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A B S T R A C T

The diversity observed in the exoplanet population likely originates in the variety
of physical structures of protoplanetary disks, their progenitors. Considering the
timescales for disk dissipation, it is clear that giant planets must form fast, within a
few million years. In the standard core accretion model, this implies that micron sized
particles have to grow within this short timescale to larger sizes. This PhD thesis is
dedicated to adding observational constraints on several aspects of protoplanetary
disk evolution in order to understand better the processes of planet formation. In
particular, I worked on a statistical study of the dust mass distribution in protoplan-
etary disks located in the Chamaeleon II star-forming region, on the presence of
dust depleted cavities in transition disks and on observational constraints on dust
evolution mechanisms such as radial drift and vertical settling. I used mostly ALMA
millimeter observations, which I combined with complementary disk tracers such
as optical/infrared scattered light images. On several occasions, I modeled these
observations with radiative transfer to constrain the structure of these protoplanetary
disks.

During this thesis, I have obtained important constraints on the vertical structure of
protoplanetary disks, notably by studying a sample of 12 highly inclined disks. I find
that the most inclined systems of this survey, where the vertical extent is best seen,
are geometrically thin at millimeter wavelengths, all the more so when compared to
their vertical extent seen with scattered light observations (probing smaller grains).
This indicates that vertical settling is extremely efficient in these disks, which is
favorable for fast grain growth in the disk midplane. Additionally, my study of the
Chamaeleon II star-forming region showed that the distribution of the disk dust mass
statistically decreases with time. This is consistent with predictions from viscous
evolution. Finally, with the study of a sample of 22 transition disks, I showed that their
cavities can mostly be explained by the presence of planets. These results suggest that
planets might already have formed in these disks, implying that planets formation is
fast or happens early in the disk lifetime.

A possible mechanism allowing to boost planet formation is vertical settling. In-
deed, as detailed previously, my studies showed that the vertical extent of proto-
planetary disks is small at millimeter wavelengths, which implies that millimeter
sized grains (and larger) are concentrated in a vertically thin midplane where the
dust density is increased. Depending on when this vertical settling takes place, this
mechanism is a good candidate for enhancing grain growth efficiency. Combined to
other processes, vertical settling may contribute to form planets in the earliest stages
of disk evolution.
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R É S U M É

Au sein des exoplanètes actuellement découvertes, une grande diversité est observée.
Or, l’étude des disques protoplanétaires permet d’en apprendre plus sur la formation
des planètes. On sait que les disques se dissipent en quelques millions d’années, ce
qui implique que les planètes géantes doivent se former très rapidement à partir des
petits grains de taille micrométrique présents initialement.

Cette thèse a pour but d’ajouter des contraintes observationnelles à plusieurs
théories qui décrivent l’évolution des disques protoplanétaires, et donc la formation
des planètes. J’ai travaillé, en particulier, sur une étude statistique de la distribution
de la masse de poussière dans des disques situés dans la région de formation stellaire
Chamaeleon II, sur la présence de cavités dans les disques de transition, et sur des
contraintes observationnelles de quelques mécanismes d’évolution des poussières tels
que la dérive radiale et la sédimentation verticale des grains. J’ai utilisé principalement
des observations millimétriques ALMA que j’ai comparées avec d’autres traceurs,
images aux longueurs d’onde du visible ou de l’infrarouge par exemple. À plusieurs
reprises, j’ai modélisé ces observations par transfert radiatif pour déterminer la
structure de ces disques protoplanétaires.

J’ai obtenu d’importantes contraintes observationnelles sur la structure verticale
des disques protoplanétaires, en étudiant un échantillon de 12 disques très inclinés.
Aux longueurs d’onde du millimètre, les disques les plus inclinés de cette étude
apparaissent extrêmement minces dans la direction verticale, significativement plus
minces que dans les observations en lumière diffusée (grains plus petits). Ceci indique
que la sédimentation verticale des poussières est extrêmement efficace dans ces
disques, ce qui est favorable à la croissance rapide des grains dans le plan médian. Par
ailleurs, en étudiant la région Chamaeleon II, j’ai constaté que la distribution de masse
des disques diminue statistiquement avec le temps. Ce résultat est en accord avec les
prédictions de l’évolution visqueuse des disques. Enfin, l’étude d’un échantillon de 22
disques de transition a permis de montrer que la plupart de leurs cavités pourraient
être causées par des planètes interagissant avec le disque. Ces observations suggèrent
donc que des planètes se sont peut-être déjà formées dans ces disques, ce qui implique
qu’elles se forment soit rapidement soit précocement.

Le mécanisme de sédimentation verticale des grains semble un bon candidat
permettant d’expliquer la formation rapide des planètes. En effet, la faible étendue
verticale des grains millimétriques mesurée au cours de cette thèse implique qu’ils sont
très concentrés dans le plan médian. Une forte densité de poussière étant favorable à
une croissance accélérée des grains, ce mécanisme pourrait expliquer la formation de
planètes très tôt dans l’évolution des disques.
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While dust and gas are present everywhere in the galaxy, planets likely form in
dense environments such as protoplanetary disks, which are located in various star-
forming regions. Depending on the disk’s properties, a large variety of bodies can
form, from tiny dust aggregates to massive giant planets, including terrestrial worlds
and asteroids. During my thesis, I aimed to understand the diversity of protoplanetary
disks and their evolution to gain insights on the formation of the solar system where
we live. In this chapter, I first present protoplanetary disks as a necessary stage of
star formation. Then, I describe their structure and the evolutionary mechanisms
that I studied during my PhD. Later, I discuss two observational techniques, namely
interferometric millimeter observations and scattered light near-infrared imaging, and
the radiative transfer code that I used during my PhD. Finally, I end the chapter by
presenting the outline of the new work performed during this thesis.

1.1 stars and planets formation

1.1.1 Forming stars from the interstellar medium

Stars are thought to form from the gravitational collapse of large molecular
clouds (see e.g., review by McKee and Ostriker, 2007). Historically, the evolution
of young stellar objects (YSO) has been studied through the shape of their spectral
energy distribution (SED), the energy received from a source at several wavelengths.
Lada (1987) suggested a classification of YSOs into three classes, defined from the
sign of their SED slope between 2 and 25 µm (see blue line in Fig. 1.1). The earliest
evolutionary stage, called Class 0, has been proposed later on because these objects
can generally not be observed at infrared wavelengths (Andre et al., 1993). In this
section, I summarize the commonly accepted stages of low-mass star and planet
formation.

The first step of star formation is the contraction of dense molecular clouds, com-
posed of gas and sub-micron sized particles. This collapse leads to several over dense
regions, where individual protostars will form. The time origin of star formation
is generally defined by the start of the collapse of the stellar embryo, the so-called
birth line (e.g., Stahler, 1983; Tout et al., 1999). The youngest evolutionary stage of the
protostellar phase is the Class 0 stage. At this stage, the protostellar mass is small
compared to that of the envelope. The central object is totally obscured by the large
amount of cold material in the envelope. Thus, these objects are invisible at optical
and near-infrared wavelengths but can be detected through the thermal emission of
cold dust in the envelope at larger wavelengths (typically in the millimeter). One
characteristic feature of Class 0 and more evolved systems is the apparition of col-
limated jets and outflows, which is connected with the accretion of material onto
the central protostar (conservation of the angular momentum). Then, as a protostar
forms, accretion becomes less important, so the jets/outflows become less powerful
until they completely disappear.
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Figure 1.1 – Evolutionary phases of star-formation. The top row shows a schematic view
of each stage of star-formation, and the bottom pannels correspond to the typ-
ical SED of each phase, decomposed into stellar and disk/envelope emission,
respectively in yellow and brown. The blue lines in the Class I to Class III phases
correspond to the initial criterium suggested by Lada (1987) to classify young
stellar objects. Adapted from André (2002)

When the mass of the protostar becomes greater than that contained in the enve-
lope, the system enters in the Class I phase and starts to be detectable at infrared
wavelengths. At that stage, the star is warmer than in Class 0 and surrounded by an
envelope and an accretion disk. Note that the formation of the disk is required early
in the star formation process (e.g., Terebey et al., 1984). Indeed, protostellar cores
are not static but rotate with properties inherited from the molecular cloud. Thus, in
order to preserve the angular momentum inherited from the parent cloud, particles
are predicted to spin up while the system contracts to smaller scales. Due to the
centrifugal force, the material rotating too fast in the equatorial plane is not able to fall
radially towards the central object, which leads to the accumulation of material in the
equatorial plane, forming a circumstellar disk. Although their observation is difficult,
circumstellar disks may already be present in the Class 0 stage (e.g., Chandler et al.,
1995; Jørgensen et al., 2007; Lee et al., 2017; Maury et al., 2019).

As the central object increases in mass (M? & 0.9×M? final), it changes of evolu-
tionary phase. At that stage, the envelope has dissipated and the central star is
surrounded only by the disk, rich in gas and dust. Matter still accretes slowly onto
the star, with a rate of about 10−8 M�/yr (e.g., Manara et al., 2016), which is about
two orders of magnitude lower than what is typically observed in the proto-stellar
phase (Hartmann et al., 1998; Antoniucci et al., 2014). Objects in this evolutionary
stage are classified as Class II, or T Tauris for solar mass stars. Circumstellar disks are
thought to allow efficient grain growth and thus to be the stage where planets form.
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The further evolution of protoplanetary disks implies the removal of its gas content,
which leads to Class III objects. These disks still contain a small amount of dust
particles (generated by collision of larger bodies) which are able to reprocess the stellar
light and create a small excess in the infrared. Ultimately, a star and its planetary
system remain. During my research, I focused on the Class II stage.

1.1.2 Lifetimes of the evolutionary stages of star formation

In order to understand the timescale available for planet formation, estimating the
ages of young stellar objects is crucial. In this section, I discuss how stellar ages can
be estimated from the understanding of protostellar evolution and I report the typical
lifetime of each stage of star-formation.

In the Class II phase, the star becomes detectable at optical wavelengths and the
accretion luminosity becomes negligible compared to the stellar luminosity (see e.g.,
Manara et al., 2016). This allows to estimate the stellar luminosity and effective
temperature with relatively good precision, which is important to obtain the stellar
age and mass. Before discussing the different evolutionary tracks of young stellar
objects, let us define the stellar luminosity and effective temperature. The stellar
luminosity (L?) corresponds to the total amount of energy emitted by the central star
per unit of time. It can be written as:

L? = 4πR2
? σT4

e f f (1.1)

where σ is the Boltzmann constant, R? the stellar radius and Te f f its effective temper-
ature. By definition, the effective temperature corresponds to the temperature of a
blackbody that would emit the same amount of energy as the source. It gives a first
order estimate of the surface temperature of the star. The effective temperature can be
inferred from the color index of the star at optical wavelengths, while the luminosity
is generally estimated from its apparent brightness. To obtain the luminosity, the
apparent brightness of the star needs to be rescaled according to its distance to the
Earth and also considering the degree of interstellar extinction present around the
object. Knowing both the stellar luminosity and the effective temperature of an object
allows us to display it on a Hertzsprung-Russell (HR) diagram. Then, comparing its
position with theoretical predictions for the evolution of young stars (evolutionary
tracks) enables us to estimate its age and mass.

As an example, I present a HR diagram with several evolutionary tracks of low mass
stars in Fig. 1.2. When young stars (Class II) first appear in the HR diagram, the star is
still too cold to be thermally supported. This leads to a quasi-static contraction phase,
where the inner regions of the star heats up. At the same time, the stellar surface keeps
an approximately constant temperature. For low mass stars (M? < 1.5 M�), which
are initially partly convective, this contraction phase first leads to a steep decrease in
luminosity, which corresponds to vertical lines in Fig. 1.2 (also called Hayashi tracks).
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Figure 1.2 – Typical evolutionary tracks for low-mass pre-main sequence stars in an
Hertzsprung-Russell diagram. The sequences of black points correspond to
evolutionary tracks of young stars with different masses, from 0.2 to 1.5 M�.
The red lines show different isochrones (bins of age between 1 Myr and 50 Gyr).
Adapted from Amard and Matt (2020)

Then, the star might turn radiative and continues to increase its temperature with
an approximately constant luminosity (horizontal lines for M? ≥ 0.5 M� in Fig. 1.2,
Henyey tracks). When the inner regions of the star reach ∼ 107 K, thermo-nuclear
reactions start, in particular nuclear fusion of hydrogen into helium. This is when the
star enters the main sequence.

