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Resumen

Actualmente se piensa que los planetas se forman alrededor de estrellas jovenes en discos
circumestelares que pueden durar unos pocos Ma. Estos discos protoplanetarios evolucionan
a traves de diferentes mecanismos. Dos teorias tratan de explicar la formaciéon de un planeta
gigante: inestabilidad gravitacional y acreciéon del niicleo. estos planetas masivos pueden
interactuar con el disco abriendo huecos y cavidades en el perfil de densidad superficial.

Estudios detallados de estos huecos en discos protoplanetarios, han revelado estructuras
que conducen a investigacion contemporanea. Una de estos rasgos son los dos nulos de inten-
sidad en luz reflejada, vistos en el disco externo de HD 142527. En el Capitulo 1 se propone
que estos son sombras proyectadas por un disco interno inclinado. Los discos internos in-
terno y externo son opticamente gruesos en banda H, por lo que la forma y orientacion de
las sombras informa sobre la estructura tridimensional del sistema. Predicciones de transfer-
encia radiativa de un modelo paramétrico de disco permite concluir que el disco interno esta
inclinado en 70£5° con respecto al disco externo.

La teoria de acrecion del nucleo plantea que la formacion de planetesimales necesita que
el polvo crezca de de micrones a kilometros. Trampas de polvo causadas por maximos
de presion han sido propuestos como regiones donde polvo puede concentrarse y crecer los
suficientemente rapido para formar planetesimales. En el Capitulo 2 se reportan nuevos
datos VLA Ka & Ku del disco protoplanetario MWC 758. La imagen Ka muestra emision
compacta en el disco externo indicando una gran concentracion de granos grandes. Datos
ALMA publicos, trazando granos méas pequenos, muestran emision extendida del disco con
un pico de intensidad hacia el noroeste de la estrella, que coincide con el la emision VLA. Esta
segregacion de granos de polvo es esperada en la presencia de una trampa de polvo. También
se desarrollo un modelo paramétrico no axisimétrico de disco con un voértice que reproduce
las observaciones. Finalmente, comparamos las observaciones radio con datos SPHERE de
luz reflejada. El pico VLA estéa radialmente desplazado de una estructura espiral.

Los discos HD 142527 y MWC 758 muestran desviaciones de simetria axial. Interrogantes
tedricas aparecen acerca del origen del disco torcido en HD 142527, pero también este tiene
consecuencias dinamicas ya que las zonas de sombra son més frias. Por otro lado, los datos
VLA de MWC 758 muestran que los granos grandes estidn muy concentrados radial y az-
imutalmente, sugiriendo una trampa de polvo. Es posible que en esta regiéon compacta un
planeta pueda formarse por accrecion del nucleo. Todas estas asimetrias podrias ser generales
para discos, lo que contradice nuestra idea estandar de discos simétricos
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Abstract

Planets are thought to form around young stars in circumstellar disk that can last for a few
Myr. These protoplanetary disks evolve in time through different mechanisms. Two different
theories explain how a giant planet might form: gravitational instability and core accretion.
These massive planets can interact with the disk opening gaps and cavities in the surface
density distribution.

Detailed observations of gaps in protoplanetary disks have revealed structures that drive
current research on circumstellar disks. One such feature is the two intensity nulls in scattered
light seen along the outer disk of the HD 142527. In Chapter 1 we propose that these are
shadows cast by a tilted inner disk. The inner and outer disk are thick, in terms of the
unit-opacity surface in H-band, so that the shape and orientation of the shadows inform on
the three-dimensional structure of the system. Radiative transfer predictions on a parametric
disk model allow us to conclude that the inner disk is inclined by 7045 deg with respect to
the outer disk.

The core accretion theory states that the formation of planetesimals requires that primor-
dial dust grains grow from micron- to km-sized bodies. Dust traps caused by gas pressure
maxima have been proposed as regions where grains can concentrate and grow fast enough
to form planetesimals, before radially migrating onto the star. In Chapter 2 we report new
VLA Ka & Ku data of the protoplanetary disk around MWC 758. The Ka image shows
a compact emission region in the outer disk indicating a strong concentration of big dust
grains. Tracing smaller grains, archival ALMA data shows extended disk emission with an
intensity maximum to the north-west of the central star, which matches the VLA clump
position. This segregation of grains sizes is expected in the context of dust trapping, where
big grains are trapped more easily than smaller grains in gas pressure maxima. We develop
a non-axisymmetric parametric model with a steady state vortex solution which reproduces
the observations. Finally, we compare the radio continuum with SPHERE scattered light
data. The VLA clump is radially offset of the north-western spiral-like feature.

The disks HD 142527 and MWC 758 present signs of non-axial symmetry. The warped
disk in HD 142527 raises theoretical questions about its origin, but also it has consequences
in the disk dynamics as the shadowed regions are colder. On the other hand, the VLA data
of MWC 758 show that big grains are highly concentrated in radius and azimuth in the outer
disk, suggesting dust trapping by a pressure maximum. This compact region is a possible
location for planet formation via core accretion. All these asymmetries could be general for
disks, challenging our standard picture of axisymmetric disks.
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Introduction

The origin of the Solar System has been one of the main fundamental questions in Astronomy,
both in in the past and in modern research. It was even considered part of cosmology studies.
One way to study its origin is to look at young stars that are currently forming planets, and
look at the physical process going on in those systems through multiwavelength observations
and numerical simulation.

Since after the discovery of 51 Pegasi b in 1995, which is the first exoplanet discovered
around a main-sequence star [96], we know there are other planets around stars, and the
question of “how abundant exoplanets are?” was close to being answered. Twenty years
later, we have found more than a thousand of new exoplanets, most of them discovered by
large exoplanet surveys using different techniques: transits [9], radial velocities [97, [144],
microlensing [28], and even some of them were directly imaged [72] [76, 79, 95 119]. These
findings have demonstrated that planets around main sequence stars are frequent. The
current statistics indicate that almost every star hosts at least one planet [18 28] 7], thus,
try to understand the planet formation mechanisms has become also missing piece of the
puzzle of planetary science.

0.1 Early thoughts and theories about planet formation

The first ideas about planet formation can be traced back to 1644 when Descartes wrote a
discussion about the Earth formation and the rest of the planets and satellites [39]. In his
book he states that the solar system formed from at least fourteen vortices. The biggest vor-
tices gave rise to the Sun, Jupiter and Saturn. He also mentions that the “stars” surrounding
Jupiter were also formed from small vortices that then descended towards Jupiter.

A century later in 1755, the Philosopher Immanuel Kant developed a theory called “The
Nebular Hypothesis” [73] in which he proposed that the solar system formed from a gaseous
flat cloud, slowly rotating and collapsing. It is very surprising how early in history the idea
of planets forming from a disk surrounding the Sun appeared, matching the basic principles
of our current theories.

Then in 1944, C.F. Wizsécker discussed about the origin of the Solar System [52]. In his
work he argue against the theory that planets formed from a solar ejection of material, which
was a popular theory in that time, saying that such an event could not explain why most



of the angular momentum of the Solar System is on the planets. He proposed that planets
formed from a thin rotating cloud around a primitive Sun, of a tenth of the Solar mass. In
this disk, planets would form from the interaction between vortices and thus, giving the right
orientation to the rotation of planets. An important consequence of Wizsédcker’s theory is
that planetary systems of a wide variety of types has to be common in the Universe.

A more quantitative description of the planet formation theory and very close to our
current picture was developed in the 60s by Viktor Safronov [123]. He described the evolution
of the Protoplanetary Cloud and formation of the planets by core accretion: large bodies or
“planetary embryos” accumulating material through collisions enhanced by the gravity of the
largest bodies. Safronov was also the first to introduce the idea of what was going to be known
as “minimum mass Solar Nebula” [139]. Based on the mass, orbital radius and composition
of the planets in the Solar System, and assuming that the mass of the original circumstellar
disk in solid bodies was conserved at all times and at each radius, it is possible to estimate
roughly a lower limit for the disk mass that formed the bodies in the Solar System.

0.2 Current theory of planet formation

Current theories of star and planet formation state that disk forms around a pre-main se-
quence star after the gravitational collapse of a molecular core. These diffuse clouds cannot
collapse immediately onto the core because they have too much angular momentum. Instead
they form a disk as a consequence of conservation of angular momentum. They are com-
posed of gas and dust with chemical abundances similar to the primordial molecular cloud,
and observations show that these disks are present in young stars for the first few million
years of their evolution [93] 127]. These circumstellar disks are called protoplanetary disks
because they will give birth to planetary systems around the stars.

0.2.1 Observational studies

Observational studies of protoplanetary disks involve a wide variety of observations at dif-
ferent wavelengths. They cover from the near-infrared (NIR), where most of the emission
comes from stellar light scattered by dust grains in the disk and the thermal emission coming
from the very hot dust near the star; to radio wavelengths, where pure thermal emission
coming from cold disk regions can be detected, although some free free emission coming from
the innermost parts has been detected at radio frequencies. After the Infrared Astronomical
Satellite (IRAS) was launched, the first statistical studies of protoplanetary disk started by
measuring NIR excess in young stars [127]. Thanks to the development of very sensitive re-
ceptors at millimeter wavelengths shortly after, it was discovered that these disks have dust
with grain size distribution that can reach centimeter sizes, proving that grain growth can
occur in these disks, e.g. [140)].

Using multiwavelength observations it is possible to reconstruct the spectral energy dis-
tribution (SED) of disks. Although some degeneracies exist, disk modelling to fit SEDs has
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been fundamental to infer their physical structure. In addition, thanks to molecular line
observations, kinematic studies are possible. Disk inclinations (i), position angles (P.A.) and
rotational profiles can be derived from Doppler shift studies, showing that in general pro-
toplanetary disks are in Keplerian rotation. However, some disks present strong deviations
from Keplerian rotation that could be linked to warped structures and high radial velocity

components.
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Figure 1: Classification scheme for Young Stellar Objects from [5].

