In order to reproduce the wiggle in the observations near the snow line, a different dust
distribution would be needed. The dust distribution should decrease at a closer radius and
increase just outside the snow line. This phenomenon represent an accumulation of dust
in the frontier of the snow line produced by the water change of state. Another possible
explanation could be the addition of another dust populaton including the effect of the ice
grains inward and outward the snow line, the dust stickiness would be increase by the ice,
enhancing dust growth. The self-iterative method showed that for passive heating to be able
to reproduce the radial profile of the V883 Ori, a giant wall of material would be needed;
however, the same wall would shield the outer parts of the disk, so it would be much cooler
that what has been measured.

If the Gaia distance to V883 Ori (d∼ 270 pc) would have been considered instead of the
one that we used, the qualitative results would not change. It would have mainly changed
the values of the disk and star parameters, such as their masses, sizes, and the location of
the snowline; it would have been at ∼ 26 AU from the star, that distance is still far enough
than expected values, so the need of active heating and a hotter midplane remains.

Summarizing, classical passive heat sources are not capable of reproduce the emission
profile of the FU-Ori source V883 Ori. An additional heating source is needed. This extra
source has the particularity of been significant in the inner part, centrally peak and it decays
quickly after a few AUs. High accretion rates is typical of FU Ori objects and their associated
accretional heating matches the conditions to be a feasible explanation for the continuum
emission profile of a FU Ori object, particularly for V883 Ori.
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Chapter 4

Conclusion

This thesis focused on the study of physical properties and conditions in protoplanetary disks.
It is known that protoplanetary disks passed through several physical processes during their
evolution. The recovery or measurement of those properties is not an easy task given the
opacity of both gas and dust. However, millimeter and sub-millimeter wavelengths can trace
deep layers in the disk helping us to get a better understanding of the whole planet formation
process. This study was divided in two parts; the first one used gas line emission in an
intend to recover physical properties and a vertical structure in the disk, along with possible
kinematic tracers of planet formation; the second one used dust continuum observations to
trace the heating sources in a system going through an outburst of very high accretion.
Although both parts used different approaches with distinct specific objectives, the main
motivation was the same, how are planets formed?

In Chapter 2, we detailed the first half of this work. We explain the development and
modeling of a line diagnostic that measures temperature, turbulent motion and column den-
sity in gas line emissions. We started with a benchmark using a parametric disk (toy model)
to validate our model. We found that the diagnostic worked for that case, although its better
performance is with abundant and optically thin molecular tracers. It seems that numerical
error is lower for optically thin tracer, so as long as line shapes is not to degenerate, they
become better to measure physical conditions, given that the emission coming from that
region is from optically thin tracers. However, using isotopologues or complementing with
observations of different gas tracers could be a good idea to improve the performance of the
diagnostic. Despite its performance, optically thin tracers emission is dimmer and more diffi-
cult to t observe. In our simulations the higher footprint was measured in the most optically
thick isotopologue rather than in the thinner ones. Overall, the diagnostic has potential to
be applied to detect and characterize the effect of protoplanets in the gas structure of the
disk, and it may be applicable to other astronomy areas as well.