While all evolutionary models have the same global shape (see for instance Fig. 3

of Amard and Matt, 2020), the exact position of the tracks depends on the physical
parameters included in the calculation (e.g., chemical composition, metallicity, nuclear
reactions, rotation, atmosphere, etc.). This implies that the estimation of stellar ages
and masses remains model dependent. Additionally, stellar ages are particularly
difficult to estimate due to uncertainties on determining the zero age (Stahler, 1983;
Tout et al., 1999) and also because of observational limitations such as the error on
luminosity, the potential multiplicity of a system, and the fact that young stellar
objects are variable (Joy, 1945; Bouvier et al., 1993; Herbst et al., 1994). Because of
these observational limitations, estimating the average age of a star-forming region
is likely more reliable than the age estimate of an individual object. Also, note that
very inclined systems suffer particularly from large uncertainties on their luminosity
because the disk also participates to the extinction of stellar emission, to a degree
which is not known unless dedicated modelling is performed. As an example, no
stellar masses and ages could be estimated from a HR diagram for any of the edge-on
disks studied in Chapter 4. Still, when available, the relative position of different
6



objects in the HR diagram roughly indicates their relative ages and masses. In
Chapter 2, I used a HR diagram and stellar tracks to estimate the stellar masses of a
large number of sources in Chamaeleon II and other star-forming regions.

Using evolutionary tracks, several studies estimated the ages of a large number
of Class II systems. They showed that they are typically observed from 1 to 10 Myr
after the core collapse (Mamajek, 2009; Ribas et al., 2014, see Section 1.3.1). On the
other hand, as stellar parameters can not be directly measured for Class 0 and Class I
systems, their typical lifetimes were estimated by comparing the number of objects of
different classes in numerous star-forming regions. Various studies found that Class 0
and Class I systems are much less numerous than Class II sources and estimated the
typical timescale of Class 0 and Class I to be about 104 and 105 years respectively (e.g.,
Evans et al., 2009). The Class II stage is thus the longest star-formation phase with a
gas-rich disk, which makes it relevant for understanding planet formation.

1.1.3 Forming planets around young stars

Planets are likely formed in protoplanetary disks or earlier phases of star formation,
from sub-micron-sized particles inherited from the interstellar medium (Mathis et al.,
1977). Giant gas planets in particular have to form before the gas has dissipated from
the disk, typically in a few million years (see Section 1.3.1). The standard scenario for
planet formation is called core accretion (Pollack et al., 1996; Rice and Armitage, 2003).
This scenario begins with the accretion of dust particles and planetesimals forming
planetary cores (potentially Earth-like planets). If a core becomes massive enough, it
attracts more efficiently the surrounding gas and solids which mainly fall into the
envelope of the forming planet. When the critical mass is reached (typically about
10 M⊕), the envelope enters in a runaway growth, mainly accreting gas. When this
phase is over, either due to disk dissipation or the opening of a gap, a giant planet
is formed. This mechanism is attractive because it is able to explain the formation
of Jupiter and the other giant planets of the solar system at the location in which
they are found. The main caveat however is that the timescale to form a Jupiter like
planet (at 5 au from the star) initially found by Pollack et al. (1996) is about 6 Myr,
which is longer than the typical disk lifetime (Section 1.3.1). This timescale is expected
to be even longer for planets formed at larger radii. However, we note that this issue
might be mitigated if different assumptions are considered, for example if planets
were migrating during their formation (Alibert et al., 2005) or if the disk had lower
opacity than initially assumed (Movshovitz et al., 2010), potentially thanks to grain
growth and vertical settling, among other mechanisms. These processes can reduce
the growth timescale down to 1 million years. I will come back to this mechanism
in Section 1.3.3. In particular, I will detail some remaining issues for forming dust
pebbles larger than a few centimeters in size in a short timescale.

An alternative mechanism to form giant planets is gravitational instabilities in the
disk (Boss, 1997). This instability appears when the disk gravity becomes stronger
than the thermal pressure in the disk. It is thus favored in massive disks and where
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the disk is cooler (for example at large radius). Contrary to the core accretion
mechanism, gravitational instabilities are expected to form planets very quickly: in a
few thousands of years! However, it is not clear whether this instability can develop
in many disks. Indeed, for gravitational instability to occur in a disk, it needs to be
extremely massive and cold, and also to have a short cooling timescale compared to
the disk dynamical timescale (Gammie, 2001; Rice et al., 2003).

1.1.4 Exoplanet population

Since 51 Peg b, the first exoplanet discovered around a solar type star (Mayor and
Queloz, 1995), more than 4330 exoplanets have been discovered (exoplanet.eu, as of
August 2020). Recent surveys have shown that most stars should host planets, low
mass planets being more numerous than giant ones (Clanton and Gaudi, 2016; Baron
et al., 2019; Fernandes et al., 2019). Fig. 1.3 shows a distribution of the masses and
orbital distances of known planets, detected using different techniques. In this plot,
no planets with both small masses (< 10 M�) and large orbital distances (> 5 au) are
detected, due to observational biases. Additionally, the observations revealed several
groups of planets which are not present in our solar system: e.g., hot Jupiters and
mini-Neptunes for example. The forming mechanisms of these planets are not totally
understood.

Figure 1.3 – Masses and orbital distances of known exoplanets, detected using different
methods. Most ALMA planets reproduced in this plot have however not been
confirmed yet. Adapted from Winn and Fabrycky (2015), including planets inferred
from millimeter continuum observations of protoplanetary disks with ALMA (Lodato
et al., 2019)
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More recently, high angular resolution studies of protoplanetary disks at submil-
limeter wavelengths have linked the width of rings with the potential presence of
planets and their masses (Zhang et al., 2018; Lodato et al., 2019, see Section 1.3.4).
Note that there are other mechanisms able to explain the observed substructures (e.g.,
magneto- or hydrodynamical effects) but the planetary hypothesis is more relevant
for this section. The green points presented in Fig. 1.3 represent some of these ALMA
planets, estimated from millimeter continuum emission, as reported in Table 3 and 4

of Lodato et al. (2019). These planets are generally massive (from few Earth masses
to few Jupiter masses) and located at large orbital distances (> 10 au). This opens a
new parameter space with planets which is currently not probed by dedicated exo-
planet surveys. However, note that the ALMA planets are located around pre-main
sequence stars in opposition to most exoplanets probed by dedicated surveys, which
are located around main sequence systems. This means that these planets can still be
evolving within the disks (undergoing migration, grow in mass, etc.). Understanding
protoplanetary disks is important to explain the diversity of exoplanets currently
observed.

1.2 structure of protoplanetary disks

As mentioned previously, protoplanetary disks are composed of gas and dust,
which orbit around a central star. Using standard assumptions, one can describe the
vertical, radial and temperature structure of a protoplanetary disk, which is what I
will focus on in this section.

1.2.1 Vertical structure

Assuming that the gas is at hydrostatic equilibrium, one can determine the vertical
profile of the gas density in a protoplanetary disk. Simplified assumptions are to
consider a vertically isothermal disk with negligible mass compared to the stellar
mass, supported by gas pressure and with negligible self-gravity. Assuming that the
disk is vertically thin (z/r � 1), the hydrostatic equilibrium in the vertical direction
writes as follows:

1
ρ

dP
dz

= −GM?

r3 z (1.2)

with P the pressure, ρ the density and M? the stellar mass. For an ideal gas (mostly
hydrogen in a protoplanetary disk), we can relate the pressure to the density simply
with the sound speed (cS) using the following equation:

P =
kBT
µmH

ρ = c2
S ρ (1.3)
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where kB is the Boltzmann constant, mH the hydrogen mass and µ the mean molecular
weight, with typical value of 2.3.
Additionally, we can define the Keplerian orbital velocity as:

ΩK(r) =
√

GM?/r3 (1.4)

Using these definitions, we can integrate equation 1.2 and obtain the following
equation:

ρ(r, z) = ρ(r, 0)× e−z2/2H(r)2
(1.5)

We find that the vertical density profile of the gas follows a Gaussian distribution,
and so, we can define the pressure scale height as:

H(r) =
cS(r)

ΩK(r)
=

√
kB

GµmH

√
T(r) · r3/2
√

M?
(1.6)

Under hydrostatic equilibrium, we find that the scale height depends on the stellar
mass, the disk’s radial temperature structure, and the distance to the star. Note
however that the temperature profile also varies with the radius and altitude (see
Section 1.2.3), which affects the scale height. On the other hand, the scale height also
affects the temperature profile as it can create shadows on the disk (e.g., Benisty et al.,
2018; Muro-Arena et al., 2020), which allow it to cool. Thus, integrating the thermal
and hydrostatic equilibrium has to be done iteratively.

Radiative transfer codes generally use the following simplified parametrization to
describe the variation of the pressure scale height with radius:

H(r) = H100 au

( r
100 au

)β
(1.7)

where β is called the flaring exponent, r is the radius and H100 au is the scale height
at a radius of 100 au (astronomical units). With the simplifying assumption of a
temperature profile varying as r−1/2, we find (using equation 1.6) that the flaring
exponent is about β ∼ 1.25. However, in the complex environment of a protoplane-
tary disk, the temperature profile in the midplane can be different from this simple
power-law (e.g., Pinte and Laibe, 2014). More generally, the flaring exponent β takes
values between 1.1 and 1.25.

Observationally, the first direct estimations of the gas scale height were performed
through the modeling of scattered light images of inclined disks, observed at opti-
cal/infrared wavelengths 1. These wavelengths generally probe micron sized dust
particles which are expected to be well mixed with the gas (see Sections 1.3.2 and 1.4.1).
Thus they are indirect tracers of the gas distribution, which is harder to detect at
these wavelengths (faint emission lines). Using radiative transfer modeling on these

1. Indirect constraints on the disks scale height were previously obtained through SED modeling.
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observations, several studies estimated the gas scale height of protoplanetary disks to
be between 8 and 15 au at a radius of 100 au (Burrows et al., 1996; Stapelfeldt et al.,
1998; Stapelfeldt et al., 2003). Finally, note that dust grains larger than those detected
by infrared scattered light observations are expected to decouple from the gas and
settle down to the midplane. This will be discussed in Section 1.3.2.

1.2.2 Radial structure

In the radial direction, a protoplanetary disk is not at hydrostatic equilibrium,
because it is still slowly accreting onto the star. Assuming an axisymmetric and
vertically flat disk, it is possible to derive the evolution of the disk’s radial profile
with time. As the vertical structure is decoupled from the radial evolution, we can
integrate the equations of mass and angular momentum conservation over the vertical
direction. In that case, the evolution of the gas surface density (defined as Σ =

∫
ρ dz)

can be described by:

∂Σ
∂t

=
3
r

∂

∂r

[
r1/2 ∂

∂r

(
νΣr1/2

)]
(1.8)

where the standard assumption is to consider a viscous disk, with a viscosity ν.
This equation is a diffusive equation, which implies that the gas expands to larger

radius with time. However, the origin of viscosity/turbulence in disk is not well
known. In the standard α-disk model (Shakura and Sunyaev, 1973), the disk viscosity
ν is related to the pressure scale height H, the sound speed cS and to a dimensionless
parameter α, as of:

ν = αcSH (1.9)

Under the assumption of a constant α throughout the disk, several observational
studies constrained the value of α between 10−2 − 10−4 (Hartmann et al., 1998; Pinte
et al., 2016; Flaherty et al., 2020). However, further analysis on this parameter are
required to better understand the physics involved in protoplanetary disks. For
example, it can be noted that, in general, low α values are measured from millimeter
studies probing the outer disk (e.g., Pinte et al., 2016; Flaherty et al., 2018; Flaherty
et al., 2020), while large values are estimated from infrared observations, surveying
the inner disk regions (e.g., Hartmann et al., 1998). This might indicate that α is not
constant in the disk.