Space telescopes together with ground-based 8-meter class telescopes, with adaptive optic
systems, have allowed to directly image protoplanetary disks in the optical and NIR. Using
different techniques it is possible to subtract the stellar point spread function (PSF), e.g.
angular differential imaging (ADI), polarized differential imaging (PDI) or using a corona-
graph. The former allows searching for forming planets in protoplanetary disks as it can be
very sensitive to detect point-like sources embedded in disks. On the other hand with PDI
it is possible to make images of the polarized intensity which traces the surface of a disk.
This is because the stellar light or hot thermal emission scattered by dust grains becomes
polarized after an scattering event. All these images reveal that protoplanetary disks spans
from tenths to hundreds astronomical units (aus), with aspect ratios of ~0.1.

From observations Young Stellar Objects (YSOs) have been divided into classes depending
on their SED. Three classes were suggested originally [77], and then expanded with a class 0
[3], to complete four categories of YSOs: 0, I, IT & III, each related to a particular evolutionary
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stage of a pre-main sequence star and circumstellar disk. The class of a particular object is
usually determined by measuring the slope of the SED between 2 and 25 pm (see figure .

Class 0 represents a protostar completely embedded in infalling circumstellar material that
reprocesses the stellar radiation to longer wavelengths. Class I objects represent a second
stage when the central star accretes matter through a disk, but it is still embedded. Strong
stellar winds and bipolar outflows are common at this stage, and it lasts ~ 0.5 Myr [47]. Class
IT objects represent the stage when most of the surrounding material has been dissipated by
stellar winds. This stops the infall of material and what remains is the star and an optically
thick disk in the NIR. Their SED is the sum of the stellar spectrum and the circumstellar
disk thermal emission from the IR to radio wavelengths. UV-excess is also common as there
is still accretion onto the star. This is the phase when massive planets are suppose to form,
when there is still a high mass reservoir in the disk (~10% of the stellar mass) and because
planet formation via core accretion takes a few Myr (see Section . Finally Class 111
objects represent zero age main-sequence stars with very low NIR excess. In the class III
stage all that remains is the result of the planet formation process: planets, asteroids, comets,
and small dust grains that are quickly blown away by radiation pressure or they fall onto
the star due to Pointing-Robertson effect. However, dust can be replenished as a result of
the collision between large bodies [145]. At this stage all the circumstellar gas has been
dissipated (see Section . These debris systems are called debris disks.

Multiwavelength observations

Protoplanetary disks studies require multiwavelength observations because different wave-
lengths trace different regions of disks. Dust temperature decreases with radius, thus, ther-
mal emission at short wavelengths, e.g. NIR, will highlight the hot inner regions and surface
of the disk (r < 5 au), while at longer wavelengths, e.g. (sub)millimeter, the outer and
cold regions of the disk stand out (r 2 5 au). Figure [2] illustrates the different regions of
a typical protoplanetary disk and what techniques are used to study the different regions.
While VLTI can image the inner regions of disks in the NIR and MIR, ALMA and other
radio interferometers also study the outer parts of disks.

0.2.2 Disk structure

The structure of protoplanetary disks depend on several factors. They are typically treated
as axisymmetric, with their physical properties depending only in radius r and the vertical
coordinate z. The radial structure of disks is expected to evolve with time due to viscous
evolution, accretion, photoevaporation and magnetohydrodynamic (MHD) effects where ion-
ization is important. Moreover, the stellar irradiation of field stars or the gravitational
perturbation of a flyby can be also important in the disk structure and evolution, specially
in high stellar density environments. Disks are typically parametrized with a power law:

S(r) = 8. (1) o (1)



ALMA

A
Y

Direct imaging (HST or 8-meter ground-based)

I
\

_ Near-IR interferometry

-}

_ Mid-IRinterferometry

< o

Magnetospheric
accretion

31 Pure gas disk Dust inner rim fansigenying

region

0.03 AU 0.1..1AU

UV continuum, Near-IR dust 10AU
H-recombination lines continuum
Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum 100 AU
+ atomic lines (Br-y) + molecular lines + molecular rot-lines
+ occasional molecular (H,0, CO,, ...)

lines (H,0, CO, OH)

Figure 2: Illustration of the structure and spatial scales of typical protoplanetary disk.
Above the disk different observational techniques are listed, showing the region of disk that
they can study. In the bottom the type of emission that emerges at different radii. The
illustration was taken from Dullemond & Monnier 2010 [42].

where 7 controls how steep is the surface density distribution. The radial density distribu-
tion obeys to an equilibrium between the stellar gravity force, the centrifugal force, viscous
evolution and the radial pressure gradient.

Vertically, disks are assumed to be in hydrostatic equilibrium. Neglecting the self-gravity
of the disk, the vertical component of the stellar gravity g, has to be balanced by the gas
pressure gradient. If we assume disks are vertically isothermal, the pressure can be written
as P = p 2, with ¢, the sound speed. This yields

dp GM,z
2 o *
“d: (12 + 22)3/2 P @)

The solution to this differential equation is

RO )

S

M,
,():C’exp{2 G }
C

Disks are expected to be thin with small aspect ratios, i.e. H/r < 1, as they have large
areas through which they can cool via radiative processes. Taking this into account and

defining the scale height H = 52 (Q is the Keplerian orbital angular velocity), it is easy to
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find a simple expression for the vertical mass distribution at a radius r:

22

e 2H2

V2rH

plr, z) = 5(r) (4)

H depends on g and c¢,, which are both functions of . Given a typical power law radial
profile for the disk temperature, the scale height is H(r) oc 7* with « close to 1. The value of
« has consequences in the disk temperature. A disk with o > 1 will have higher temperatures
at large radii than a disk with o < 1 because of the higher direct stellar irradiation at large
radii.

Until now, we have assumed that disks lie in a single plane as they are axisymmetric
structure. However, the presence of a companion (e.g. forming planet, binary, or even a fly
by) or a more complicated disk envelope interaction could break the axisymmetry producing
spiral waves, warping the disk, inducing highly inclined orbits and eccentricities of the solid
bodies in the disk. Chapter 2 presents evidence of a warped structure in the HD 142527
protoplanetary disk.

Aerodynamic drag

In the book by Armitage Astrophysics of Planet Formation [5], aerodynamic drag is discussed
in details, here we present a summary of the main ideas As it was mentioned before, disks
are composed of gas and dust. Dust grains act as test particles that are under the influence
of stellar gravity, but also under the aerodynamic drag forces by the gas. They can have
different vertical, radial and azimuthal density distributions compared to the gas. Typically,
dust grains would accumulate around gas pressure maxima due to drag forces [20], T1T].

Defining the friction time scale for a particle of mas m as

muv

F_D’ (5)

Zff?"ic -

where v is the relative velocity between the dust particle and the gas, and Fp is the drag
force produced by the gas on the dust grain. The friction time scale is the time scale at
which drag forces will change the grain velocity v. In the Epstein drag regime, i.e. when the
size of dust grains is smaller than the mean free path of gas particles, and considering grain
velocities much lower than the mean thermal speed, the drag force can be written as

47
Fp = —?paivthv, (6)
where p is the gas density, a4 is the radius of a spherical dust particle and vy, is the mean
thermal speed. Using that the particle mass m = (4/3)7a2p,, with p, the internal density of
dust grains, the frictional time scale can be re-written as
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It is common to define the Stokes number St as the ratio of the friction time scale and the
orbital period, i.e. St =t X Qk. Using that vy, = \/8/7mcs and H = ¢,/Qk, St take the
form of

Tas ps
T Ly
5 8 Hrho (8)

When dust particles have a St < 1 they are completely coupled to the gas and they have a
spatial distribution equal to the gas. However when St ~ 1 particles partially decouple from
the gas, so that dust trapping in pressure maxima becomes important, as the dust settling
in the midplane of the disk |20} 111].

Another important consequence of aerodynamic drag is that big dust grains are completely
decouple from the gas (St > 1), hence they orbit at Keplerian velocities. However, the gas
in the disk rotates typically at sub-Keplerian velocities due to the negative radial gradient
of the gas pressure. This difference in orbital velocities at the same radius causes a constant
drag in big dust grains and hence, they drift radially towards the central star [I38]. This can
be avoided if the radial pressure gradient becomes positive at a given radius.

0.2.3 Disk lifetime and dispersal mechanisms

Thanks to well established correlations between the presence of NIR excess, spectroscopic
signatures of accretion and stellar age [59], it is possible to study the lifetime of the inner
regions of disks. NIR studies with IRAS and ISO (1—5 pum) have shown that 60-80 % percent
of young stars with ages < 1 Myr present measurable NIR excess (i.e. disks), while just a 10%
of disks older than 10 Myr present an excess [127]. At longer wavelengths (3.6—8.0 ym and 24
pm) Spitzer obtained similar results [56], 63 [78], 125], 128 143]. However large uncertainties
still remain in stellar ages at early times.

At sub-millimeter wavelengths disks are normally optically thin and the emergent inten-
sities trace the outer parts of protoplanetary disks, where the bulk of the mass lies, thus
it is possible to derive disk masses in dust. Figure [3| shows disk masses derived from sub-
millimeter studies for several stars with different spectral types and ages. In general disk
masses decrease with age and an abrupt drop in the disk mass appears at ~ 10 Myr, very
similar to what NIR and MIR studies show. This coincidence suggests that once the inner
regions of the disk disappear and accretion stops, the rest of the disk disappears as well.
After that disks are called debris disks, although there is an age overlap.

In addition, observations of young stellar clusters and associations show that disk lifetimes
have some dependence on the spectral type or stellar mass. Disks around massive stars
disappear faster than solar-mass stars [142].

These results show dust at different radii can last ~ 10 Myr, but after that, dissipation
occurs in a much shorter time scale of < 0.5 Myr [34]. Thus, what is the physical process
that controls disk lifetime? During their life disks evolve through different mechanisms such
as viscous evolution, photoevaporation and planet disk interactions. Understanding these
processes is crucial because the disk lifetime sets a time limit for planet formation.
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Figure 3: Disk mass evolution derived from sub-millimeter observations. Figure from Wyatt
2008 [145].

For a Keplerian disk, accretion requires gas must loose its angular momentum through
some mechanism. Solutions to hydrodynamic equations for viscous fluids show protoplanetary
disks must evolve: gas accretes onto the star and spreads difussively to large radii carrying
the angular momentum outwards [6]. In addition, viscosity acts as a means through which the
disk can dissipate energy. MHD simulations have been successful in reproducing the decrease
in accretion over time [60] and emission line profiles [I04]. However pure viscous models fail
in reproducing the short time scale disk dissipation and the variety of SEDs observed.