In the third Chapter, we have shown the importance of active disk heat sources in Young
Stellar Objects. We explored the relevance of viscous heating in the modelling of a FU
Ori object, V883 Ori. It is believed that most of low mass stars, just like the Sun, pass
through this FU Ori stage, so it is a very common stage during protoplanetary disk evolution.
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However, Fu Ori object is a very short stage, so there is only a bunch of them that has been
detected so far. To understand the effect of the outburst of accretion on these disks, we
developed a self-iterative algorithm that fits the continuum emission and models the disk’s
radial structure, shape, and its accretion rate. It has been proven that the accretion rate and
shape play an important role in the thermal structure, thus the dust emission of the disk.
Given that our algorithm details the thermal structure and flow of material on the disk, it can
be used to locate the different snow lines in it. Snow lines are key features in the evolution
of the disk, they change the chemistry and physics of the disk, playing an important role in
planet formation, particularly the water snow line. Usually, the water snow line is inside the
inner two AUs, so it is not resolvable with any of the current telescopes; however, viscous
heating in FU Oris pushes the water snow line to distances of the order of 10 AUs, which
could be resolvable. Therefore, FU Oris are unique sources to understand the role of dust
coagulation and water chemistry in planet formation.
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ALMA Partnership, C. L. Brogan, L. M. Pérez, T. R. Hunter, W. R. F. Dent, A. S. Hales,
R. E. Hills, S. Corder, E. B. Fomalont, C. Vlahakis, Y. Asaki, D. Barkats, A. Hirota, J. A.
Hodge, C. M. V. Impellizzeri, R. Kneissl, E. Liuzzo, R. Lucas, N. Marcelino, S. Matsushita,
K. Nakanishi, N. Phillips, A. M. S. Richards, I. Toledo, R. Aladro, D. Broguiere, J. R.
Cortes, P. C. Cortes, D. Espada, F. Galarza, D. Garcia-Appadoo, L. Guzman-Ramirez,
E. M. Humphreys, T. Jung, S. Kameno, R. A. Laing, S. Leon, G. Marconi, A. Mignano,
B. Nikolic, L.-A. Nyman, M. Radiszcz, A. Remijan, J. A. Rodón, T. Sawada, S. Takahashi,
R. P. J. Tilanus, B. Vila Vilaro, L. C. Watson, T. Wiklind, E. Akiyama, E. Chapillon,
I. de Gregorio-Monsalvo, J. Di Francesco, F. Gueth, A. Kawamura, C.-F. Lee, Q. Nguyen
Luong, J. Mangum, V. Pietu, P. Sanhueza, K. Saigo, S. Takakuwa, C. Ubach, T. van
Kempen, A. Wootten, A. Castro-Carrizo, H. Francke, J. Gallardo, J. Garcia, S. Gonzalez,
T. Hill, T. Kaminski, Y. Kurono, H.-Y. Liu, C. Lopez, F. Morales, K. Plarre, G. Schieven,
L. Testi, L. Videla, E. Villard, P. Andreani, J. E. Hibbard, and K. Tatematsu. The 2014
ALMA Long Baseline Campaign: First Results from High Angular Resolution Observations
toward the HL Tau Region. , 808:L3, July 2015. doi: 10.1088/2041-8205/808/1/L3.

P. Andre, D. Ward-Thompson, and M. Barsony. From Prestellar Cores to Protostars: the
Initial Conditions of Star Formation. Protostars and Planets IV, page 59, May 2000.

P. J. Armitage. Lecture notes on the formation and early evolution of planetary systems.
ArXiv Astrophysics e-prints, January 2007.

P. J. Armitage. Dynamics of Protoplanetary Disks. , 49:195–236, September 2011. doi:
10.1146/annurev-astro-081710-102521.

Philip J. Armitage. Astrophysics of Planet Formation. Cambridge University Press, 2009.
doi: 10.1017/CBO9780511802225.

Philip J. Armitage. Dynamics of protoplanetary disks. Annual Review of Astronomy and
Astrophysics, 49(1):195–236, 2011a. doi: 10.1146/annurev-astro-081710-102521. URL
https://doi.org/10.1146/annurev-astro-081710-102521.

63

https://doi.org/10.1146/annurev-astro-081710-102521


Philip J. Armitage. Dynamics of protoplanetary disks. Annual Review of Astronomy and
Astrophysics, 49(1):195–236, 2011b. doi: 10.1146/annurev-astro-081710-102521. URL
https://doi.org/10.1146/annurev-astro-081710-102521.

J. Bae, L. Hartmann, Z. Zhu, and C. Gammie. Variable Accretion Outbursts in Protostellar
Evolution. , 764:141, February 2013. doi: 10.1088/0004-637X/764/2/141.

J. Bae, L. Hartmann, Z. Zhu, and R. P. Nelson. Accretion Outbursts in Self-gravitating
Protoplanetary Disks. , 795:61, November 2014. doi: 10.1088/0004-637X/795/1/61.

A. Banzatti, P. Pinilla, L. Ricci, K. M. Pontoppidan, T. Birnstiel, and F. Ciesla. Direct
Imaging of the Water Snow Line at the Time of Planet Formation using Two ALMA
Continuum Bands. , 815:L15, December 2015. doi: 10.1088/2041-8205/815/1/L15.

L. Barrière-Fouchet, J.-F. Gonzalez, J. R. Murray, R. J. Humble, and S. T. Maddison. Dust
distribution in protoplanetary disks. Vertical settling and radial migration. , 443:185–194,
November 2005. doi: 10.1051/0004-6361:20042249.