Historically, the surface density was characterized by a simple power law, truncated
at large radius:

Σ(R) ∝ R−p, for Rin < R < Rout (1.10)

Various studies focusing either on dust or gas emission at millimeter wavelengths
obtained an exponent p varying between 0.5 and 3/2 (e.g., Dutrey et al., 1998; Wilner
et al., 2000; Andrews and Williams, 2007). However, further analysis of several disks
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showed that the gas (mostly detected through 12CO emission) appears to have a
larger outer radius than millimeter dust (Isella et al., 2007; Hughes et al., 2008), which
could not be reconciled with a unique truncation radius for dust and gas. To solve
this issue, Hughes et al. (2008) suggested to describe the surface density with the
alternative tapered-edge profile. This profile, based on similarity solution obtained
for a viscously accreting disk subject to stellar gravity (Hartmann et al., 1998), is
described by a power law with an exponential taper outside of the critical radius (Rc):

Σ(R) ∝ R−p × e−r/R2−p
c , for Rin < R < Rout (1.11)

This solution, more physically motivated, appeared to reduce the discrepancy of dust
and gas radial extent. Indeed, as 12CO is optically thicker than millimeter dust, it
can be detected at lower density, i.e. at larger radius, compared to dust. However,
further observations at higher angular resolution and sensitivity showed that optical
depth effects are not sufficient to explain the large gas to dust size ratio measured (de
Gregorio-Monsalvo et al., 2013; Ansdell et al., 2018; Facchini et al., 2019, chapter 2).
Radial drift and grain growth might be needed to reproduce the observations. I detail
these mechanisms in Section 1.3.2.

Finally, note that recent high angular observations of protoplanetary disks have
revealed that most disks are not smooth as discussed in this section but present a
large variety of substructures (Andrews et al., 2018b; Long et al., 2018; Avenhaus
et al., 2018). This observation has important implications on disk evolution, which
will be described in details in Section 1.3.

1.2.3 Temperature structure

The major source of energy in protoplanetary disks is the central star, which
emits blackbody emission as well as non-thermal energetic photons. Because dust
opacities affect a large range of the electromagnetic spectrum (while the opacity
of gas emission lines are concentrated into small fractions of it), dust dominates
both the absorption of stellar light and the reprocessed thermal emission: dust
controls the disk’s temperature. For large enough density, collisions between dust
and gas particules allow the disk to reach a thermal equilibrium (called LTE, for Local
Thermodynamic Equilibrium), in which dust and gas have the same temperature.
Most radiative transfer codes make this assumption. Note that in mcfost, which I
used extensively during my thesis and describe in Section 1.5, the user can chose to
assume or not the LTE.

Analytical and numerical computations showed that the disk temperature varies
with radius and altitude (e.g., Lynden-Bell and Pringle, 1974; Calvet et al., 1991;
D’Alessio et al., 1998). Indeed, stellar irradiation decreases as r−2. This implies that
regions close to the star (radially) will be hotter than regions further out. Additionally,
the surface layers are directly exposed to stellar emission, while star light can not
penetrate far into the disk midplane (because of the disk’s opacity). This implies that
12
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Figure 1.4 – Temperature map of Oph 163131, reconstructed from 12CO observations. Adapted
from Flores et al., in prep.

the disk’s temperature also decreases from the outer upper layers down to the disk
midplane. As an order of magnitude, matter heat up to thousands of Kelvins in the
inner astronomical units of the disk, while the temperature decreases to a few Kelvin
in the outer disk midplane.

Historically, the first observational constraints on the temperature profile were
obtained through SED modeling (e.g., Kenyon and Hartmann, 1987). Although such
analysis is degenerate, the results were in agreement with predictions for the radial
variation of the temperature. More recently, spatially resolved observations of optically
thick tracers have been used to constrain the temperature profile of protoplanetary
disks. In particular, the modeling of carbon monoxide (CO) millimeter emission lines
of several low inclinations disks allowed to estimate their temperature profile at the
τ = 1 surface (e.g., Rosenfeld et al., 2013; Pinte et al., 2018). On the other hand,
disks close to edge-on inclinations are very favorable for estimating directly both
the radial and vertical profile of the temperature (Dutrey et al., 2017; Teague et al.,
2020). In Fig. 1.4, I show an example of the temperature structure that we measured
in the close to edge-on disk Oph 163131 (Flores et al., in prep.). It shows that the
temperature first decreases with radius in the midplane and increases with altitude,
as predicted by models (see previous paragraph).

Additionally, in the upper layers of the disk, energetic UV photons from the
central object ionize atoms and dissociate gas molecules (e.g., Bergin et al., 2016;
Cazzoletti et al., 2018a). Because of the disk’s optical depth, such energetic rays do
not penetrate deep in the disk, making the disk less ionized close to the midplane
compared to the upper layers. The less ionized region in the midplane is generally
called a dead zone, because it decouples from the magnetic field, which leads to a
low level of turbulence (Gammie, 1996). The ionization structure of protoplanetary
disks is important because it is directly related to the coupling efficiency of the
magnetic field with the disk and thus to the disk’s turbulence, which controls various
evolutionary mechanisms (see Section 1.3.2). In the inner few astronomical units,
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ideal MHD (magnetohydrodynamic) physics apply, while further away or in the disk
midplane, the disk is not ionized enough to get an efficient coupling: non ideal effects
such as ambipolar diffusion, Hall and Ohmic effects likely take place (e.g., review by
Armitage, 2011).

1.3 evolution of protoplanetary disks

1.3.1 Global disk evolution

As planets are thought to form in the disk phase, the disk dissipation timescale
sets a limit on the planet formation timescale. In particular, giant planets have to
accrete gas before it disappears from the disk. In general, constraining observationally
the gas content is more complex than doing it for the dust (in particular because
emission lines are generally fainter than dust continuum emission), so most studies
on disk evolution have been performed with dust indicators. For instance, Ribas et al.
(2014) gathered a sample of more than 2000 sources in 22 nearby star-forming regions,
observed at infrared wavelengths. They compiled the fraction of disks detected in
each star-forming region and found that disk lifetimes vary from less than 1 Myr to
about 10 Myr. In Fig. 1.5, I report a figure adapted from Ribas et al. (2014) showing
that the disk fraction decreases with increasing age: disks disappear/dissipate with
time. Fitting an exponential curve to this decay, they obtain a characteristic dissipation
timescale of micron-sized particles of about 2.5± 0.5 Myr (see also Mamajek, 2009;
Currie and Sicilia-Aguilar, 2011). On the other hand, few studies have looked at the
dissipation timescale of gas. This was mostly done by estimating the evolution of the
fraction of accreting stars with time, as detected through Hα emission. In general, they
find a similar timescale for warm gas dissipation and micron-sized dust removal (e.g.,
Jayawardhana et al., 2006; Fedele et al., 2010).

Some of the dominant processes expected to drive disk dissipation are viscous
evolution and photoevaporation (see review by Williams and Cieza, 2011). To the first
order, viscous transport, described in Section 1.2.2 (see equation 1.8), dominates the
evolution. This mechanism is driven by the accretion of the disk onto the central star.
As mentioned previously, this is expected to be a smooth process. As an example, at
30 au, for a disk with a scale height ratio of H/r ∼ 0.05, the viscous timescale would
be between 1 Myr for α = 10−2 and up to 100 Myr for α = 10−4 (Armitage, 2011).
This is long compared to the disk lifetime (see Fig. 1.5) and suggests that another
mechanism might happen, leading to rapid disk dissipation.

Photoevaporation is expected to be another important mechanism to remove mass
from the disk (Williams and Cieza, 2011). This process consists in the creation of a
powerful wind, driven by energetic ultra-violet and/or X-ray photons from the central
star, that will remove the disk material from the inside out. Indeed, those photons are
thought to warm up gas particles enough so that their thermal velocity can exceed
the escape velocity. Then, material is lost in the form of a wind. In general, different
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Figure 1.5 – Disk fraction as a function of the age of the star-forming region, based on 8-12 µm
detections. Adapted from Ribas et al. (2014)

models predict a photoevaporation rate in the range of 10−7 − 10−10 M�/yr (Gorti
and Hollenbach, 2009; Owen et al., 2011). This is lower than the typical accretion
rate measured in Class II objects (see Section 1.1.1), which implies that the first steps
of disk evolution are dominated by viscous dissipation. When the accretion rate
becomes low enough, photoevaporation winds open a cavity around the central star.
As the hole becomes large enough (about 10 au), energetic photons can heat directly
the disk inner rim and dissipate the entire disk very quickly (in significantly less than
1 Myr, Alexander et al., 2006; Owen et al., 2011). Photoevaporation acting like a switch
for fast dissipation would thus allow to reproduce the observed disk lifetimes and
dissipation timescale. However, note that as it is a fast process, very few disks in the
photoevaporation stage were confirmed (e.g., Pascucci and Sterzik, 2009).

Let us come back to the disks lifetime mentioned in the first paragraph of this sec-
tion. This timescale was primarily estimated from infrared fluxes, which characterize
warm micron-sized dust, located close to the central star. These small grains only
represent a small fraction of the dust mass, which itself is typically only about 1% of
the total disk mass. Thus, constraining the evolutionary timescale of most of the gas
and dust mass is still missing to understand the general evolution of disks and the
available timescale for giant planet formation.

Several millimeter surveys of star-forming regions have been performed aiming
to characterize the bulk of the dust mass. They show that the disk mass decreases
with the age of the star-forming region (e.g., Ansdell et al., 2016, Chapter 2), which
is consistent with theories. The first project of my PhD focused on such problemat-
ics. I compared dust masses in the intermediately aged Chamaeleon II star-forming
region (4± 2 Myr) with other regions. Additionally, I studied the evolution of gas de-
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tection rates for disks with detected dust, as probed by CO emission in the millimeter.
This study is presented in Chapter 2.

1.3.2 Dust and gas interactions, link with radial drift and vertical settling

While dust particles only feel the stellar gravitational forces and orbit at Keplerian
velocity (vK), the gas also feels pressure forces. In general, due to differences in
densities and temperatures between the inner and outer regions of the disk, the
pressure gradient decreases towards the outer edge of the disk, generating a force
opposite to stellar gravity direction. This additional force slows down the gas, which
will rotate at sub-Keplerian velocities. If the disk is static (or evolving slowly), we
obtain the following azimuthal velocity for the gas: v2

g = v2
K − c2

S | d ln P
d ln r |. Thus, dust

and gas orbit around the central object with different speeds. The interaction of dust
with the gas leads simultaneously to inward radial drift and vertical settling of dust
grains (e.g., Weidenschilling, 1977), which I aimed to constrain during my PhD. In this
section, I describe the interaction of dust with gas and some evolutionary mechanisms
induced by it.

1.3.2.a. Characterising dust and gas interactions

The drag force between dust and gas that have a relative velocity ~∆v = ~vd − ~vg can
be written as:

~Fdrag = −md
~∆v
τs

(1.12)

where md is the dust particle mass and τs is the characteristic friction timescale (also
called stopping time). The stopping time allows to determine the coupling intensity
between dust and gas. Indeed, from equation 1.12, we identify two regimes depending
on the value of τs. Particles with a small value of τs experience an important drag
force: they are well coupled to the gas. On the contrary, particles with a large τs feel a
small drag force, implying that they decouple from the gas.

The stopping time depends on the size (a) of the particle relative to the mean free
path of a gas molecule (l). Dust particles in the regions of interest for my PhD are
generally in the so-called Epstein regime, in which the energy transfer between gas
and dust is caused by molecular collisions (pressure difference, e. g., Weidenschilling,
1977). In this regime, where dust grains are smaller than the mean free path of gas
particles, the stopping time can be written as:

τs =
ρdp

ρ

a
cs

(1.13)

where ρdp is the dust particle density, ρ the gas density, a the particle size, and cs the
sound speed. This equation indicates that the stopping time increases linearly with
the size of the particles (in the Stokes regime, applicable to larger grains: τs ∝ a2).
Relating this expression to dust and gas coupling efficiency previously described, we
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find that large grains are increasingly decoupled from the gas. This decoupling is
generally parametrised by the Stokes number:

St = ΩKτs (1.14)

where ΩK is the Keplerian orbital velocity (equation 1.4). Therefore, small particles
with St � 1 are well coupled to the gas, while larger particles will be increasingly
decoupled. This decoupling is at the origin of vertical settling and inward radial
drift of some relatively large dust grains, which will be described in the following
paragraphs.