Moreover, the central or field stars are also important for the disk evolution. Disk mod-
els that combine viscous evolution with photoevaporation are able to reproduce the disk
evolution time scales [11, 2, 35].

Planet disk interaction might be also important for the protoplanetary disk structure
and evolution. Massive planets can open gaps in the surface density distributions [84] [86],
trapping bigger dust grains at the outer parts of the disk [20, T11]. Moreover, vortices can be
induced by planets triggering the formation of second generation planets by core accretion

I8, 67, (71, 89, (9T, [92, 120, [129)].



0.2.4 Two main theories to form a planet

Two main theories try to explain the formation of a gas giant planet: “Gravitational Insta-
bility” and “Core Accretion”. They differ in the physical mechanism and time scales of planet
formation, but they are not exclusive. Both process can occur in the same disk, but probably
at different stages of the disk evolution.

Gravitational Instability

When disks are young and massive, self-gravity can be important in the disk dynamics.
Neglecting the MHD effects on the disk, the stability of the disk is set by a balance between
gravity, radiative cooling, pressure and shear. While the disk gravity and radiative cooling
push the disk to fragment into clumps, pressure helps to support the disk at small scales.
On the other hand shear stabilises the disk at large scales destroying large structures due to
differential rotation [6].

For a thin Keplerian disk, a simple estimate of the linear stability of an overdensity can
be computed with the Toomre @) parameter [132], originally proposed to study the stability
of a disk of stars. () can be defined as:

Csk

©= TGY’ (9)

where ¢, is the sound speed, x is the epicyclic frequency, defined as the frequency at which

a particle oscillates with respect to a radius when it is slightly displaced radially, and . is

the disk surface density at a given radius. If the disk is massive, perturbations will grow

exponentially rather than propagate as a pressure wave. Radial perturbations will grow

exponentially if () < 1, although a more general 2D treatment shows perturbations can grow
if @ is lower than 1.5 [106].

Low mass disks (Mgisi < M,) can be assumed to be in almost Keplerian rotation, i.e.
Qp (r) oc 7732 Thus the epicyclic frequency can be written as k* = (2Q /r) L (r?Qg) ~ Q%.
Using the last approximation and the previous definition of the scale height in terms of ¢,
and Qg, () can be re-written as

HM,

“ e

(10)

This means that if ¥(r) > HM,/7r® the disk will become locally unstable. Thus, grav-
itational instabilities are more likely to occur at the earliest phases when the disk is more

massive and at larger radii for disks with flat surface density profiles, i.e. X(r) o< r=7 with
v<3.

This condition ignores the cooling time scales t.,,; of the gas which, if it is too large, can
prevent the local grow of perturbations. The outcomes of the instabilities are not easy to treat
analytically and numerical methods are used to study the different possibilities. The disk
can develop self-gravitating turbulence with spiral arms transporting angular momentum
outwards via gravitational torques [87]. A second possibility is that the disk instabilities
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could produce bursts of accretion. A third possibility is that the disk can fragment. In the
last scenario massive planets or substellar companions can form |17, 19, 126].

In summary, massive planets will form via gravitational instabilities at large radii and
at earlier phases where and when the () parameter is lower. One of the goals of current
research projects is to estimate () in protoplanetary disks that present spiral arms that could
be triggered by gravitational instabilities. However, disk mass estimates have been elusive
due to the lack of a good tracer for the gas mass in disks.

Core Accretion

The second mechanism proposed to form a giant planet or even a terrestial planets is via
core accretion. This theory states that planet formation requires the build up of a population
of planetesimals. To form these bodies, dust grains need to grow from micron to kilometer
sizes, i.e. grains need to increase in size by at least nine orders of magnitude in size scale via
two body collisions, until the influence of gravity enhances protoplanet growth [113], 124].

Once the core reaches a critical mass, it triggers an hydrodynamic instability in the disk
causing fast gas accretion onto the core [100, [109]. For standard disk parameters the critical
mass is ~10 Mg. This process is a race against the disk dispersal process [35, [65] and
accretion onto the central star [60].

One of the big puzzles of this theory is that when particles grow, they tend to move faster
in the disk as they decouple from the gas. When they reach a size close to a meter, if not
less, they reach a peak velocity that can be as big as 100 m/s. This causes two big problems
that are commonly called as the “meter-size barrier”. First, when they decouple from the gas
they start to drift radially towards the central star [138], therefore planetesimal formation
has to happen in time scales shorter than radial drift. The other big problem is that with
such high velocities, collisions between big particles result in the fragmentation of big bodies
into small particles preventing the collisional growth [57]. However laboratory experiments
have shown that impacts of small particles at high velocities are not always erosive [75, 130]

One way to halt the inward drift is by developing a local maximum in the radial surface
density of the gas. Dust grains can easily get trapped in density maxima [}, 58, [141], especially
big grains [20], 111]. Dust traps can be found in the inner edges of disks with evidence of
gaps and cavities, commonly called transitional disks [46]. These gaps and cavities are also
detected as infrared dips in the SED. In these dust traps, and depending on the level of
gas turbulence, grains can accumulate for periods comparable to the disk lifetime. Thereby
benefiting grain growth, and producing an enhancement in the population of larger dust
grains [20), [T11].

Azimuthal asymmetries, such as vortices, can also produce dust trapping [8, 67, [71], [R9]
01, 92 120, 129]. Large scale asymmetries are observed in sub-millimeter observations of
the transition disks around SAO 206426, SR 21 [107], LkHa 330 [70], and particularly
in HD 142527 |25, BI] and IRS 48 [135], where a stronger than usual azimuthal contrast
is observed. These observations suggest dust trapping by large-scale vortices, although no
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kinematic evidence exist to support the vortex scenario in these systems. In this scenario
it is expected that the dust spatial distribution will depend strongly on the grain size, as
aerodynamic drag depends on the grain cross section. Big grains will concentrate in more
compact regions than small grains [41, 67, [74, 89, 09, 116]. This has strong observable
implications: at long wavelengths, dust continuum emission should be more compact than
at shorter wavelengths, as it traces the mass distribution of grains with sizes comparable to
the observed wavelength |10, [I5, I3T]. Thus, in the absence of tracers of the gas mass, it
is crucial to use multiwavelength observations to diagnose dust trapping around a pressure
maximum.

A summary of these theories of planet formation, protoplanetary disk evolution and debris
disk are well summarized in the reviews of Dullemond & Monnier 2010 [42], Armitage 2011
[6], William & Cieza 2011 [142] and Wyatt 2008 [145].

0.3 This work

This work is about the study of asymmetries in well known protoplanetary disks that could
bring clues about the planet formation process and planet disk interaction. It is divided into
two main chapters. Each represents a independent research paper.

Chapter 1 titled “Shadows cast by a warp in the HD 142527 protoplanetary disk” was
published in The Astrophysical Journal the 7th of January 2015. The authors of this paper are
Sebastian Marino as first author, with the collaboration of Dr. Sebastian Perez and Professor
Simon Casassus. In this first chapter we study two decrements seen in published PDI images
of the outer parts of the transition disk around the star HD 142527. We introduced a new
interpretation for these decrements presenting a parametric three dimensional disk model of
a warped or tilted inner disk. It is inclined by 70 degrees with respect to the outer disk,
casting shadows of the stellar light in the outer disk at the position of the decrements. This
bears important dynamical consequences in the disk dynamics and rise questions about the
origin of such a warp. This chapter also adds some additional material related to ALMA
observations that support the warp scenario.

The second chapter is titled “Compact dust concentration in the MWC 758 protoplanetary
disk”. The work presented in this chapter has been submitted to the The Astrophysical
Journal on May 22nd of 2015. The first author of that paper is Sebastian Marino, and
this work was in collaboration with Professor Simon Casassus, Dr. Sebastian Perez, Dr.
Wiladimir Lyra, Dr. Pablo Roman, Dr. Christopher Wright and Dr. Sarah Madison. Chapter
2 presents new VLA observations at 15 and 33 GHz of the transition disk around the star
MWC 758. The VLA images show very compact emission coming from the disk at the same
position where archival ALMA data shows a peak intensity. The VLA clump and ALMA
non-axisymmetric disk image can be interpreted as a case of dust trapping by a pressure
maximum. We also compare the VLA data with a new reduction of archival SPHERE data.

Finally in Section we present the conclusions of Chapter 1 and 2, summarising the
new findings, new questions and the implications on these systems and to the rest of proto-
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planetary disks.
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Chapter 1

Shadows cast by a warp in the
HD 142527 protoplanetary disk

1.1 Introduction

The study of planet formation is rapidly being revolutionized by observational breakthroughs,
such as the direct images of protoplanetary gaps in near-infrared scattered light. A partic-
ularly interesting target is the Herbig Ae/Be star HD 142527, at a distance of ~140 pc.
The disk surrounding HD 142527 boasts the largest inner cavity known, with a ~1 arcsec
radius and seen at a close to face-on orientation, with an inclination of about 24 deg [49] [50).
Improvements in K -band coronagraphy revealed fine structure in the outer disk, including
two intriguing intensity nulls [22] that break the continuity of the outer disk. In this Letter
we propose that these are shadows cast by a warped inner disk.

Recent polarized differential imaging (PDI) of HD 142527 at H- and K-bands revealed a
striking view of its dust-depleted gap, outer disk and spiral structures |7, 21], 121]. These H-
band polarized intensity images outline the outer-disk nulls with the best available detail thus
far. One null is found ~11.5h (North of the star), and the other is found at 7h (South). The
Northern null is particularly puzzling as it coincides with the location of the dust density
peak, whose spatial distribution is shaped into a large crescent [25, (51 [105]. Thus the
Northern null cannot be interpreted as a lack of material.