N. M. Batalha, J. F. Rowe, S. T. Bryson, T. Barclay, C. J. Burke, D. A. Caldwell, J. L.
Christiansen, F. Mullally, S. E. Thompson, T. M. Brown, A. K. Dupree, D. C. Fabrycky,
E. B. Ford, J. J. Fortney, R. L. Gilliland, H. Isaacson, D. W. Latham, G. W. Marcy,
S. N. Quinn, D. Ragozzine, A. Shporer, W. J. Borucki, D. R. Ciardi, T. N. Gautier, III,
M. R. Haas, J. M. Jenkins, D. G. Koch, J. J. Lissauer, W. Rapin, G. S. Basri, A. P. Boss,
L. A. Buchhave, J. A. Carter, D. Charbonneau, J. Christensen-Dalsgaard, B. D. Clarke,
W. D. Cochran, B.-O. Demory, J.-M. Desert, E. Devore, L. R. Doyle, G. A. Esquerdo,
M. Everett, F. Fressin, J. C. Geary, F. R. Girouard, A. Gould, J. R. Hall, M. J. Holman,
A. W. Howard, S. B. Howell, K. A. Ibrahim, K. Kinemuchi, H. Kjeldsen, T. C. Klaus,
J. Li, P. W. Lucas, S. Meibom, R. L. Morris, A. Prša, E. Quintana, D. T. Sanderfer,
D. Sasselov, S. E. Seader, J. C. Smith, J. H. Steffen, M. Still, M. C. Stumpe, J. C. Tarter,
P. Tenenbaum, G. Torres, J. D. Twicken, K. Uddin, J. Van Cleve, L. Walkowicz, and W. F.
Welsh. Planetary Candidates Observed by Kepler. III. Analysis of the First 16 Months of
Data. , 204:24, February 2013. doi: 10.1088/0067-0049/204/2/24.

K. R. Bell and D. N. C. Lin. Using FU Orionis outbursts to constrain self-regulated proto-
stellar disk models. , 427:987–1004, June 1994. doi: 10.1086/174206.

K. R. Bell, P. M. Cassen, H. H. Klahr, and T. Henning. The Structure and Appearance of
Protostellar Accretion Disks: Limits on Disk Flaring. , 486:372–387, September 1997. doi:
10.1086/304514.
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P. G. Jonker, A. Jorissen, F. Julbe, A. Karampelas, A. Kochoska, R. Kohley, K. Kolenberg,
E. Kontizas, S. E. Koposov, G. Kordopatis, P. Koubsky, A. Kowalczyk, A. Krone-Martins,
M. Kudryashova, I. Kull, R. K. Bachchan, F. Lacoste-Seris, A. F. Lanza, J. B. Lavigne,
C. Le Poncin-Lafitte, Y. Lebreton, T. Lebzelter, S. Leccia, N. Leclerc, I. Lecoeur-Taibi,
V. Lemaitre, H. Lenhardt, F. Leroux, S. Liao, E. Licata, H. E. P. Lindstrøm, T. A. Lister,
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senijevic, S. Azaz, P. Balm, M. Beck, H. H. Bernstein, L. Bigot, A. Bijaoui, C. Blasco,
M. Bonfigli, G. Bono, S. Boudreault, A. Bressan, S. Brown, P. M. Brunet, P. Bunclark,
R. Buonanno, A. G. Butkevich, C. Carret, C. Carrion, L. Chemin, F. Chéreau, L. Cor-
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Á. Kóspál, P. Ábrahám, T. Csengeri, O. Fehér, M. R. Hogerheijde, C. Brinch, M. M. Dunham,
E. I. Vorobyov, D. M. Salter, and T. Henning. Mass Transport from the Envelope to the
Disk of V346 Nor: A Case Study for the Luminosity Problem in an FUor-type Young
Eruptive Star. , 843:45, July 2017. doi: 10.3847/1538-4357/aa7683.

C. J. Lada. Star formation: from OB associations to protostars. In Star Forming Regions,
volume 115, page 1, January 1987.

M. Lecar, M. Podolak, D. Sasselov, and E. Chiang. On the Location of the Snow Line in a
Protoplanetary Disk. , 640:1115–1118, April 2006. doi: 10.1086/500287.

J. J. Lissauer, D. Ragozzine, D. C. Fabrycky, J. H. Steffen, E. B. Ford, J. M. Jenkins,
A. Shporer, M. J. Holman, J. F. Rowe, E. V. Quintana, N. M. Batalha, W. J. Borucki,
S. T. Bryson, D. A. Caldwell, J. A. Carter, D. Ciardi, E. W. Dunham, J. J. Fortney, T. N.
Gautier, III, S. B. Howell, D. G. Koch, D. W. Latham, G. W. Marcy, R. C. Morehead, and
D. Sasselov. Architecture and Dynamics of Kepler’s Candidate Multiple Transiting Planet
Systems. , 197:8, November 2011. doi: 10.1088/0067-0049/197/1/8.

H. B. Liu, E. I. Vorobyov, R. Dong, M. M. Dunham, M. Takami, R. Galván-Madrid,
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