1.3.2.b. Radial drift

As dust particles feel a head wind from the gas, they loose angular momentum and
spiral towards the star. Nakagawa et al. (1986) derived the drift velocity of dust as
follows:

udrift =
1

St + St−1
c2

S
vK

∂ ln P
∂ ln r

(1.15)

where vK is the Keplerian velocity and the other quantities have been defined pre-
viously. With this equation, one can easily see that grains of Stokes number close
to 1 are drifting at the highest velocity towards a pressure maximum: smaller grains
remain well coupled with the gas, while larger bodies are not affected at all by the
gas. For a smooth disk described by standard equations (see Section 1.2), Brauer
et al. (2007) obtained a maximum drift velocity of about 50 m.s−1 at 1 au, which
corresponds to a drift timescale of about 100 years. This implies that, due to gas
interactions, grains of Stokes number close to 1 (typically 1 mm at 200 au and 1 cm
at 50 au, using equation 13 of Riols and Lesur, 2018) rapidly drift towards the star,
which is an issue for grain growth. The typical drift timescale of millimeter sized
grains is predicted to be much shorter than the disk lifetime which is inconsistent
with observations. However, several mechanisms have been suggested in order to
maintain grains longer in the disk and allow them to grow. This will be discussed in
more details in Section 1.3.3.

In general, radial drift models predict that inward dust migration of single size par-
ticles spontaneously produces a sharp edge in the dust density distribution (Birnstiel
and Andrews, 2014; Facchini et al., 2017; Powell et al., 2019). The estimation of the
sharpness of the outer edge and the dust to gas size ratio are important observational
constraints that can improve our understanding of radial drift efficiency.

Several observational studies have aimed to probe dust radial drift. Most of them
focused on comparing the radial extent of continuum dust emission with 12CO extent.
One of the most extreme example is the disk of CX Tau, where Facchini et al. (2019)
found a dust to gas size ratio greater than 5. On a larger sample of 22 disks of the
Lupus star-forming region, Ansdell et al. (2016) found a typical dust to gas size
ratio of 2. While this difference in size suggests that dust radial drift and dust grain
evolution are occurring in the disks, this value is likely affected by differences in
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opacity between dust and gas (Dutrey et al., 1998; Facchini et al., 2017). Indeed, 12CO
emission commonly used to estimate gas sizes is optically thick, which makes it easier
to detect at large radius even if dust grains are also present (generally optically thin
at millimeter wavelengths). Trapman et al. (2019) used a grid of thermochemical
models to predict the gas to dust size ratio needed to observationally discriminate
radial drift and opacity effects. They showed that a ratio of Rgas/Rmillimeter dust & 4
can not be due to optical depth only. This means that disks showing this large gas
to dust size ratio have to be subject to radial drift and dust grain evolution. Further
observational studies of radial extent of protoplanetary disks need to be performed
in order to understand more clearly the effect of radial drift on disk evolution and
planet formation. In particular, quantifying variations of disk sizes or of the gas to
dust size ratio with time would allow to constrain this mechanism.

1.3.2.c. Vertical settling

The interaction of dust particles with gas in the stellar gravity field also leads to
vertical settling of dust grains. This mechanism is important because it allows to
increase the dust density in the disk midplane, which likely enhances grain growth
efficiency (see Section 1.3.3). The settling efficiency depends on the coupling of dust
grains with gas, as well as on the degree of turbulence. In general, the turbulence
is described by the parameter α of Shakura and Sunyaev (1973, see Section 1.2.2,
equation 1.9). The different approaches aiming to understand vertical settling differ
mainly in the origin of turbulence and its influence on dust grains.

Weidenschilling (1977) and Nakagawa et al. (1986) conducted some of the first
studies of vertical settling. In these models, the turbulence opposes vertical settling
by removing dust grains away from the midplane at a turbulent convection velocity.
This approach was however recognized as incorrect given that it did not take into
account the chaotic nature of turbulence: while some eddies will drive particles away
from the midplane, some others might accelerate settling. A better way of handling
turbulence consists in averaging the velocities of the eddies. In that case, dust grains
are rather diffused by turbulence than advected as assumed previously. With this
consideration, Dubrulle et al. (1995) showed that the vertical evolution of the dust
density could be described by the following differential equation:

∂ρd
∂t
− ∂

∂z

(
zΩ2

Kτsρd

)
=

∂

∂z

[
Dρ

∂

∂z

(
ρd
ρ

)]
(1.16)

where ρd is the dust density, ρ the gas density, ΩK the Keplerian orbital velocity, τs
the stopping time, and D the diffusion coefficient. In the simplifying assumption of a
constant diffusion coefficient, equation 1.16 has the following solution (Fromang and
Nelson, 2009):

ρd = ρd,mid exp
[
− (Ωτs)mid

D̃

(
ez2/2H2 − 1

)
− z2

2H2

]
(1.17)

where D̃ = D/Hcs = α/Sc (with Sc the Schmidt number) and the underscore mid
indicates that these values are taken in the disk midplane. To derive these equations,
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Figure 1.6 – Comparison of settling models present in the literature with the vertical extent of
1 mm grains (equivalent to St=0.005− 0.01, Riols and Lesur, 2018) obtained by
Pinte et al. (2016) modeling the HL Tau disk (orange in each pannel). Ideal MHD
or vertical shear instabilities (VSI, see middle panel and purple dashed line in the
left panel) do not match the millimeter scale height constrained by observations,
while ambipolar diffusion or ohmic effect reproduce it better (see right pannel or
red region in left panel). Adapted from Riols and Lesur (2018) and Flock et al. (2017)

the gas is assumed at hydrostatic equilibrium and the turbulence is only prescribed
by the α parameter, without discussion on its origin. Results from Fromang and
Nelson (2009) performing ideal MHD simulations on small grains showed that the
assumption of constant dust diffusion coefficient is valid only close to the midplane
where the gas density is high enough. As the distance to the midplane increases, the
gas becomes less dense and the coupling less efficient so the diffusion coefficient will
change. Analytical solutions of equation 1.16 for a varying diffusion coefficient do
not exist, numerical simulations have to be performed.

Recent studies by different groups (Fromang and Nelson, 2009; Flock et al., 2017;
Riols and Lesur, 2018) investigated the effect of various mechanisms (namely ver-
tical shear instability, ideal and non ideal MHD effects) on vertical settling of dust
grains. For large grains, the dust scale height is found to vary with Stokes number as
Hd ∝ St−1/2 (Dubrulle et al., 1995; Riols and Lesur, 2018). Thus, in the Epstein regime,
using equations 1.13 and 1.14, this implies that for large grains the scale height varies
with the grain size a as: Hd ∝ a−1/2. However, each model predicts different absolute
values for the scale height depending on the physical mechanism that drives the
turbulence (see Fig. 1.6). Direct comparisons of vertical settling efficiency measured in
observations is important to constrain turbulence in disks and the possible physical
mechanisms at its origin.

Before my PhD work, evidence for stratification of dust grains had been shown
in several studies, mainly based on optical or infrared observations (e.g., Duchêne
et al., 2003; Pinte et al., 2007; Glauser et al., 2008; Duchêne et al., 2010). In all cases,
small grains are located at the disk surface while larger grains are found closer to the
midplane, consistently with vertical settling predictions. The typical scale height for
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small grains (expected to be well coupled to the gas) has been inferred of the order of
10 au at 100 au (Burrows et al., 1996; Stapelfeldt et al., 1998). Few studies however were
able to estimate the scale height of millimeter grains, expected to be more affected by
settling and representing most of the dust mass. This can be explained because the
high angular resolution needed for such observations was not available until recently.
Additionally, most studies of protoplanetary disks focused on substructures, which
led to observations of low inclination systems (≤ 70◦), where the vertical extent is not
directly visible. For the low-inclination disks, the difference in vertical extent between
gas and dust grains can only be inferred by detailed modeling of the rings and gaps.
For example, Pinte et al. (2016) used the relative brightness of HL Tau rings in the
millimeter to model the vertical extent of large grains. For this particular system, they
find that the millimeter dust scale height is ∼ 1 au at 100 au from the star. It is about
10 times smaller than the gas scale height assumed in their model and implies a low
level of turbulence in this disk. In Fig. 1.6, I show recent models aiming to reproduce
the millimeter scale height obtained in the HL Tau disk (Riols and Lesur, 2018; Flock
et al., 2017). They showed that the turbulence generated by ideal MHD or vertical
shear instabilities (VSI) is likely too strong to lead to millimeter scale height of 1 au
at 100 au. On the other hand, non ideal effects such as the ohmic effect or ambipolar
diffusion lead to lower turbulence and thus to a very thin layer of millimeter sized
grains.

During my PhD, I expanded studies on vertical settling by comparing scattered
light and millimeter observations of several disks, respectively probing micron-sized
or millimeter-sized grains. In Chapter 3, I describe the study of SPHERE and ALMA
observations of two transition disks, that I modeled using radiative transfer. In
Chapter 4, I present the analysis of the millimeter continuum emission of a survey of
12 edge-on disks, which I compare with their corresponding HST images. These two
projects allowed to obtain new constraints on the vertical extent of millimeter sized
particles.

1.3.3 Grain growth in protoplanetary disks

In Section 1.1.3, I briefly described how the core accretion mechanism allows to
form giant gaseous planets. However, I did not mention how ISM micron-sized
particles grow to pebbles or planetesimals sizes. This is what I aim to discuss in this
section.

While orbiting around the central star, dust and gas particles are also affected,
among other mechanisms, by turbulent motions (related to the disk temperature)
and differential radial drift (see Section 1.3.2). The relative velocity induced by these
effects leads to collisions of dust particles, which can have various outcomes. For col-
lisions at low velocity, numerical simulations and micro-gravity experiments showed
that micron-sized particles can grow larger through sticking mechanisms, which are
related to electrostatic interactions, and/or through mass transfer (see reviews by
Blum and Wurm 2008 and Testi et al. 2014). However, as particles grow, other collision
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outcomes become possible. In particular, collisions between large grains at large
velocity often lead to fragmentation, erosion or bouncing, preventing grains to grow
much larger than millimeter/centimeter sizes (Windmark et al., 2012). Additionally,
as dust grains grow to larger sizes, their Stokes number increase (see equations 1.13

and 1.14). As detailed in Section 1.3.2, this implies that growing grains progressively
decouple from the gas and become increasingly affected by radial drift (until they
reach St = 1, see equation 1.15). When dust grains are large enough, the rapid inward
drift caused by gas drag, acts as a barrier for planet formation. For large grains,
the drag becomes so efficient that dust particles drift inward onto the star on short
timescales preventing them to grow larger. This is the so-called "radial-drift barrier".
One key point for planet formation models is to understand how dust grains can
grow larger despite this barrier.

Several possibilities have been studied to solve the radial drift barrier issue. One
of them is to consider dust particles as fluffy rather than compact aggregates. In
that case, growth can be more efficient because the sticking of fluffy grains can occur
at much higher speed, which allows grains to survive collisions at higher relative
velocities and grow larger (Wada et al., 2009). Additionally, Garcia and Gonzalez
(2020) showed that for fluffy aggregates the transition between the Epstein and Stokes
drag regime can happen before reaching a Stokes number of 1 (i.e., before being most
affected by radial drift), contrary to compact grains. As mentioned previously, in the
Stokes drag regime, the Stokes number increases faster with grain size than in the
Epstein regime. This allows porous aggregates to decouple from the gas fast enough
for preventing them from falling onto the star. They might be able to grow to larger
bodies and form planets.

Dust traps, related to changes in the pressure gradient, can also be a solution
to allow grains to grow without falling onto the star. From equation 1.15, one can
easily see that the sign of the radial drift speed changes with the sign of the pressure
gradient. An inversion of the pressure gradient can thus lead to a change in the drag
speed, pushing grains from both sides towards the pressure maxima. If such gradient
is stable, it can efficiently trap dust particles. Such configuration will lead to the
accumulation of grains in the region of the pressure trap. The resulting enhanced dust
density is favorable for gain growth, either through sticking or through streaming
instabilities (Youdin and Goodman, 2005). The streaming instability is triggered for
sufficiently large dust to gas ratio, in which the back reaction of dust on gas might not
be negligible. The large dust to gas ratio impacts the drift speed of dust particles and
the instability leads particles to pile up in dense filaments, where they might collapse
through dust self-gravity. The streaming instability allows to form ∼ 100 km sized
planetesimals directly from micron-sized dust grains in a very short timescale (of the
order of several hundreds of orbital timescales, Johansen et al., 2014).