As witnessed by a bright thermal IR central point source, well in excess of the photospheric
emission, the large dust-depleted cavity of the HD 142527 disk is in fact a gap [49] 118, 137].
While knowledge of the outer edge of the gap is limited by theory rather than observational
detail, the inner regions of the gap are poorly resolved. A ~ 107 M, yr~! stellar accretion
rate [53] would quickly deplete the inner disk, whose dust mass is estimated at ~ 1072 M
[137]. This inner disk can be thought of as a transient feature of stellar accretion: it is
the convergence point of matter being accreted from the mass reservoir in the outer disk
[23, 25, 27]. Long-baseline optical interferometry (VLTI) has resolved this inner disk, and
found it to be highly crystalline [I33] —but its orientation and extent remain elusive.
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Motivated by our research on the intra-cavity gas kinematics [23], 27] we considered the
possibility of a continuous warp linking different orientations between the outer and inner
disks. The underlying parametric disk model is documented in Section [2.3.4] along with the
radiative transfer setup we implemented to calculate the emergent specific intensity fields.
Our results are presented in Section[I.3] While the inner disk intercepts stellar light, shadows
are cast on the outer disk such that their shape and orientation are sensitive measures of the
inner disk orientation. We briefly consider the consequences of this finding in Section
Finally in Section we present the main conclusions of this chapter.

1.2 Parametric modeling

1.2.1 Underlying physical structure

We constructed a synthetic model of HD 142527 inspired by multiwavelength observations
and gas kinematics, and detailed enough to provide a comparison point with the near-IR
scattered light images as well as the radio continuum emission and gas kinematics. This
synthetic model matches the observed spectral energy distribution (SED). Here we document
the aspects of the model that are relevant to this work on the H-band images.

The model consists of a star at the center of a dusty disk separated in 3 zones with different
density structures, dust grain size distributions and compositions: an inner disk, a gap and
an outer disk. A schematic render of the model is provided in Figure [I.I We model the
star using a Kurucz template spectrum [29] at a temperature of 6250 K and with a radius of
3.0 R, to fit the SED, being consistent with an extinction of Ay =0.6 [137].

The inner disk starts at 0.3 au and cuts off at 10.0 au. It is described by a surface density
proportional to 7! and a scale height of 1.0 au at 10 au with a flaring exponent of 1.1. It is
composed of amorphous carbon and silicate grains with sizes between 0.1 to 2.5 ym, with a
total dust mass of 5.0x107% M. We introduce an inclination of a=70° to this region with
respect to the outer disk midplane.

The gap spans 120 au from 10.0 au. It is described by a surface density proportional to
r~1 and a scale height of 18 au at 100 au with a flaring exponent of 1.6. It is composed of
amorphous carbon and silicate grains with sizes between 1.0 to 10.0 um. The total dust mass
of this section is 1.0x107® My. The disk in this section connects the inner and outer regions
varying the inclination linearly from 70° to 0° between 10 and 15 au, where it matches the
outer disk orientation. A larger warp would have been obvious in the >CO kinematics inside
the gap [108], with a concomitantly larger region where the inclination crosses the plane of
the sky.

Finally, the outer disk extends over 115 au to 300 au with a rounded disk wall between
115 to 140 au. It is composed of 3.0x10~¢ M, of amorphous carbon grains with sizes ranging
from 1 to 10 um and 1.0 x1072 M, of silicate grains with sizes ranging from 100 pum to 5
cm. The dust masses inferred in our models are biased by the lack of grain porosity. The
resulting dust masses are also directly affected by uncertainties on the internal densities.
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NS inner disk

outer disk

Figure 1.1: Schematic view with arbitrary orientation of the parametric model presented in
Section [2.3.4] The central star is placed at the origin. The outer disk lies in the z-y plane.
The angle « is the relative inclination between the midplane of the outer disk and the plane
of the inner disk. The dust mass density distribution of the inner disk and outer disk sections
are rendered in false color. The gap is shown devoid of material for simplicity. The inner
disk is scaled up in size and density for better visualisation.

We assume that the small grains that account for the bulk of the near-IR opacity approx-
imately follow the gas background, and we define an axisymmetric gas distribution with a
rounded disk wall [85, [I03] described by the following surface density:

S,(r<r) = %, (TL) exp [— <#>1 | (1.1)
Se(r >re) = %, (L) _77 (1.2)

where v = 6, w = 0.1 and r. = 148.0 au. Then we modulate this distribution to create a
maximum gas pressure in azimuth, which is described by the following equations:

5,(r,8) = S,(r) [L+ A(r)sin (¢+g)], (1.3)
A(r) = i;iexp {-%}, (1.4)

with Ry = 148 au and where the azimuthal contrast in surface density is set to ¢ = 10.0. The
volume density follows with a standard vertical Gaussian distribution:

_ 29(7"» ) 2’
py(r, 2, 0) = NI exp [_W] , (1.5)
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with H(r) = 20.0 (r/(130 au))"'". The exact value of this flaring exponent is not well
constrained.

This parametric model also includes the effect of dust trapping, following the procedure
described in [15] and [112]. However, the bulk of the opacity in H-band is driven by particles
well below the sizes required for efficient aerodynamic coupling, and so the effects of dust
trapping in the outer disk are not relevant for this chapter. The runs detailed in Section
confirm that the outer disk is optically thick at H-band and that the scattered light does not
trace the crescent shape seen in the sub-mm.

1.2.2 Emergent intensities

We use RADMCSDE] for radiative transfer computations [43], version 0.38,]. Scattering and
polarization for last scattering are treated with scattering matrices for our different dust
species, each one with a power law distribution in grain sizes with exponent —3.5. To
compute the full dust opacity and scattering matrices we made use of complementary codes
in RADMC3D for “Mie solutions” to scattering by homogeneous spheres [16]. We used the
optical constant tables for amorphous carbon grains from [83], and for silicate grains we used
[61].

We implemented our model in RADMC3D using spherical coordinates, with regular spac-
ing for the azimuthal angle, and logarithmic spacing in radius and colatitude (polar coordi-
nate). Thus, the grid is naturally refined near the inner disk and the midplane. The radial
grid is additionally refined as it approaches the inner wall of the outer disk (near 140 au) to
ensure a gradual transition from the optically thin gap to the optically thick outer disk. We
used 10° cells in total, half of them covering the inner disk and gap, and the rest sampling
the outer disk. The number of points in the radial, azimuthal and polar grid meshes is 100
each.

The Eastern side is probably the far side since it is broader and brighter in the thermal IR
[49]. This orientation also implies that the observed IR spiral pattern is consistently trailing
[7, 211, 22, [50], even in their molecular-line extensions into the outer disk [33]. Hence we
calculated the synthetic H-band images by inclining the system at 24 deg with respect to
the plane of the skyﬂ, along a position angle (PA) of —20 deg.

1.3 Results

In order to constrain the PA of the inner disk and «, its inclination with respect to the
outer disk, we studied different orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Fig. we summarize the radiative
transfer predictions of 5 different configurations. PAs much different from —8 are ruled out,

Thttp: //www.ita.uni-heidelberg.de/ dullemond /software/radme-3d/
2the outer disk defines the plane of the system
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as even a PA of 0 (see Fig. [1.2k) displaces the southern shadow so that it is inconsistent
with the observations. In parallel, for low and negative «, the inclination and orientation of
the shadows do not fit the shape of the nulls (see Fig. [L.2k&f). A qualitative match with
the observations is obtained with an inner disk inclined at o = 70 deg relative to the outer
disk, and along a PA of —8deg (Fig. ) We can rule out configurations with PAs beyond
10 deg of —8 deg, so that the 1 o error bar is about 5 deg. Likewise, the relative inclination
is constrained within 60 to 80 deg, so that the 1 o error is also ~5 deg.

Figure 1.2: Impact of the inner disk orientation on the H-band light scattered off the
outer disk. a: NACO-PDI H-band image from [7], compared with the C*®*O(2-1) emission
at systemic velocity from [I08]. The C'™O(2-1) emission, represented here as one white
contour at 0.75 maximum, shows that the position angle (PA) of the outer disk is at -20 deg
East of North, and perpendicular to the solid gray double-arrow, while the position angle of
the intensity nulls is indicated by the dashed double-arrow (—8 deg). b-f: Radiative transfer
prediction for polarized intensity in H-band, for different inner disk PAs (indicated in degrees
on the plots), and for different relative inclinations o between the inner and the outer disks.
The x— and y— axis indicate offset along RA and DEC, in arcsec.

An inner disk orientation along a PA of ~60° has been proposed previously [114], based
on long-slit spectroscopy of the CO 4.67 um line, along with a purely Keplerian disk model.
However, as illustrated in Fig. [[.2d, such an orientation can be discarded from the H-band
imaging. It is possible that non-Keplerian kinematics may have biased the orientation inferred
from the ro-vibrational CO.

It is interesting that our models predict a peak H—band intensity at the same position
as in the observations, at ~1.5h (North-North-West). However, the second peak in the PDI
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image to the North-East does not coincide with our radiative transfer predictions. This can
be due to an effect of fine structure in the outer disk, or to deviations from a perfect ring, or
to the stellar offset from the center of the cavity. These details are beyond the scope of our
model.

The width of the shadows in the outer disk is dominated by the scale height of the inner
disk, as it covers a wider solid angle of the star. A more detailed study could lead to a better
constraint on the aspect ratio and flaring of the inner disk.

1.3.1 Comparison with ALMA band 7 image

Recent ALMA images at 345 GHz showed that the dust continuum emission of the outer
disk is highly asymmetric |25, 51|, with an azimuthal modulation close to an azimuthal
wavenumber m = 1. The peak intensity is located to the north-east of the star. New ALMA
data at 700 GHz shows a similar structure with a higher resolution [26], however along the
crescent morphology two peak intensities stand out with a decrement between them. This
decrement can be understood as a temperature decrement as it is located in the shadowed
region of the outer disk. Moreover, the cooling time scales in the outer disk is shorter
than crossing time along a shadow, hence the gas and dust have enough time to cool down
under the shadows. In Figure [1.3] we present the new ALMA band 9 image together with
the predicted intensities from our warped disk model. Our model reproduces the two peak
intensity structure without the need of reducing the amount of dust in the decrement.

Finally in Figure[1.4| we present the HD 142527 dereddened SED and the disk model SED.
The model matches roughly the observations from the visual to the radio.

1.4 Discussion

Warped disks are found in varied astrophysical contexts. Galactic warps may be due to a
misalignment between a galaxy’s angular momentum and its surrounding dark matter halo
[14] or by tidal encounters with nearby galaxies [66]. Previous studies on HD 142527 also
propose that the two-armed spirals in the outer disk might be indicative of a recent close
stellar encounter [33], 115]. Although a flyby could also explain the tilt between the inner
and outer disks, no partner for such a stellar encounter has been identified.

In the prototypical T-Tauri disk TW Hya, it was proposed a warp to understand the
sinusoidal (m = 1) azimuthal modulation seen in HST images, as well as features of the
CO gas kinematics of the inner most regions [122]. The same study found that a standard
Keplerian disk model was unable to account for the CO line wings and spatially resolved
emission near the central star, and explored 3 possible interpretations to account for the
observed kinematics: 1) scaling up the temperature by a factor of three inside the cavity; 2)
allowing super-Keplerian tangential velocities near the star, and 3) invoking a warped disk
model in which the line-of-sight disk inclination increases towards the star.
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Figure 1.3:  ALMA band 9 observations of HD 142527, and comparison with synthetic
predictions [26]. z— and y—axes indicate angular offset in arcsec along right-ascension (RA)
and declination (Dec) relative to the stellar position, at the origin of coordinates. The color
scale shows a restored image of the ALMA band 9 at 700 GHz, with contours at 0.5 and 0.75
times the peak intensity. The wedge indicates specific intensity in Jy beam™!, with a beam of
0.21” x 0.17" (the beam ellipse is shown on the upper right corner). The inset shows emergent
intensities predicted from the dust trap model, including the impact on grain temperatures
due to shadowing from a tilted inner disk. Contours are at 0.5 and 0.75 times the peak, no
smoothing has been applied. The side of the inset corresponds to 3.5".

Dynamical interaction between circumstellar disks and (proto)planets or sub-stellar com-
panions may lead to warps [102]. In the S Pictoris debris disk, the inner disk warp may
have been dynamically induced by 5 Pic b [38], whose orbit is found to be aligned with the
inclined warped component [32, [80].

A warped inner disk in HD 142527 bears consequences on the physical conditions in
the outer disk. The shadowed regions in the outer disk along the inner disk midplane can
be diagnosed in terms of temperature decrements in sub-mm continuum imaging [26]. In
addition the shadows in the outer disk might have an impact on the hydrodynamics as they
could be treated as temperature perturbations. These perturbation could produce spiral
waves, explaining the spiral arms seen in the outer disk and the no detection of planets
launching these spirals. A question arises as to the origin of this warped disk, which is
probably driven by the low-mass companion [I3], 36l 121], although it could also be linked
with the disk-envelope interaction leading to the formation of the binary in the class I stage.
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Figure 1.4:  Dereddened SED of HD 142527 (blue dots) compared with the model (red
line). We deredden the observations assuming a visual extinction Ay =0.6 [137] and an
total-to-selective extinction ratio of Ry =3.1. The errorbars represent 3 o errors.

Since there is no apparent displacement of the shadows by comparing the NICI images,
acquired in June 2011, with the NACO PDI from July 2012, we can exclude the possibility
that the inner tilt is precessing at a rate faster than ~10 deg yr~!. Likewise, we can discard
shadows cast by compact concentrations of material in the very closest vicinity of the star.

1.5 Conclusions

The detailed scattered light images of HD 142527 available in the literature, coupled with
state-of-the-art radiative transfer tools, have allowed us to conclude on the three-dimensional
structure of the system by levering on the inner disk shadows. The inner regions turn out
to be warped, such that its inclination relative to the outer disk is 70+5 deg, and its PA is
—8 £ 5 deg.

Moreover, the two peak intensity structure seen in the new ALMA image can be under-
stood as a single crescent split by a temperature decrement caused by the inner disk shadows.
This region is colder due to the missing stellar heating compared to its immediate surround-
ings. This is well reproduced by our synthetic model and brings an independent proof to our
warped disk model.

This finding poses a challenge to understand the dynamics of the HD 142527 system, and
is an invitation to interpret scattered light images of gapped protoplanetary disks from the
perspective of inner warp shadows.
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Chapter 2

Compact dust concentration in the
MWC 758 protoplanetary disk

2.1 Introduction

In this chapter we study the transition disk around the Herbig Ae star MWC 758 (HD 36112).
The main parameters for this system are given in Table[2.1] The central star is 3.74+2.0 Myr
old [98], and optical spectroscopy reveals variable profiles suggesting jet-like inhomogeneities
at different distances from the star [12]. The revised Hipparcos parallax data put the star at
a distance of 279f§§ pc [136], although most previous studies use the old Hipparcos estimated
distance of 200™S) pe [134]. From '2CO(3-2) kinematics, it was determined a stellar mass of
2.0+0.2M, and a disk orientation with an inclination (i) of 21+2° and a position angle (PA)
of 65 4+ 7°, all consistent with Keplerian rotation [69]. Despite its bright infrared excess, a
cavity of 0.37” (73 astronomical units (au) at 200 pc) has been inferred from dust millimeter
emission suggesting a depletion of millimeter grains in the inner regions of the disk possibly
due to the presence of a low-mass companion within a radius of 30 au [4, 69]. In addition,
the SED shows a 10 pum dip consistent with a pre-transitional disk [55], but with a strong
near-infrared emission coming from sub-au scales observed with VLTT [68].

The disk structure shows deviations from an axisymmetric disk. Spiral arms are detected
from near-IR scattered light and thermal emission images extending from the sub-millimeter
cavity to the outer disk [II], 55]. The drop in the polarised intensity beyond the spiral arms
can be interpreted as a shadowing effect by the arms, as the disk extends farther out in the
millimeter. In addition, at millimeter wavelengths a peak intensity in the dust continuum has
been detected to the north-west of the central star after subtraction of a best-fit axisymmetric
model, suggesting an asymmetry in the millimeter dust grain distribution in the outer parts
of the disk [69]. Moreover, in the same study, asymmetries in CO emission were observed
that could be due to a warped optically thick inner disk [69], similar to the case of HD 142527
[94]. If the southern spiral arm is trailing, the disk is rotating with a clockwise direction in
the plane of the sky, where the north side of the disk is the nearest.

In this paper we analyse new VLA Ka & Ku observations and we compare with ALMA
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archival data to study the distribution of dust grains and search for evidence of grain size
segregation due to dust trapping. In Section we describe the data and imaging. In
Section we investigate the origin of the VLA Ka & Ku emission, comparing with archival
ALMA and SPHERE data, and we describe a parametric vortex model that reproduces the
basic morphology seen in the VLA and ALMA images, and the SED. In Section we
discuss about the origin of the asymmetries. Finally in Section we summarize the main
conclusions of this work.

Table 2.1: Main parameters of MWC 758.

Parameter Value Reference
RA (J2000) 05" 30™ 27.530° [136]
DEC (J2000)  +25° 19’ 57.082" [136]
Age 3.7+ 2.0 Myr [98]
Stellar Mass 2.0 £0.2M; [69]
Vv 8.27 [64]
B-V 0.3 64
H 6.56 37]
Distance 27972 pe [136]
Disk inclination 21 4+2° [69]
Disk PA 65 + 7° 69

2.2 Observations and Imaging

In this section we describe the observations and imaging of the VLA Ka (~33 GHz) & Ku
(~15 GHz) and ALMA Band 7 (~337 GHz) data. The image synthesis was carried out
using a non-parametric least-squares modeling technique with a regularization term called
entropy from the family of maximum entropy methods (MEM). We call the whole algorithm
and code uvmem and the resulting deconvolved model images are labelled as 'MEM model’.
It is possible to characterize the resolution level with a synthetic beam derived from the
response of the algorithm to a point source with the same noise level as the observations.
The MEM synthetic beam is usually finer than the standard Clean beam with natural or
briggs weighting

The deconvolved model images are ‘restored’ by adding the dirty map of the residuals
of uvmem and convolving with a Clean beam characteristic of natural or briggs weighting.
These images can be compared with Clean images and are labelled as 'restored images’.

2.2.1 VLA

The VLA observations form part of the project VLA 13B-273. The MWC 758 observations
were acquired on 6 runs: 3 nights in October and November of 2013 in Ka band and another 3
nights in January of 2014 in Ku band. In Ka band the target was observed in B 0 configuration
with minimum and maximum projected baselines of 190 m and 10.5 km, while in Ku band it
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was observed in BnA 0 configuration with minimum and maximum projected baselines of 80
m and 23 km. The array included 27 antennas of 25 m diameter, and the total integration
time on source was 1h 21min in each band.

For Ka band, the VLA correlator was configured to produce 64 spectral windows from
28.976 GHz to 37.024 GHz, with a spectral window bandwidth of 128 MHz, each divided
into 64 channels to study the continuum emission with a resolution of 2 MHz. In Ku band,
the correlator was configured similarly with 64 spectral windows covering from 11.976 GHz
to 18.224 GHz, each divided into 64 channels of 2 MHz width.

In all the observations, 3c138 was used as primary flux calibrator, while J0547+2721 was
used as phase calibrator with 4 observations of 1min 30s between the target observations of
9 min. After looking at the resulting images from each run to check the quality of the data,
we excluded one of the three observing runs with Ka band.

VLA images

In Figure [2.1] we present the restored VLA Ka image and restored image after subtracting
the central component with a point source fit to the visibilities. The Ka image presents a
noise level (o) of 6.6 puJy beam™ and the beam size is 0.23” x 0.22"”. Two bright compact
regions separated by 0.5” stand out from some extended emission, which is not very well
resolved due to low signal-to-noise. The southern compact emission has a peak intensity of
63.0 uJy beam™! and is located at the position where the star is expected according to the
stellar coordinates and proper motion [I10]. The other compact emission is 44.0 puJy beam ™!
and is located to the north-west of the star, where previous SMA and CARMA observations
found an intensity maximum at millimeter wavelengths [69]. To the south of the star there
is also disk emission with a peak intensity of 30.0 uJy beam™!, slightly higher than 40. This
probably correspond to dust thermal emission from the disk and puts an upper limit to the
disk emission at this frequency. However, the morphology of this emission is hard to elucidate
given the noise levels and resolution. The northern clump is separated from the star by 0.5”,
which at a distance of ~280 pc translates to a de-projected radius of 150 au in the disk
plane. The total disk flux is 252 4 34uJy.

The Ku data only shows compact emission coming from the star location with a total flux
of 67.1£7.7 uJy and an image noise level of 4.1 uJy beam™'. The synthetic beam of this
observation corresponding to natural weights has a size of 0.56” x 0.18”. We are not showing
the Ku image because it is featureless and only shows a point source at the stellar position.