Finally, note that extremely efficient vertical settling also allows to increase signifi-
cantly the dust to gas ratio in the disk midplane, which is favorable for the growth
mechanisms mentioned. Characterizing vertical settling efficiency is therefore impor-
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Figure 1.7 – Examples of features observed in protoplanetary disks. The images were taken
respectively with SPHERE (HD 163296 and HD 100453) or ALMA (HD 135344B).
Adapted from Muro-Arena et al. (2018), Cazzoletti et al. (2018b), and Benisty et al.
(2017)

tant to understand planet formation.

Interestingly, recent observations of disks at high angular resolution revealed a
large variety of features, which can be associated with dust traps. Fig. 1.7 shows some
examples of features recently observed with ALMA or SPHERE, namely cavities,
rings, lopsided emission and spirals. During my PhD (Villenave et al., 2019), I
was particularly interested in transition disks (TD). These disks, which have been
historically identified by their lack of IR flux in their SED (Strom et al., 1989), are
remarkable from their large inner cavities (at least at millimeter wavelengths).

Proving that grain growth is enhanced in the observed features is however not
direct. Some indirect evidence for grain growth can be obtained through the millimeter
spectral index, defined as Fν ∝ ναmm . Indeed, in the Rayleigh-Jeans regime and for
optically thin emission, the millimeter spectral index is directly linked to the dust
absorption coefficient κν ∝ νβ (with β ≥ 0) as of α ≈ 2 + β. Small ISM-like grains
have a β parameter of 1.5− 2 (e.g., Li and Draine, 2001), while grains of millimeter or
centimeter sizes are expected to have a β parameter closer to 0 (e.g., Pavlyuchenkov
et al., 2019). Low values of spectral index (α ≤ 3) usually imply either that dust
is optically thick or that dust grains have grown from ISM sizes to millimeter or
centimeter sizes.

Using resolved spectral index maps, Cazzoletti et al. (2018b) showed that the
spectral index decreases in the location of the vortex of HD 135344B. Similarly, Dent
et al. (2019) and Huang et al. (2018a) showed that the spectral index decreases at
the maximum brightness of the rings of HD 143296 and TW Hya respectively. These
studies suggest that the features of these disks (rings or vortex) can be associated
with a local increase of grain sizes, which is consistent with them being trapped.
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Alternatively, the local decrease of spectral index in the rings can also be related to
changes in optical depth, the rings being more optically thick than the gaps.

Complementary analysis of grain growth can now be performed with ALMA
dust polarization observations. The polarization fraction observed in a few disks
indicates that the maximum grain size is about 100 µm (e. g., Hull et al., 2018; Ohashi
et al., 2018; Dent et al., 2019). This is consistent with grain growth from ISM-sizes
but is rather low compared to conclusions from spectral index analysis. Several
mechanisms might solve this apparent discrepancy. For example fluffy aggregates
have different polarization properties than compact grains assumed in the works
mentioned previously (Kataoka et al., 2016). Alternatively, it is also possible that
millimeter polarization observations trace a different grain population than millimeter
total (unpolarized) intensity observations (Yang et al., 2016; Hull et al., 2018).

1.3.4 Planets and protoplanetary disk structure

Several mechanisms have been proposed to produce the features currently observed
in protoplanetary disks (rings, gaps, spirals, azimuthal asymmetries, see Fig. 1.7).
In particular, along with (magneto-)hydrodynamical flows, instabilities and ice lines
for example, planets interacting within the disk are able to create a large variety of
substructures (see review by Andrews, 2020). In this section, I focus on observational
indications for planets in protoplanetary disks.

Theoretical and numerical studies showed that planets can generate various features
in protoplanetary disks, depending on their masses and on the disk properties. In this
section, I generally associate a planet to 1 gap and 1 ring but note that under specific
disk parameters a planet might open several gaps (Dong et al., 2015a; Bae et al., 2018;
Weber et al., 2019) and can also launch spiral arms (Dong et al., 2015b; Baruteau et al.,
2019). Some important parameters for the outcome of planet-disk interaction are for
example viscosity, the temperature structure of the disk, the possibility of heating
(and cooling) a forming planet, the grains composition and size distribution, and
possibly planet migration. Depending on its relative mass with respect to the disk,
the impact of a planet on the gas density structure will vary. Massive planets (> 1 MJ)
are able to open deep and wide gaps (e.g., Crida et al., 2006; Tatulli et al., 2011; Dong
and Fung, 2017), while planets of ∼ 10 Earth masses are just massive enough to have
a detectable effect on the gas surface density (e.g., Rosotti et al., 2016). Both massive
and low-mass planets are associated to a pressure maximum at larger radius, which
implies that they also affect the dust distribution (see Section 1.3.3). As mentioned
previously, large particles of Stokes number closest to 1 are expected to concentrate in
the pressure maxima, while small dust grains, well coupled to the gas, might flow
inwards of the planetary orbit (Zhu et al., 2012; de Juan Ovelar et al., 2013; Dong
et al., 2015a). In Villenave et al. (2019), I used the difference in cavity sizes between
millimeter and scattered light observations of a sample of 22 transition disks to study
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the possibility of planets being at the origin of their cavities.

The ubiquity of dust substructures observed in protoplanetary disks (e.g., Andrews
et al., 2018b; Long et al., 2018) suggests that planets might form in the earliest stages
of disk evolution. A frequent practice to infer the properties of potential planets
within disks is to perform dedicated hydrodynamical simulations (including planets)
to model the millimeter continuum emission of specific systems with interesting fea-
tures (e.g., Pohl et al., 2017a; Price et al., 2018a; Baruteau et al., 2019). Several studies
also compared continuum gap morphologies (e.g., location, width and depth of the
gaps) of various disks with grids of hydrodynamical simulations or analytic prescrip-
tions, aiming to infer the properties of planets potentially carving the gaps (Zhang
et al., 2018; Lodato et al., 2019).

However, note that only gaps larger than the angular resolution of the observa-
tions (a few au even with the longest ALMA baselines) and at important separations
from the central star (r & 10 au) can currently be resolved. Additionally as mentioned
previously, massive planets have a stronger impact on the disk morphology than
small mass planets. This imply that the detection of planets with ALMA observations
are biased towards massive planets, far from their host stars. I represent some planets
inferred with ALMA continuum observations by the green points in Fig. 1.3. Inter-
estingly, they probe a parameter space currently unexplored by exoplanets surveys.
The current planet formation mechanisms might have to be adjusted to explain the
presence of massive planets so far from their central star around young protoplanetary
disks.

Additionally, recent works used ALMA CO kinematics in disks, such as deviations
from Keplerian motion, to infer the presence of planets (Pinte et al., 2018; Teague
et al., 2018; Pinte et al., 2020). In the right panel of Fig. 1.8, I present one of the first
indirect detection of planet with such study.

Although substructures are present in most disks, only a few planets have yet
been unambiguously detected inside a protoplanetary disk. Young or still-forming
planets are expected to be relatively hot because of accretion. They are predicted to
be brightest at infrared wavelengths, meaning that these wavelengths are best suited
for direct imaging of embedded protoplanets. In the left panel of Fig. 1.8, I show
the current most robust direct detection of planet in a protoplanetary disk. The first
detection of PDS 70 b was published by Keppler et al. (2018), using scattered light
images taken with SPHERE. Since then, this object has been the subject of many
studies aiming to characterize it in more details (e.g., Müller et al., 2018; Wagner
et al., 2018), and a second protoplanet has been identified in the disk (Haffert et al.,
2019). Interestingly, PDS 70 b and c are located in the cavity of this transition disk,
which suggests that giant planets might indeed be at the origins of some cavities
observed in transition disks. Additionally, note that claims for planetary candidates
with direct imaging were also made in various other (transition) disks (Quanz et al.,
2015; Sallum et al., 2015; Reggiani et al., 2018), but remain mostly unconfirmed.
Large direct imaging surveys also yield low number of detections, even around older
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Figure 1.8 – Examples of direct (left panel, SPHERE scattered light image) and indirect detec-
tions (right panel, ALMA CO image) of planets in two protoplanetary disks. The
dotted circles indicate the position of the planets. Adapted from Müller et al. (2018)
and Pinte et al. (2018)

systems (Uyama et al., 2017; Nielsen et al., 2019; Vigan et al., 2020). The planets
detected by direct imaging surveys are mostly massive (few Jupiter masses) and far
from their host star (more than a few au), as can be seen from the orange points in
Fig. 1.3.

1.4 disk observations

In Section 1.3.2, I showed that the strength of several evolutionary mechanisms,
such as radial drift and vertical settling, depend on the size of the particle considered.
Observationally, this can be constrained by using multi-wavelength observations. In
this section, I first describe why observations at different wavelengths trace different
regions and grain sizes. Then, I will discuss two types of observations that I used
during my PhD to add constraints on these evolutionary mechanisms. Those are inter-
ferometric millimeter observations taken with ALMA, and optical/infrared scattered
light observations, either taken with SPHERE at the Very Large Telescope (VLT) or
with the Hubble Space Telescope (HST).

1.4.1 Multi-wavelength observations to probe different disk’s regions and grain sizes

Although gas covers most of the mass of protoplanetary disks, dust dominates the
continuum disk’s opacities. As mentioned previously, this implies that dust dominates
the outcome of the reprocessing of any incident light beam. In particular, dust grains
absorb and scatter part of an incident beam. This set of effects is called extinction. At
thermal equilibrium, the absorbed energy can be re-emitted by the grains through
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Figure 1.9 – Absorption and scattering coefficient of astronomical silicates for different dis-
tributions of grains with mono-sizes between 0.01 µm and 10 mm, expressed in
cm2.g−1. From tables published in Laor and Draine (1993) and mcfost.

thermal emission or may allow chemical reactions on the grain surface. In this section,
I discuss some important quantities (opacities and optical depth) which dictate what
can be observed in a disk depending on the wavelength of observation.

The absorption properties of dust grains are generally characterized by the opacity
coefficient κν, expressed in cm2.g−1. This coefficient depends, among other parameters,
on the grain size (a). In the left panel of Fig. 1.9, I represent the dust opacities
for silicate grains of different sizes (7 distributions of mono grain size between
0.01 µm and 10 mm). In this figure, we see that the absorption opacity typically
reaches a maximum at wavelengths around λ ∼ 2πa. For a given grain size, shorter
wavelengths show high opacity values, while the opacity decreases significantly at
large wavelengths (λ > 2πa). This implies small grains (e.g., micron sizes) dominate
the opacities at short wavelengths (up to the infrared), while large grains (e.g., sub-
millimeter sizes) have an larger impact at larger wavelengths.

An incident light beam can also be scattered by dust grains. In that case, it keeps
its original wavelength but changes orientation. The right panel of Fig. 1.9 shows the
scattering efficiency of different grain sizes. Note that the scattering efficiencies have
similar shapes as the absorption opacities.

At thermal equilibrium, the energy absorbed by dust grains has to be re-emitted.
This emission is distributed over the electromagnetic spectrum according to the dust
temperature. Assuming that dust emits as a blackbody, we can estimate the wave-
length corresponding to the maximum of emission (λpeak) in regions with different
temperatures (T, see Section 1.2.3) using the Wien’s displacement law: λpeakT = cte.
Following this law, hot particles from the inner regions and the upper layers of the
disk, for example at 2000 K, would emit the most at 1.4 µm (H-band). On the other
hand, cold particles in the disk midplane, for example at 20 K, will have a peak of
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Figure 1.10 – Structure of protoplanetary disks and link with observations. Scattered light
observations probe small (µm-sized) grains well mixed with the gas, while
millimeter observations probe larger millimeter sized grains, likely settled into
the disk midplane and affected by radial drift. Adapted from Testi et al. (2014)

emission at larger wavelengths, around 140 µm. This implies that the emission at
different wavelengths trace various regions of the disk. This interpretation is generally
used to analyse SEDs. However, we need to keep in mind that the grains which can
emit the most are those which have absorbed most of the incident energy, i.e., with
about λ ∼ 2πa. So emission at different wavelengths trace at the same time different
disk’s temperatures and various grain sizes. This is represented in a schematic view
in Fig. 1.10.