Flux loss

We neglect flux loss in the VLA data. To study this possibility in the VLA Ka observations
due to missing baseline spacing and limited u-v coverage, we simulated observations using a
model image of the disk at 337 GHz and the VLA Ka u-v coverage (the model is described
in Section . We scaled the intensity levels of the model image to have a simulated peak
intensity equal to the Ka peak intensity. Gaussian noise was added to the model visibilities.
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Figure 2.1: Restored VLA Ka (~ 33 GHz) images. Left panel: restored image. Right panel:
restored image after subtracting the star. The beam size in the Ka images is 0.23” x 0.22"
and is represented by a white ellipse in both images. The z & y axes indicate the offset in
RA and DEC in arcsec, i.e. north is up and west is right.

The final simulated image has a total flux of 620427 inside a circumference of radius 0.9,
centered at the stellar position. This is consistent with the model flux of 609 Jy within the
estimated errors.

2.2.2 ALMA

To study the disk continuum emission at millimeter wavelengths we made use of ALMA
archival data in Band 7 of MWC 758 from the project 2011.0.00320.S [31]. The observations
were conducted over two nights in August and October of 2012. The ALMA correlator was set
in Frequency Division Mode (FDM) to provide 4 spectral windows divided in 384 channels,
centered at 337.773 GHz with a total bandwidth of 234.363 MHz, 344.469 GHz with a total
bandwidth of 234.363 MHz, 332.488 GHZ with a total bandwidth of 233.143 MHz and at
330.565 GHz with a total bandwidth of 233.143 MHz. The observations were carried with
29 antennas of 12 meter diameter. The minimum and maximum projected baselines were
15 and 375 m and the total time on source was 12 min. We flagged the lines CO J =3-2
(337.79599 GHz) and *CO J =3-2 (330.58797 GHz) to study the dust continuum emission.

In Figure 2.2 we present the ALMA MEM image using uvmem and a restored image that
can be compared to a Clean image. The model image has an approximate resolution of
0.31” x 0.18”, derived from the response to a point source. The restored image was produced
by convolving with a Clean beam of size 0.64” x 0.40” characteristic of briggs weighting to
achieve a better resolution. In the restored image, the noise level is 1.3 mJy beam™!, while
the peak intensity is 55.0 mJy beam ~!. The total flux is 210 £ 5 mJy.
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Figure 2.2: ALMA maps at 337 GHz (Band 7). Left panel: MEM non-parametric model
(regularized with the maximum entropy method) with a synthetic beam of 0.31”x0.18”. Right
panel: Restored image adding residuals and convolving with a Clean beam corresponding to
briggs weighting (0.64 x 0.40). The respective beams are represented by blue ellipses. The
star position is expected to be at the center of the image. The = & y axes indicate the offset
in RA and DEC in arcsec, i.e. north is up and west is right.

2.3 Analysis

The VLA Ka and ALMA maps show that the disk of MWC 758 is very far from an axisym-
metric disk. The disk shows a peak of intensity to the north-west side of the disk, centered
at a distance of 0.5” from the star, consistent with previous millimeter observations [69]. In
both ALMA maps and more evident in the MEM model, a local intensity minimum appears
at the center of the disk, confirming the presence of a cavity of millimeter grains. Unlike the
case of HD 142527 and IRS 48, the maximum and minimum of intensity are not opposite
in azimuth (azimuthal wavenumber m = 1) [24] [51] 135]. Moreover, a second maximum in
azimuth appears in the MEM model to the south-west of the star, which translates to an
azimuthal extension to the south of the northern intensity maximum in the restored image.

2.3.1 Spectral trends

To investigate the origin of the emission in the VLA maps, it is useful to compute the intra-
band and inter-band spectral indexes, defined as a}? = log(ly/11)/log(v2/v1). The Ka-Ku
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inter-band spectral index (a33) of the emission coming from the stellar location is 0.36 +0.20,
while the Ku intra band spectral index is a5 = 0.8 +0.6, computed from a point source fit to
the Ku data at the different channels. Both values are consistent with free-free emission from
the central star associated with a stellar wind or stellar accretion. Assuming a spectral index
between 0.5 and 1.0 from free-free emission and the VLA flux level at 33 GHz, we expect
emission levels of 0.2-0.7 mJy beam™! at 337 GHz, well below the disk emission and the noise
level reached in the ALMA data. Similar unresolved emission has been detected with ATCA
observation at the location of the central star in HD 142527 with a slightly higher spectral
index of 1.04+0.2 [26].

On the other hand, the northern compact emission has an inter-band spectral index of
aB7 = 3.140.1 when we compare with the intensity maximum of the restored ALMA image.
Using &7 the predicted flux of the northern clump at 15 GHz is ~6.0 pJy, slightly above

the noise level of the Ku data.

Given the unknown temperatures, the uncertainties in the clump flux, the non detection at
15 GHz, and the lack of spatial resolution in the ALMA data, it is not possible to conclude on
the spectral index 3 for an optical depth power law 7(v) o v/, preventing us from studying a
direct relation between the observations and a dust size distribution in the northern clump.
Additional observations with similar resolution levels are necessary to derive a [ index to
directly study the dust size distribution in the clump. However, in Section [2.3.4] we implement
a simple parametric vortex model for the disk that reproduces the SED and morphology of
the VLA and ALMA maps. We use this model to interpret the VLA clump in Section

2.3.2 Comparison between ALMA and VLA Ka maps

In Figure[2.3] we present an overlay between the restored VLA Ka image and the ALMA band
7 MEM model. The VLA Ka northern peak intensity matches the location of the ALMA
band 7 maximum. At 337 GHz we expect that most of the emission comes from ~millimeter-
sized grains. If this intensity maximum is tracing a maximum in the dust density distribution
of millimeter-sized grains, the VLA and ALMA maxima could be due to dust grains being
trapped in a pressure maximum of the gas. In the dust trap scenario, we would expect to
observe at centimeter wavelengths a higher contrast between the intensity maximum and the
rest of the disk and a more compact emission, probing the distribution of centimeter-sized
grains that are more easily trapped in gas pressure maxima. However, the ALMA maps are
not as well spatially resolved as the VLA Ka image due to differences in the u-v coverage.
In Sec. 2.3.3] we compare both datasets at the same resolution level.

Figure [2.3] also shows disk emission to the south of the stellar position in the VLA Ka
map that matches a second peak intensity in the ALMA MEM model. This peak is closer
in than the northern clump, at an angular distance of 0.3”. However this local maximum
disappears in the restored ALMA image due to the larger Clean beam.
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Figure 2.3: ALMA-VLA overlay. In blue the ALMA band 7 MEM model in an arbitrary
color scale, while in red the restored VLA Ka image contours set at arbitrary levels to
highlight the morphology (the lowest contour level is 4.2 ). The x & y axes indicate the
offset in RA and DEC in arcsec, i.e. north is up and west is right.

2.3.3 ALMA and VLA Ka map at the same resolution level

To bring both datasets to comparable resolutions, we convolved the restored VLA Ka image
with the ALMA Clean synthetic beam of size 0.64” x 0.40” after subtracting the star. We call
this map the degraded VLA image. In Figure we show the contour levels 0.6, 0.75, 0.85
and 0.93 peak intensity of the degraded VLA and restored ALMA images. The degraded VLA
image presents a morphology similar to the ALMA MEM model with two peak intensities:
to the north-west and south of the star (see Fig. . The northern clump in the degraded
VLA image is still more compact than in the restored ALMA image, with a larger contrast.
The solid angle inside the 0.85 intensity maximum contour in the degraded VLA image is
0.09 arcsec?, while it is 0.23 arcsec? in the ALMA map. This result strongly supports the
dust trap interpretation, finding that the bigger grains traced at centimeter wavelengths are
more concentrated around this pressure maximum.

The peak intensity to the south of the star in the restored VLA Ka image remains after
star subtraction and convolution with the ALMA beam, with a morphology similar to that
observed in the ALMA MEM model. The nature of this compact emission is not clear as it

27



1.0

0.5}

DEC offset [arcsec]
o
o

|
o
5

—1. ‘ . ‘
9.0 0.5 0.0 -0.5 -1.0
RA offset [arcsec]

Figure 2.4:  ALMA-VLA map contours overlay. Blue contours: ALMA Band 7 restored
image. Red contours: degraded VLA image (restored image after subtracting the star and
convolving with the ALMA beam). The contour levels are 0.6, 0.75, 0.85 and 0.93 times
the peak intensity of each map. The contour levels are arbitrary to emphasise the disk
morphology. The lowest contour level of the VLA map represents 3¢ at this resolution. The
thick red and blue lines represent the 0.93 peak intensity level. The x & y axes indicate the
offset in RA and DEC in arcsec, i.e. north is up and west is right.

is just ~4 times the noise level in the restored VLA Ka image. At the ALMA resolution the
cavity is hard to distinguish, although the peak intensity is offset from the stellar position in
both maps, suggesting a cavity depleted of big grains.

To confirm the dust trap interpretation, ALMA observations in extended configuration are
required to resolve the disk with a similar or finer resolution than the VLA Ka observations.
Deeper VLA observations are also necessary to detect the rest of the disk.

2.3.4 Parametric non-axisymmetric model

We develop a parametric non-axisymmetric disk model, inspired by the steady state vortex
solution to the gas and dust distribution described in Lyra & Lin (2013) [89, hereafter L213)].
The aim is to reproduce part of the morphology seen in the ALMA and VLA maps, and the
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global SED. The model consists of a central star surrounded by a disk of gas and dust. We
model the star using a Kurucz template spectrum [29] with a temperature of 8250 K and a
stellar radius of 2.6 Ry, to fit the SED in the optical with a visual extinction of 0.22 [134].
We define two distinct disk zones (see Table [2.2)):

1. A dusty inner disk with small grain sizes ranging from 0.1 to 1 pm, composed of
amorphous carbon and silicate grains to reproduce the NIR excess.

2. A non-axisymmetric outer disk composed of amorphous carbon and silicate grains to
reproduce part of the disk morphology seen in the VLA and ALMA images, and the
photometry from the SED in the FIR and radio.

Table 2.2: Disk parameters

Parameter Inner disk Outer Disk
Tmin [20] 0.2 20.0
Tmax |au] 80.0 300.0
0.5
S(r) ) (—) Eq. [2.11
T 11 T
H(r) [au] 0'2(1.0 au) 19.0 (100.0 au)
M [Mo) 5.0 x 1078 7.1x10%
Mass fraction in Silicates 0.9 0.48
Umaz ] 1.0 5% 103

The total gas mass in the disk is 0.1 M,. The outer disk incorporates an analytic pre-
scription for a steady state vortex defined for both gas and dust distribution, based on the
work of L213. We first define an axisymmetric gas background inspired by the surface density
distribution used in previous studies [69], and following the solution for the surface density
of a viscous Keplerian disk [8§]

Sp(r) = Se <:>7 exp (—2(21_7) [(:)M - 1]) , (2.1)

)V 22
pp(r,z,8) = M exp [ (S + 1)} ,

o S (2.2)

2H?

where H is the scale height of the disk and S is defined as the ratio between the the Stokes
number (St) and d;, a turbulent diffusion parameter that measures the strength of the tur-
bulence in the disk. We assume a global ¢; in the disk for simplicity, although the turbulence
in the core of the vortex can be driven by different mechanisms than in the rest of the disk.
We set r. = 100.0 au and v = —2.0 to form an outer disk that matches the peak intensity
and cavity in the ALMA observations, and the SED at long wavelengths. However, these
parameters are not well constrained due to the lack of spatial resolution in the ALMA data
and SED degeneracies.

We add the vortex steady state solution described by eq. 64 in 1213 with a slight modifi-
cation to include a global disk gas density field. We impose that the gas density described by
the vortex solution has to match the gas background at the vortex boundary where the vortex
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flow becomes supersonic with respect to the disk. This happens when a (defined in L?13 as
the axial elliptical coordinate corresponding to the vortex’s semi-minor axis) is equal to Xwiv,
where x is the vortex aspect ratio and wy = y/Q is the dimensionless vortex frequency.
Assuming the vertical dependence is the same inside and outside the vortex, we can focus
only in the midplane. The density field inside the vortex can be written as

r—ro)® | 15(¢ — do)?
2H? " 2H2x? )} ’ (23)

p(r, @) = cpy exp [— ((

where c¢ is a constant determined by the condition that the vortex density field must match
the background density field p, at the vortex boundary. H, = H/(f(x)vS + 1) is the vortex
scale length, where f() is a scale function defined in L?13 and is a function of . Defining

T =1 —"To, (2.4)
y = 1o(¢ — o), (2.5)
2
a=\/z?+ (E) : (2.6)
X
Equation [2.3] translates into
2 r2
pla,S) = cppexp {_a 2fI_[(2X> (S + 1)] (2.7)
and the condition can be written as
H
= pla=——-5), 2.8
= pl o ) (2.8)
2
o = cprexp [—f ) (54 1)} | (2.9)
X"Wy

finally obtaining ¢ = exp [f z(xg) (S + 1)] Thus, the global solution is

X Wy,

pr, 6, 2) = py(r, 2) max {1, ¢ exp {_ “22f ;(QX) (S + 1)] } . (2.10)

A more realistic or smoother solution can be written as

o(r, 6, 2) = po(r 2) (1 b o(e—1) exp {_“2210;}) (S+ 1)]) | (2.11)

and is valid for the gas (S = 0) and dust grains with a specific size as.

We set x = 3 and §; = 3 x 1073, To compute wy we use the Goodman-Narayan-Goldreich
solution [54].

Using Eq. and reasonable values for §, = 1072 — 1073, it is impossible to produce
a vortex with the necessary contrast and size required to reproduce the asymmetry seen
in the ALMA maps. To increase the contrast and vortex size, we artificially extend the
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vortex steady state solution beyond its original boundary to obtain a better match with the
observations (see Sec. for a discussion on this). If we extend the vortex from its original

boundary to ;wli , ¢ has to be redefined as ¢ = exp [%(S + 1)] and the final density field
\4

is described by Eq. [2.11] We set r, = 2 to have a good match between the restored ALMA
image and the model image convolved with the synthetic ALMA beam (see Figures and

2.5).

We implement the model using 9 dust species in total: 2 dust species for the inner disk,
representing silicates and amorphous carbon grains; 7 dust species for the outer disk, one
accounting for small amorphous carbon grains (from 1 to 10 um), while the others represent
silicate grains from 1 pm to 5 mm with different spatial distributions set by Eq. The
opacities for each dust species in the model are computed using the "Mie Theory’ code written
by Bohren & Huffman (1983) [16] considering a dust size distribution with a power law index
of —3.5, and optical constants for amorphous carbon [83] and “Astronomical silicate” [40]. The
emergent intensities from our model at different frequencies were computed using RADMC-
3D version 0.39 EI [44], using the Henyey & Greenstein parametrization of the phase function
of scattering [62].

In Figure we present the model images at 33 and 337 GHz at the top. The middle
images show the simulated observations of the model images with the same u-v coverage
and noise levels of the VLA Ka and ALMA observations. In addition, we present the model
SED that matches roughly the observations. As expected from the vortex model, at long
wavelengths the disk emission is concentrated in the pressure maximum as it traces the
distributions of bigger grains which are highly trapped inside the vortex.

The simulated ALMA image shows a peak of intensity similar to the restored ALMA
image, although the morphology is not exactly the same. Due to the lack of long baselines
in the ALMA wu-v coverage, the emission coming from the vortex position is spread over a
larger solid angle, predicting higher disk emission in the north-east side of the disk, where
the ALMA images show a decrement. Another interesting difference is the second intensity
maximum seen in the ALMA MEM image, which appears as an extension to the south of
the maximum in the restored image. This is not reproduced by our model and a second
vortex would be needed to account for this emission. In Figure [2.6] we present the restored
image from a simulated observation of a model with two vortices located at the position of
the VLA northern and southern clumps. The southern extension of the peak intensity is
naturally reproduced, and also the decrement at the north-east side of the disk due to the
elongated beam. The VLA simulated observations show two clumps at the location of the
VLA northern and southern clumps.

If the northern clump emission seen in MWC 758 in band 7 and Ka data is produced by
a dust trap, it is a possible location for planetesimal and planetary core formation, as grains
can grow faster and avoid the inward drift. From our model the dust temperature at the
clump position is ~30 K, but in the observations the brightness temperature of the clump at
33 GHz is 1.0 K. Thus it is highly unresolved or it is optically thin at this frequency. From
our synthetic model, the inferred dust mass inside the vortex boundary is ~ 30 Mg, enough
mass to form several planetesimals that could lead to the formation of a planetary core of a

Zhttp://www.ita.uni-heidelberg.de/~dullemond /software /radme-3d /
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gas giant. However, grain porosity is not included in our model, thus this inferred mass is
probably higher than the real value.

a) 2.7 b)
1.0 1.0 08
2.4 =
5 42 5
_ 05 2.1% 0.5 o
: ~ £ 56 €
v 1.8 -
= I I
o 3, 3.0 3
B 0.0 ] 0.0 3
= w 2.4
"S 122 2
h X X
1.8
[a)
-05 092  _o5 2
2 2
0.6 8 129
£ £
-1.0 0.3 -1.0 0.6
1.0 0.5 0.0 —0.5 -1.0 0.0 1.0 0.5 0.0 -0.5 -1.0 0.0

RA offset [arcsec] RA offset [arcsec]

DEC offset [arcsec]
1
o S . . :
o w
1<}
IS}
N . A o 3 [ N w B
g ; [ee] o SN N o
Intensity [zm)y beam ']
1 1
= o o o =
o ul o ul o
o 53] = N w S S
o £ N o ©
Intensity [mJy beam™ ]

. . 1.0 0.5 0.0 -0.5 -1.0
RA offset [arcsec] RA offset [arcsec]

AE, [ Wm 2]

—— Disk model

10—19
¢ Dereddened Observations

10° 10° 107 10° 10*
Wavelength [pm]

Figure 2.5: Parametric model predictions. (a) 33 GHz model image. (b) 337 GHz model
image. (c) Simulated VLA Ka observation using the model image. (d) Simulated ALMA band
7 observation using the model image. (e) Dereddened SED of MWC 758 (blue dots) compared
with the model (red line). Photometric data points were taken from [30} 37, [45] 64 69] and
the new VLA Ka and archival ALMA band 7 data presented in this work. We deredden the
observations assuming a visual extinction Ay =0.22 [134] and an total-to-selective extinction
ratio of Ry=3.1. The errorbars represent 20 errors. In (a) and (b) the z & y axes indicate
the offset in RA and DEC in arcsec, i.e. north is up and west is right.
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Figure 2.6: Simulated ALMA observation at 337 GHz using a parametric model with 2
vortices. The x & y axes indicate the offset in RA and DEC in arcsec, i.e. north is up and
west is right.

2.3.5 Comparison with SPHERE PDI data

We also compare the VLA and ALMA observations with publicly available VLT SPHERE /TRDIS
PDI (polarimetric differential imaging) data [11]. The data was taken on December 5, 2014
during the science verification time of SPHERE. MWC 758 was observed in DPI (dual po-
larimetric imaging) mode in Y-band (1.04 gm) with the IRDIS sub-instrument of SPHERE,
with a 185 mas diameter coronagraphic mask and a Lyot apodizer. 70 exposures of 64 sec-
onds each were taken, of which 48 (total integration time 51.2 minutes) were used for the
reduction presented in this paper. PDI has proven to be a powerful technique to suppress
the stellar light, and to first order approximates the reflected light off the disk surface by
only measuring the polarized fraction of the light [7]. The frames were dark-subtracted,
flat-fielded and bad pixels were removed, then centered. The polarized flux was calculated
and instrumental effects accounted for in a way similar to that described in the Appendix of
[7]. In Figure , the resulting SPHERE image reveals the disk outside of the inner working
angle set by the coronagraph, including a strong, two-armed spiral.