Finally, the notion of optical depth is important to interpret the emission that one
receives from a disk. Indeed, part of the stellar emission or dust thermal emission
can be obscured by dust grains along the line of sight (dl), either due to absorption
or to scattering. This leads to the attenuation of the incident energy by a factor
1− e−τν , where τν is the optical depth: τν =

∫
ρd(κ

abs
ν + κscat

ν )dl. If τν � 1, most of
the emission is obscured by the dust, this corresponds to an optically thick region.
This assumption is valid in dense regions (such as the inner regions of the disk) or for
wavelengths with high opacities such as in the optical or infrared. In that case, we
can only detect emission up to the so-called τν = 1 surface, the rest is invisible to the
observer. The other extreme is the optically thin regime, where τν � 1. In that case,
all dust emitting at these wavelengths can be seen, so the dust mass can be directly
related to the observed flux (see equation 2.1, in Chapter 2).
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1.4.2 Radio interferometry with ALMA

To be able to spatially resolve protoplanetary disks and study their structure, high
angular resolution observations are needed. As an example, the Kuiper belt extends
between 30 and 50 au from the Sun, which suggests that the protoplanetary disk
at the origin of the solar system was larger than this size. Thus, to resolve this
disk at a typical distance of 140 pc (mean distance of Taurus, Zucker et al., 2019), the
observations need to have an angular resolution smaller than 0.3”. The typical angular
scale (∆θ) that a single dish telescope can achieve corresponds to the diffraction limit:
∆θ ∝ λ/D, with λ the wavelength of the observations and D the diameter of the
telescope. Observations at 1 mm reaching 0.3” angular resolution would thus need a
telescope of 1 km of diameter! As building such large telescope is not possible, the
technical solution to reach high angular resolution at millimeter wavelengths is to use
interferometry. In that case, the largest separation (or baseline) of individual antennas
determines the resolution of the telescope.

1.4.2.a. The Atacama Large Millimeter Array

The Atacama Large Millimeter Array (ALMA, Fig. 1.11), located in the Chajnantor
plateau in the Atacama desert, is the current best (sub-)millimeter interferometer
both in terms of sensitivity and angular resolution. During my PhD, I used mainly
ALMA observations, so this section focuses on the description of this millimeter
interferometer and on the calibration steps needed for reducing ALMA data.

ALMA consists in 66 high precision 12 m and 7 m antennas, that can be arranged in
different configurations over the year. The maximum distance between 12 m antennas
can vary from 150 meters to 16 kilometers, which allows to observe with different
spatial resolutions. For example, the angular resolutions achieved at 1.3 mm range
from 1.5” to 0.04”. At the largest array configuration, ALMA can reach similar angular
resolution as large optical/IR telescopes, such as the VLT or HST for example, which
typically achieve ∼ 0.04” of angular resolution (respectively at 1.4 µm and 0.4 µm).

ALMA is based on heterodyning, meaning that the incoming signal mixed with a
local oscillator in the receiver frontend, which lowers the frequency to make it easier
to detect, and then combined in a correlator. The instrument can be set up to observe
at different wavelengths, with various bandwidth and spectral resolution depending
on the purpose of the observations. The bandwidths and spectral resolution modes
can be separated into two groups. On the one hand, ALMA offers large bandwidth
with small spectral resolution, best for continuum (dust) observations. On the other
hand, one can access to high spectral resolution, with the price of small bandwidth,
more interesting for line emission. Also, as mentioned previously, ALMA can provide
data at different wavelengths. These are separated into 8 frequency bands, starting at
100 GHz (3 mm, band 3) and ending at 870 GHz (0.3 mm, band 10).
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Figure 1.11 – ALMA.

1.4.2.b. Basics of interferometry

Because ALMA is an interferometer, it samples the Fourier transform of the sky
brightness distribution. The link between the observed visibility function V(u, v) and
the sky brightness I(x, y) is given by the van Cittert-Zernike theorem (van Cittert,
1934; Zernike, 1938) :

V(u, v) =
∫ ∫

PB(x, y)I(x, y)e2πi(ux+vy)dxdy = Aeiφ (1.18)

where PB(x, y) corresponds to the primary beam, the relative sensitivity of each
antenna. Each pair of antenna is associated to a position in the uv-plane, which
describes the separation of pairs of antennas as seen from the source at a particular
instant in time. The resulting visibility point is characterized by an amplitude (A) and
a phase (φ), as presented in equation 1.18.

During my PhD, I used CASA (Common Astronomy Software Application, Mc-
Mullin et al., 2007) to handle visibilities. In particular, this software was useful for
calibration and to reconstruct images from the visibilities. I will now detail the ideal
ALMA data reduction steps.

1.4.2.c. Calibration of ALMA observations

During the observations, several factors can corrupt the data. As an example, the
presence of a cloud during the observations can produce a phase or an amplitude
error. The phase error originates from the fact that the light path of different incident
beams may vary with time and spatial position inside the cloud, leading to a delay

29



between the different beams. On the other hand, the amplitude error comes from
absorption by the cloud. This implies that various calibration steps have to be applied
to the observed visibilities to recover the true visibility function. In general, the effects
corrupting the visibility function impact independently its amplitude or its phase. To
illustrate the steps required to calibrate ALMA observations, I represent a sequence
of real observations in Fig. 1.12. These observations are analysed in Chapter 4.

One of the first calibration step is the correction for water vapor variation along
the light of sight of each antenna, which can cause large delay/phase variations. The
atmospheric water vapor content is measured very regularly during the observations
by external radiometers (WVR) located on each 12 m antenna. Then, during the
calibration, a CASA task converts the measured water vapor emission into a predicted
antenna delay, which is applied on the data.

Along with the delays, the amplitude sensitivity and noise contribution of each
antenna (and receiver frontend) have to be measured and calibrated out. Several times
during the observations (see ’Calibrate Atmosphere’ scans in Fig. 1.12), the antennas
response is measured off source (in a blank region of the sky). This calibration step
is called Tsys (system temperature measurement). As well as measuring the noise
contribution from the atmosphere, frontend and antenna, this measurement allows to
directly detect if an antenna is defective during the observations.

Finally, the last calibration step which does not require any specific external cali-
bration source is the antenna position updates. Indeed, the position of each antenna
has to be known very accurately in order to correctly calculate the delays between
the different antennas. The antenna position table is determined regularly by the
observatory and applied to the data during this calibration.

Then, the following calibration steps require the observations of several astronomi-
cal calibrators, which are needed for bandpass, flux, amplitude and phase calibration.
Note that calibrators are generally chosen among bright quasars and that a unique
calibrator can be used for several calibration purposes. At the start of observing each
calibrator, a pointing calibration is made to correctly align the pointing of the individ-
ual antennas. Before observing the science target, a large fraction of the observing
time has to be spent on the bandpass calibrator. This calibration estimates the relative
amplitude and phase between the different frequency channels of each spectral win-
dow. It is observed only once. Afterwards, the amplitude of each antenna is scaled
so that the flux matches that of the flux calibrator. The typical flux calibration error
of ALMA varies between 5% and 20% depending on the observing frequency (see
the ALMA Technical Handbook 2). Finally, the visibilities have to be correctly aligned
with one another on a point source, and corrected for amplitude and phase temporal
variations. One of the most important calibrations is indeed the phase calibration,
also known as the ’gain’ calibration, as it tracks the complex gains (amplitude and
phase). It is usually estimated after all other calibrations have been made. To do

2. https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/alma-
technical-handbook
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Figure 1.12 – Example of a real sequence of ALMA observations, later studied in Chapter 4.
The first 18 scans only are numbered, they observe different calibrators (6 first
lines) and a science target. Note that water vapor is also measured in all scans
on calibrators.

this calibration, a phase calibrator, selected to be unresolved at the resolution of the
observations, is observed extremely regularly between each observation of the science
target (see Fig. 1.12). This allows to monitor changes in phase and amplitude between
antennas during the observations and to apply the relevant corrections to the science
target. Finally, note that to be able to estimate the accuracy of the phase calibration, a
check source is generally observed once before the science target. The check source
is selected to be about at the same distance to the phase calibrator than the science
target, to have a comparable intensity with the science target, and to be unresolved by
the observations. Then applying all the calibration steps to the check source should
allow to verify that they were correctly performed.

During my PhD, I reduced several ALMA datasets. Except for one particularly
complex dataset (see Chapter 4), the standard calibration provided by the observatory
was generally adequate to calibrate the data.

1.4.2.d. Image reconstruction

Once all calibration steps are performed, it is possible to reconstruct an image from
the visibility points, by taking the inverse Fourier transform of the visibilities (see
equation 1.18). However, as the sampling of the uv-plane is not complete, complex
algorithms have been developed to reconstruct the images. During my PhD, I used
the clean and tclean tasks of CASA to reconstruct the images. These iterative
functions proceed by several steps. The first step is to compute a dirty beam and
dirty image of the observations. The designation dirty represents objects that are
directly obtained from the visibilities. The reconstructed image is associated to a beam
pattern, which corresponds to the point spread function of the instrument. Then, a
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point source (or a larger region when using the multiscale option) centered on the
maximum intensity of the dirty map is subtracted from the dirty map. This second
step is repeated several times, replacing the dirty map by the remaining map from
previous iterations (residual map). It stops when a sensitivity or iteration threshold is
reached. Lastly, the final image is generated by adding the model map (composed of
all point sources subtracted from the dirty image), convolved to the resolution of the
observation, and the residual map (i.e., noise map).

Note that there are many options for the cleaning of the images. In particular, it is
possible either to image each channel maps separately or together, which respectively
allows line or continuum imaging. Another important option is the weighting
parameter applied to each baseline used to reconstruct the image. There are three
different options: 1/ Natural weighting, which allows to minimise the noise in the
image but at the expense of lower resolution in the reconstructed image, by applying
a larger weight to the baselines with the lowest noise level (or highest density in the
uv-plane), 2/ Uniform weighting, which applies a larger weight to long baselines,
favoring the angular resolution, and 3/ Briggs weighting, which allows a compromise
between the two strategies. Indeed the robust parameter of the Briggs method can
vary between −2, for a natural weighting, and 2 for uniform weighting. Using a
Briggs robust parameter of 0.5 is generally a good compromise between sensitivity
and angular resolution.

Finally, it is sometimes possible to perform a last calibration step to improve the
image quality. Self-calibration consists in using the source itself to estimate the
variation of phase (or amplitude) with time. If the source is bright enough, this last
reduction step can significantly improve the quality of the final image (lower rms
and higher dynamical range) as it allows a continuous monitor of the sky variations
directly on the source.

1.4.3 Scattered light observations and basics of polarization

During my PhD, I also used scattered light images from VLT/SPHERE (Spectro-
Polarimetic High contrast imager for Exoplanets REsearch, Beuzit et al., 2019) and
from HST (Hubble Space Telescope), which trace small grains well mixed with the gas.
One of the difficulties of observing protoplanetary disks at optical/NIR wavelengths
is that the star is bright (see typical Class II SED in Fig. 1.1). Thus, several techniques
have to be considered to increase the contrast of the disks compared to their host stars.
One of them is to use a coronagraph. This device allows to hide emission up to a given
angular radius (see a coronagraph profile in Fig. 3.7). It has the advantage of removing
efficiently stellar emission, but also prevents the observations from recovering disk
emission from the central regions.

Another technique which allows to increase the contrast of the disk compared
to the star is to study polarized light. Indeed, stellar emission is globally unpo-
larized, while the reprocessed light coming from the disk is linearly polarized at
optical/NIR wavelengths (due to scattering by small grains). Polarimetric differential
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imaging (PDI) is a commonly used technique to remove unpolarized emission from
scattered light observations. It consists in observing a system simultaneously with
two perpendicular polarization filters and then to subtract the two resulting images
from each other. Unpolarized stellar light will cancel out while polarized emission
from the disk remains. This technique allows to increase the contrast between the disk
and the star, making the study of the disk easier. Note that both HST and SPHERE
can use a coronagraph, and the instrument IRDIS (Infra-Red Dual-band Imager and
Spectrograph, Dohlen et al., 2008) of SPHERE is designed to detect polarized intensity.
In the next paragraphs, I present how polarized light can be described and some
characteristics of polarized light from protoplanetary disks.