Unlike the case of HD 142527, where a large cavity of ~130 au is seen in scattered light
[7] and in the sub-mm [24] [51], exposing the inner rim of the outer disk to stellar radiation,
the SPHERE PDI Y-band image of MWC 758 shows that, down to the inner working angle
(26 au), the cavity is not depleted of pm-sized dust grains traced at this wavelength. More-
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Figure 2.7: SPHERE-ALMA-VLA overlay. In grey scale, the polarised intensity scaled by
72 to highlight the surface density of the disk. The decrement in the center correspond to the
position of the coronagraph. The ALMA band 7 MEM map is represented in blue contours,
while the restored VLA Ka map is presented in red contours. The contour levels are arbitrary
to emphasise the disk morphology. The z & y axes indicate the offset in the RA and DEC
in arcsec, i.e. north is up and west is right.

over, the polarized surface brightness drops abruptly behind the spiral arms, as if the arms
shadowed the outer disk [55]. The presence of pum size dust grains could be linked to flaring
of the gas disk, the mass of a possible gap-opening planet [48], or we might be looking at
different stages of similar systems.

In the same figure, contours from the ALMA band 7 MEM and restored VLA Ka image
are overplotted in blue and red, respectively. No evident correlation appears between the
most southern spiral arm and the dust emission at 337 and 33 GHz, although we lack spatial
resolution in the ALMA data to trace fine structures. On the other hand, the disk emission
to the south of the star in the ALMA and VLA maps matches part of the western arm,
while the VLA northern clump maximum is slightly offset (~ 0.2”) from the SPHERE PDI
maximum at the same PA. Such a radial displacement could be explained if there were a
large wall of dust with a higher scale height shadowing the disk at the clump radius. This is
probably related to a moderate or low flaring in the outer disk.

The SPHERE image also shows two decrements in the scattered light disk emission to
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the north-east and south-west between two bright arms, with the former matching also a
decrement in the ALMA MEM model that extends from the outer disk to the stellar position.
The origin of these decrements could be related to a shadowing effect rather than a lack of
material.

2.4 Discussion

MWC 758 shows spiral arms, non-axisymmetric dust thermal emission and asymmetries in
the CO emission. The origin of all the disk asymmetries is hard to elucidate. A possible
explanation for the non-axisymmetric disk seen at millimeter wavelength is a dust trap caused
by a vortex. A steady state vortex as the one proposed in L213 cannot produce such a high
contrast between the dust density in the vortex core and the disk background. A possible
solution could be linked to the vortex tail which also causes dust trapping and can extend
farther out from the vortex core [811 82), [117]. Moreover, numerical MHD simulations have
shown that high contrasts in the gas density field can be reached when large vortices form
at the edge of planet induced gaps, surviving for ~1000 orbits [146].

On the other hand, the azimuthal dust density structure in the outer disk is probably
more complex than an azimuthal wavenumber m = 1. The second intensity maximum in the
ALMA MEM model could be related to a second vortex at the inner edge of the outer disk.
MHD simulations predict multiple vortices to form by the Rossby Wave Instability at the
inner edges of “dead zones” [90]. Moreover, the decrement to the north-east in the ALMA
and SPHERE images cannot be easily explained by a decrement in the dust density and a
single vortex.

An alternative explanation to the asymmetry in the dust continuum emission at 337 GHz
is that there is a strong asymmetry in the dust temperature field in the outer disk, similar
to HD 142527 where a large crescent shows two peak intensities separated by a decrement
in temperature caused by shadows cast by a tilted inner disk [26, ©94]. If the decrements
in MWC 758 are produced by a tilted or warped inner disk we would expect to see clear
decrements almost opposite in azimuth, similar to the decrements in HD 142527 seen in
polarized light [7]. Another possibility is that the spiral arms seen in scattered light [111, [55]
cast shadows in the outer disk at different azimuth and radii. Moreover, a combination of
both scenarios could be present. This could explain the asymmetric CO emission [69] as a
temperature effect, the formation of spiral arms due to tidal forces from an inclined inner disk,
or produced as a dynamic consequence of a perturbation of the gas temperature field [I0T].
However, the compact emission to the north-west of the star at centimeter wavelengths seen
in the VLA maps suggests that the dust concentration is real, although azimuthal structure
in the dust temperature field is expected as the disk is not axisymmetric.

The compact emission in the VLA Ka data could also be explained by a companion
object, e.g. a forming planet accreting material. Such forming planet would have higher
temperatures than a passive disk as it is accreting, also heating the disk around it. ALMA
multi-band continuum and gas line observations would be ideal to disentangle if the VLA
and ALMA band 7 asymmetries are density or temperature effects and if the VLA clump
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is accreting or not. Additional H-a high contrast imaging could reveal the presence of an
accreting companion.

2.5 Conclusions

We report new VLA observations at 33 and 15 GHz observations of the disk around the star
MWC 758. The disk emission at these wavelengths traces the distribution of centimeter-sized
dust grains. We found a compact disk emission at the same location where previous SMA and
CARMA observations found deviations from an axisymmetric model at shorter wavelengths
[69]. This compact emission is at 0.5” (~ 150 au) from the central star.

The VLA data also shows a strong compact emission coming from the star position,
characterised by a spectral index of ~0.5. This is likely due to free-free emission from the
central star associated with a stellar wind or stellar accretion.

We compare these data with ALMA archival data, producing ALMA band 7 continuum
deconvolved and restored images with a finer resolution than previous SMA and CARMA
observations. Both maps show non-axisymmetric disk emission, with a peak intensity at the
same location as the VLA clump, but more extended. These multiwavelength observations
fit in the context of dust trapping, as the bigger grains traced at lower frequencies are
more concentrated around pressure maxima than the ALMA emission around the maximum.
However, in the ALMA maps the disk is not as resolved as in the VLA data. New ALMA
long-baseline observations are needed to resolve better the disk morphology at millimeter
wavelengths and to confirm the dust trapping effect.

In addition, we compare these observations with a new reduction of archival VLT SPHERE
PDI images. There is an offset of ~0.2” between the VLA clump and the north-western spiral
feature. The same arm matches a second intensity maximum in the dust continuum seen
in the VLA and ALMA maps. More interestingly, the decrement to the north-east in the
ALMA MEM model matches a decrement in the polarized intensity, suggesting a shadowing
effect rather than lack of material.

We develop a parametric non-axisymmetric model for the disk, incorporating a steady
state vortex solution based on L?13. Such a vortex cannot explain the decrement seen to
the north-east of the star and a second maximum seen in the VLA and ALMA data. To
reproduce the peak intensity of the ALMA image, we required to extend the vortex solution
artificially beyond the shock perimeter. We also find that a second vortex could explain the
extension to the south of the ALMA peak intensity and the decrement to the north-east.

MWC 758 is a very complex protoplanetary disk and there is still details to be addressed:
what is the link between the possible vortex or vortices, and the spiral arms and apparent
decrements? The missing piece of the puzzle might be found with a detailed study of the
disk kinematics.
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Conclusions

In this work we have studied two protoplanetary disks with clear signs of non-axial symmetry.
These disks exhibit warps or azimuthal concentrations of big dust grains. These case studies
are justified to understand the role of non-axial symmetry in disk astrophysics.

In the case of HD 142527, we studied the origin of two decrements seen in several previous
observations in scattered light. Thanks to state-of-the-art radiative transfer tools, we studied
the 3 dimensional structure of the system. We found a tilted or warped inner disk casting
shadows on the outer disk, convincingly explaining the decrements. The inner disk must be
inclined by 70+5 deg, and its PA is —8 £ 5 deg with respect to the outer disk.

We also compared our model predictions in the sub-mm with new ALMA observations,
finding that the double-peaked structure of the large crescent is well reproduced by our model
images. The shadowed regions can be interpreted as regions of lower temperature, and thus
the thermal emission emerging from these regions will be slightly lower than its surroundings.

This warped disk raises theoretical questions on its origin: what kind of event or physical
mechanism could be responsible for this extreme configuration? This finding opens the
possibility to interpret scattered light images of disks from the perspective of warped structure
casting non-axisymmetric shadows.

In Chapter 2 we analyzed new VLA observations at 33 and 15 GHz of the protoplanetary
disk around the star MWC 758. Centimeter-sized grains, traced at these wavelengths, are
highly concentrated in radius and azimuth in a compact region much smaller than the disk
and unresolved by the VLA in B 0 configuration. This clump is located where previous
observations found a deviation from axisymmetry at millimeter wavelengths, at 0.5” (~ 150
au) from the central star. We also detected emission at the stellar position, with a spectral
index of ~0.5. This is probably free-free emission due to stellar winds or stellar accretion.

To put the VLA data of MWC 758 into context, we compared with archival observations
at different wavelengths. From archival ALMA data, we produced deconvolved and restored
images at 337 GHz that show a non-axisymmetric disk with a peak intensity that coincides
with the location of the VLA clump. The ALMA emission is more extended, this difference
fits in the context of dust trapping in gas pressure maximum: big grains traded at longer
wavelengths are more concentrated at the pressure maximum than smaller grains. This result
holds even when degrading the resolution of the VLA data to match that of the ALMA data.
New ALMA observations at millimetre wavelengths could measure the true extent of the dust
grain segregation. Higher resolution ALMA data would also allow more stringent constraints
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on the efficiency of trapping.

A new reduction of SPHERE PDI data was also done to compare with the VLA and
ALMA images. We found almost no correlation between the scattered light and thermal
emission. The SPHERE image is dominated by two bright spiral arms. There is an offset of
~0.2"” between the VLA clump and the north-western spiral feature. The same arm matches
a second intensity maximum in the dust continuum seen in the VLA and ALMA maps. The
SPHERE image also reveals a suspicious decrement also seen in the ALMA data suggesting
a shadowing effect similar to HD 142527.

We develop a parametric non-axisymmetric model for the disk, incorporating a steady
state vortex solution. We discovered that such a vortex cannot explain the decrement in
polarized intensity and a second intensity maximum seen in the VLA and ALMA data. We
also found that a second pressure maximum could explain the extension to the south of the
ALMA peak intensity and the decrement to the north-east. However, the second-pressure
maximum model is fine tuned, and this phase is predicted to be short lived and hence unlikely
to be observed.

MWC 758 is a very complex protoplanetary disk and there are still important features
to be addressed: what is the link between the possible dust trap and the spiral arms and
apparent decrements? The missing piece of the puzzle might be found with a detailed study
of the disk kinematics.

Finally, it has been demonstrated that in these two cases of transition disk, the disk
structures are far from being axisymmetric. This could be general for other transitional
disks, challenging our standard picture of axisymmetric disks.
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