The usual way for characterising polarization in scattered light observations is to
use the Stokes formalism (Stokes, 1851), where light can be described by four vectors:
I, Q, U, and V. I represents the total intensity, Q and U the two components of
linear polarization and V the component of circular polarisation. These vectors can
be combined to obtain quantities easier to interpret such as polarized intensity (PI)
and polar Stokes components (Qφ and Uφ, Schmid et al., 2006):

PI =
√

Q2 + U2 (1.19)
Qφ = +Q cos(2φ) + U sin(2φ) (1.20)
Uφ = −Q sin(2φ) + U cos(2φ) (1.21)

where φ = arctan(y/x) corresponds to the angle measured north to east with respect
to the position of the star. This angle φ is purely geometric on the image and centered
on the star. A positive signal in Qφ indicates a polarization in the azimuthal direc-
tion (negative signal is in the radial direction), while Uφ represents the polarization
inclined by ±45◦ from this direction.

For protoplanetary disks Qφ and Uφ values are generally easier to interpret than Q
and U. Indeed, for single scattering events, photons are expected to be polarized
orthogonally to the scattering plane, which is defined by the line of sight and the
direction of the incident stellar emission (radially in the plane of the disk). This
implies that the disk emission would be polarized in the azimuthal direction and
included only in the (positive) Qφ component, Uφ becoming a proxy for the noise.
However, multiple scattering events might occur, for example in very inclined disks.
This would imply that the incident emission might not come only from the radial
direction as in the single scattering case, which can lead to some degree of polarization
not necessarily in the azimuthal direction. In that case, part of the physical signal
will also be included in the Uφ component (Canovas et al., 2015). As I did not reduce
scattered light data, I refer the reader to de Boer et al. (2020) and van Holstein et al.
(2020) for a detailed description of the calibration steps of IRDIS observations.
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1.5 radiative transfer modeling

In the complex environment of a protoplanetary disk, there are no global analytic
solutions to the equations of radiative transfer. Numerical methods are necessary to
solve these equations and to interpret the structure of protoplanetary disks. During
my thesis, I used extensively the radiative transfer code mcfost (Menard, 1991; Pinte
et al., 2006; Pinte et al., 2009), which I will briefly describe in this section.

mcfost is a versatile 3D radiative transfer code, able to model SED as well as
continuum dust and line emission (for example CO). To compute the model images,
the code uses a fixed parametric disk structure and dust properties. However, note
that various developments allowed to couple mcfost with different codes, for example
with Phantom (Price et al., 2018b), which enables to obtain radiative transfer images
from a code solving hydrodynamic equations. mcfost uses two different methods to
produce images. First, it solves the temperature structure of the disk using a Monte
Carlo method. Then, ray tracing is used to produce the SED and mono-chromatic
images. I will describe these two steps in the following subsections.

1.5.1 Solving the temperature structure

mcfost solves the temperature structure of the disk using a Monte Carlo method,
commonly used in this type of codes. It consists in the generation of photon packets,
either from the stellar photosphere or through thermal emission of the disk itself. Then,
each photon packet is stochastically propagated through the disk. The propagation
includes the effects of scattering, where an incident photon is re-emitted with same
wavelength but in another direction, and also the effect of absorption and re-emission
by the dust grains. In the case of absorption, mcfost uses the method described
by Bjorkman and Wood (2001), where the idea is to consider absorption and re-
emission as a scattering event which would be isotropic and change the wavelength
of re-emission accordingly to the temperature of the cell. A photon packet will thus
propagate through the disk from a scattering event (real or faking absorption) to the
next, which might change its initial direction and frequency. It keeps propagating
until it exits the disk.

Absorption is the most relevant parameter for estimating the disk’s temperature.
Indeed, as a photon packet is absorbed and re-emitted by a cell, it deposits some
energy into the cell. As described in details in Pinte et al. (2006), mcfost determines
the temperature of a cell i following Lucy (1999, describing the concept of mean
intensity in a cell), by solving:∫ ∞

0
κabs

i (λ)Bλ(Ti)dλ =
L?

4πViNγ
Nγ abs,i (1.22)

where κabs
i is the absorption opacity of the cell, Bλ(Ti) the Planck function at the

temperature Ti of the cell, and L? the stellar luminosity, Vi the volume of the cell, Nγ

the total number of emitted photons, and Nγ abs,i the number of absorbed photons
in cell i. The temperature structure is computed at the end, when all photons have
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been propagated through the disk. Note that if an infinite number of photon were
propagated through the disk, the temperature structure would be perfectly converged.
However, for computational reason, only a finite number of packets can be considered.
Then, not all paths can be covered and there can be some errors in the temperature of
each cell. The errors are small if a sufficiently large number of photons are considered.

1.5.2 Computing the SED and intensity maps

The method presented in the previous subsection allows a fast convergence of the
temperature profile, but is fairly slow to compute SED. Thus, after this first step,
mcfost calculates the SED and/or intensity maps using another method, based on
direct ray-tracing. This method integrates the energy that would reach the observer
following rays of photons. Packets of photons are emitted both from the star and
the disk (thermal emission), with probabilities described in Pinte et al. (2009). The
ray-tracing method implements scattering and takes into account that, after each
scattering event, a fraction of the energy is removed from the incident photon due to
absorption. This procedure allows the code to be relatively fast in generating SED
and images.

1.5.3 Parametric disk structure

Before providing any physical parameters, the grid geometry and the numbers of
photons required for each step of calculation need to be set. Then, mcfost requires a
relatively simple parametrisation to describe the disk structure. During my PhD, I
always assumed an axisymmetric disk and a gas to dust ratio of 100. The following
list enumerates the free parameters to describe a region of the disk, and note that
several regions with different parameters can be set (allowing to model rings, gaps...).

• Stellar parameters: Teff, R?, and M?. The two first parameters are required to
compute the stellar luminosity following equation 1.1, while the stellar mass is
important whenever kinematics is involved, e.g., line profiles or channel maps.

• Disk orientation: Inclination (i) and distance (d)

• Disk mass: Mdust and gas-to-dust ratio

• Radial structure: As described in Section 1.2.2, the radial structure of a protoplan-
etary disk can be described by a truncated power law (equation 1.10) or by a
tapered edge structure (equation 1.11). Both are described by an inner and outer
radius (Rin and Rout), a surface density exponent (p) and a critical radius for the
tapered edge-structure (Rc).

• Vertical structure: The disk’s scale height is parametrized by equation 1.7, which
is described by the following free parameters: H100 au and β. Alternatively,
note that mcfost also includes a few parametrizations for vertical settling, for
example following Fromang and Nelson (2009, see equation 1.17). In that case
the settling efficiency in the disk depends on the viscosity parameter α.
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• Grain properties: The dust composition and grain sizes (amin and amax) are free
parameters. Additionally the number density of dust particles is described with
a power law of the grain size dn(a) ∝ a−aexp da.

1.6 outline of this thesis

During my PhD, I aimed to provide new observational constraints on various
evolutionary processes in protoplanetary disks. I used multi-wavelength observations,
mainly comparing ALMA millimeter observations with optical/infrared scattered
light images to probe various disk’s regions and grain sizes. The main questions that I
focused on during my PhD are related to the formation of planets in a protoplanetary
disk. In particular, I worked on the dust mass dissipation timescale of disks, the
formation of cavities in transition disks and explored other dust evolution mechanisms
such as radial drift and vertical settling.

In Chapter 2, I present the study of ALMA observations of 31 protoplanetary
disks in the intermediately aged Chamaeleon II star-forming region (4± 2 Myr). By
comparing the distributions of dust-to-stellar mass ratios with several other star-
forming regions in the age range of 1 − 10 Myr, I found that disks become less
massive with time: the older the region, the smaller the ratio. This is consistent
with predictions. Additionally, based on gas detection rates of different star-forming
regions, I investigated the dissipation of cold gas (12CO) in protoplanetary disks. The
detections rates decrease with the age of the region, which shows that the gas also
dissipates with time. Finally, for the resolved disks, I also compared the gas and dust
major axis sizes, aiming to add constraints on radial drift efficiency. The typical size
ratio between dust and gas is about 3, which is likely due to radial drift of dust grains.

In Chapter 3, I present the modeling and observations focusing on two transition
disks (J1608 and J1852), observed with SPHERE (near-infrared, µm sized grains) and
ALMA (millimeter wavelengths and grain sizes). By performing radiative transfer
modeling and comparing with the observations, I constrained the radial and vertical
extent of different grains sizes. I find that large grains are less extended radially and
vertically than small grains, at least in J1608, the most inclined and best resolved
system of the study. Additionally, to assess planet formation as a potential origin for
the cavities of transition disks, I gathered a sample of 22 transition disks with scattered
light and millimeter observations. By comparing the cavity sizes with predictions
from hydrodynamical simulations, I found that 15 disks have cavities that can be
explained by a planet of less than 13 Jupiter masses, while the others require either
the presence of a more massive companion or of several low-mass planets. In most
cases, giant planets might be at the origin of most cavities observed in transition disks.

In Chapter 4, I present the analysis of the continuum emission of a survey of 12 edge-
on disks observed with ALMA. The edge-on configuration is particularly favorable for
the study of vertical settling as it allows to directly constrain the millimeter vertical
extent of disks. For most sources, we find that the millimeter continuum emission
is more compact than the scattered light, both in the vertical and radial directions,
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which is consistent with vertical settling and radial drift of the larger grains. In this
chapter, I aimed to add constraints on both mechanisms.

Finally, I show the latest version of my first author papers in Appendix A and the
first page of my published co-authored publications in Appendix B.
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2.1 introduction

While a large variety of planets are observed in different exoplanet surveys (Clanton
and Gaudi, 2016; Baron et al., 2019; Fernandes et al., 2019), it is still not clear how these
planets form. In particular, gas giant planets must form before the protoplanetary
disk has dissipated most of its gas content. As mentioned in Section 1.3.1, several
studies showed that the fraction of disks detected at infrared wavelengths decreases
with time, with a typical timescale of about 2.5 Myr (Mamajek, 2009; Ribas et al.,
2015). However, near infrared observations probe hot dust in the inner regions of
disks while the timescale for giant planet formation is rather set by the global gas
and dust mass dissipation timescale. To test disk evolutionary models and find the
dominant mass dissipation mechanism(s), further observational constraints on the
dissipation of the mass are needed.

Millimeter and submillimeter surveys are particularly useful to probe the disk’s
dust and gas content. Several surveys of various star-forming regions have been
conducted at millimeter wavelengths, mostly focusing on star-forming regions of
1− 3 Myr (Andrews et al., 2013; Pascucci et al., 2016; Ansdell et al., 2016; Cazzoletti et
al., 2019; van Terwisga et al., 2019). They showed that the disk dust masses estimated
in these young regions is commonly smaller than those measured in the more evolved
Upper Sco star-forming region (5− 10 Myr, Barenfeld et al., 2016), which suggests the
dissipation of the disk dust mass with time.

In this chapter, I present an ALMA survey of protoplanetary disks located in the
intermediately aged Chamaeleon II star-forming region (4± 2 Myr, hereafter Cha II).
The study of this region complements previous ALMA surveys as it allows to probe an
age/evolutionary stage little studied until now, where disk dissipation is expected to
be advanced. In this chapter, I focus in particular on the evolution of the disks masses
and sizes with time. I describe the observations and data reduction in Section 2.2.
The continuum and CO line measurements are presented in Section 2.3. Then, in
Section 2.4, I compare the dust and gas sizes, and estimate the dust and gas masses of
the detected sources. Finally, in Section 2.5, I compare evolution of the dust to stellar
mass ratio and gas detection rates for Cha II to other star-forming regions of different
ages. In this chapter, most of the text originates from an article in preparation, but I
complement the analysis with additional details.

2.2 observations and data reduction

2.2.1 Target selection

In this study, we selected a sample of 31 disks out of the 63 young stellar objects of
the Cha II star-forming region (Spezzi et al., 2013). We selected these targets because
they all show an infrared excess at 70 µm, as observed by Herschel (Spezzi et al., 2013),
while the unobserved Class II sources were not detected at 70 µm by Herschel. Thus,
our survey is likely complete for the brightest Class II disks of Cha II. The sample
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includes one Class I source, one "flat spectrum" source and 27 Class II sources; two
secondary sources (around Hn 24 and Sz 59) were also detected with our cycle 2

ALMA observations. I report the physical parameters of the sources in Table 2.1.

2.2.2 ALMA observations

We used band 6 observations (Project ID: 2013.1.00708.S, PI: Ménard) obtained on
2015 August 27. The spectral setup was such that 2 spectral windows were used for
continuum, giving a mean continuum frequency of 225.7 GHz (1.33 mm) and the other
three spectral windows were set-up to include 3 CO isotopologue lines. They covered
the 12CO, 13CO, and C18O J = 2− 1 transitions at 230.538 GHz, 220.399 GHz and
219.56 GHz. Each line spectral window has a native 0.33 km s−1 velocity resolution. I
used the CASA pipeline (version 4.3.1) to calibrate the raw data.

The continuum images were extracted from the calibrated visibilities over the
continuum channels using the CASA clean function with a Briggs robust weighting
parameter of +0.5. To maximize the dynamic range of the brightest sources (CM Cha,
Hn 22, Hn 23, IRAS12496-7650, IRAS12500-7658, Sz 58 and Sz 61), I performed self-
calibration. The continuum images are presented in Fig. 2.1. They achieve an average
beam size of 0.48′′ × 0.25′′ for the continuum.

I also extracted 12CO, 13CO and C18O channel maps from the calibrated visibilities
after subtracting the continuum from the spectral windows containing line emission
using the uvcontsub routine in CASA. Note that for the brightest sources, I also
applied the continuum self-calibration solutions to the gas line data. The sources
were cleaned with 0.35 km s−1 velocity resolution, with a Briggs robust weighting
parameter of 0. The achieved angular resolution is in average 0.51′′ × 0.28′′ for the
CO lines.

For the detected sources in the channel maps of each isotopologue, I generated
moment 0 (Fig. 2.2) and moment 1 maps (Fig. 2.3) showing respectively the integrated
line emission and the velocity gradient. These maps were obtained by using the
channels where the source was detected (see Fig. 2.2 for details). Additionally, the
moment 1 maps were generated for pixels detected by more than 3σ in each velocity
channel.

For each source, I also generated line profiles from the CO channel maps, over a
range from −10 to +15 km s−1. The spatial range used to generate each line profile
varies according to the detectability of the source. When the sources were detected
in the molecule, line profiles were produced on their 3σ contours. When the sources
were not detected in CO, I also generated a line profile in order to get a consistent
method to evaluate the RMS. I used a square of size 1′′ × 1′′ (close to the mean size
of the detected sources), centered near the phase center to extract the spectrum and
calculate the RMS. The 12CO and 13CO line profiles are shown on Fig. 2.2 for the
sources that were detected in the corresponding lines.
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Source RA (h m s) Dec (deg ′ ′′) Classa SpTa M?/M� b

J13022287-7734494 13 02 22.9 -77 34 49.4 II M5 0.16± 0.1

J13071806-7740529 13 07 18.1 -77 40 52.9 II M4.5 0.20± 0.1

J13082714-7743232 13 08 27.1 -77 43 23.3 II M4.5 0.20± 0.1

CM Cha 13 02 13.6 -76 37 57.8 II K7 0.63± 0.1

Hn 22 13 04 22.9 -76 50 05.5 II M2 0.40± 0.1

Hn 23 13 04 24.1 -76 50 01.2 II K5 0.97± 0.2

Hn 24 A 13 04 55.7 -77 39 49.6 II M0 0.52± 0.1

Hn 24 B∗ 13 04 55.6 -77 39 51.0 - - -

Hn 25 13 05 08.6 -77 33 42.6 II M2.5 0.34± 0.1

Hn 26 13 07 48.5 -77 41 21.4 II M2 0.41± 0.1

IRAS12496-7650 12 53 17.2 -77 07 10.6 II F0 > 1.4

IRAS12500-7658 12 53 42.9 -77 15 11.5 I K5 0.06± 0.1

IRAS12535-7623 12 57 11.7 -76 40 11.1 II M0 0.49± 0.1

ISO-CHAII 13 12 58 06.8 -77 09 09.5 II M7 0.07± 0.1

J130059.3-771403 13 00 59.3 -77 14 02.7 II K3 -

J130521.7-773810 13 05 21.7 -77 38 10.3 F - -

J130529.0-774140 13 05 29.0 -77 41 40.1 II - -

Sz 46 12 56 33.7 -76 45 45.4 II M1 0.49± 0.1

Sz 49 13 00 53.2 -76 54 15.2 II M0.5 0.56± 0.1

Sz 50 13 00 55.3 -77 10 22.2 II M3 0.32± 0.1

Sz 51 13 01 58.9 -77 51 21.9 II K8.5 0.63± 0.1

Sz 52 13 04 24.9 -77 52 30.3 II M2.5 0.35± 0.1

Sz 53 13 05 12.7 -77 30 52.6 II M1 0.49± 0.1

Sz 54 13 05 20.7 -77 39 01.6 II K5 0.86± 0.2

Sz 56 13 06 38.8 -77 30 35.3 II M4 0.23± 0.1

Sz 58 13 06 57.5 -77 23 41.6 II K5 1.03± 0.2

Sz 59 A 13 07 09.2 -77 30 30.5 II K7 0.69± 0.1

Sz 59 B∗ 13 07 09.7 -77 30 30.2 - - -

Sz 61 13 08 06.3 -77 55 05.2 II K5 0.89± 0.2

Sz 62 13 09 50.4 -77 57 24.0 II M2.5 0.27± 0.1

Sz 63 13 10 04.2 -77 10 44.8 II M3 0.28± 0.1

Table 2.1 – Stellar parameters. Coordinates are from the SIMBAD database except for the
secondary of the Hn 24 and Sz 59 binaries. These two were estimated from our
images (marked by ∗).
References: (a) Spezzi et al. (2013), (b) This work. The stellar masses were calculated
from the PMS tracks by Baraffe et al. (2015), using luminosities and temperatures
from Spezzi et al. (2008) rescaled using individual distances from Gaia DR2 (Gaia
Collaboration et al., 2018). The errors are estimated based on the uncertainty
assumed for the stellar effective temperature (see Section 2.5.1).
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Figure 2.1 – Continuum images ordered by decreasing fluxes. Images are 2.4′′ × 2.4” except
for Hn 24 where we use 4.8′′ × 4.8” to show the secondary source. The beam is
shown in the lower left corner of each panel. 3σ and 15σ contours are shown in
dashed and solid lines, respectively. The colormap is chosen to go from from
−3σ to the maximum intensity of each image.
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Figure 2.2 – Line profiles (left panels), 12CO normalized moment 0 maps (middle panels) and
13CO normalized moment 0 maps (right panels) for the sources detected in the
respective lines (2 sources per row). For each source, we display the continuum
contours at 50% of the continuum peak (black line) and the CO contours at 50% of
the CO peak (white line) on the CO moment 0 maps. The CO beam size is shown
in the bottom left corner of each panel, along with a white line representing a
0.5” scale. On the line profiles plots, we also show a green vertical line at 3 km s−1,
where the cloud absorption is estimated, and the size of the integration range
to used estimate the 12CO and 13CO fluxes. The maximum fluxes of each line
profile are displayed in the top left side of the panels, colored in blue for 12CO
and in red for 13CO.
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Figure 2.3 – Moment 1 maps for 12CO detected sources, the color coding corresponds to
the radio velocity expressed in km s−1. Beam sizes are shown in the bottom
left corner, and scales are presented in the bottom right corner. The contours
represent the 3σ and 15σ levels of the corresponding continuum emission.

2.3 results

2.3.1 Continuum emission

We measure the continuum emission by fitting an elliptical Gaussian model to the
visibility data, using the CASA uvmodelfit task. This model has six free parameters:
integrated flux density (F1.3mm), full width half maximum (hereafter FWHM) along
the major axis (R50%, 1.3mm), aspect ratio of the axes (r, such that minor axis fwhm =
R50%, 1.3mm × r ), position angle (PA), right ascension (∆α) and declination (∆δ) of the
phase center. For the sources where the Gaussian model did not converge, we fitted
the visibilities with a point source model with only three free parameters (F1.3mm, ∆α,
∆δ). Table 2.2 gives the measured 1.3 mm continuum flux, major and minor axis sizes,
and position angle of each source. Right ascensions and declinations obtained from
the fits are consistent with the SIMBAD coordinates within a few tenths of arcseconds.

Out of the 31 sources of the sample, 24 are detected above a 3σ significance
threshold, and 14 of them are resolved. The continuum images are presented in
Fig 2.1. In this figure, binaries in the fields of Sz 59 and Hn 24 are visible. We measure
a separation of 0.70” and PA of −25◦ for Sz 59 from the continuum fits, which is
consistent with the measurement by Geoffray and Monin (2001). In the field of Sz 59,
the companions have similar continuum fluxes and sizes. In addition, we discover a
new visual binary, as Hn 24 B is not referenced in the literature. From the continuum
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uv-plane fit, we derive the components’ locations (Table 2.1). We measure a separation
of 1.67”, a PA of 0◦ and a flux ratio in the continuum of 2. At 1.3 mm, the secondary
is unresolved and smaller than the (resolved) primary.

2.3.2 CO line emission

We measure the line fluxes by integrating the line profiles over their spectral widths,
which we determined by visual inspection of the channel maps. For the detected
sources, I represent the line width by horizontal lines at the bottom of each panels
of Fig. 2.2. The mean line width of the detected sources is ∼ 6.3 km s−1. For these
sources, we evaluated the flux error as the RMS times the width of the line. On
the other hand, we report upper limits for the non-detections. They correspond to
3 times the RMS of the line profile, integrated over a line width of 6.3 km s−1. We
present the integrated fluxes and uncertainties for the three isotopologues in Table 2.3.
Additionally, we estimate the 12CO emission size of the resolved sources by fitting an
elliptical Gaussian to the moment 0 maps. We report the major axis FWHM of 12CO
emission (R50%,12CO) in the second to last column of Table 2.3.

Out of 31 targets observed, 12 are detected in 12CO, 3 in 13CO and none in C18O. All
the sources detected in 13CO are also detected in 12CO, and all the sources detected
in 12CO are detected in the continuum. Each source detected in a CO isotopologue
is also resolved. Hn 24 is the only identified continuum binary that is detected in
the 12CO line. In contrast with the continuum fluxes, where Hn 24 A and Hn 24 B
have a factor of two difference in flux, the 12CO fluxes are similar for both sources.
This is expected if the two disks have different dust masses (as indicated by their
difference in continuum emission, assuming it is optically thin), but similar sizes and
temperatures, that would lead to similar line fluxes in the optically thick 12CO.

However, we caution for the presence of significant foreground absorption for all
sources. From the moment 0 maps displayed in Fig. 2.2, we see that for some sources
the line emission is not centered on the continuum (e.g., Sz 61), which suggests that
we are missing part of the emission for each of them. Furthermore, some line profiles
are also asymmetric (e.g., CM Cha) and/or have minima (absorption) that go down to
the continuum level (e.g., IRAS12500-7658). This is not compatible with a Keplerian
profile unless there is foreground absorption. The large cloud absorption is located
around 3 km s−1 (green line on Fig. 2.2). It is compatible with Mizuno et al. (2001)
study, which gave estimations of +2.9 ± 2.8 km s−1. Thus, even for the detected
sources, the CO fluxes and sizes are likely lower limits only.
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Source F1.3mm R50%, 1.3mm Minor axis fwhm PA Mdust

(mJy) (mas) (mas) (deg) (M⊕)

J13022287-7734494 0.87± 0.15 1.84± 0.32

J13071806-7740529 < 0.51 < 0.93

J13082714-7743232 < 0.51 < 1.19

CM Cha 38.76± 0.23 315± 5 315± 9 35± 57 34.08± 0.20

Hn 22 21.81± 0.17 175± 6 110± 12 −51± 4 28.47± 0.22

Hn 23 20.75± 0.19 190± 4 190± 13 158± 57 17.95± 0.16

Hn 24 A 10.52± 0.19 193± 15 193± 33 67± 57 8.44± 0.15

Hn 24 B 5.05± 0.16 5.85± 0.18

Hn 25 5.38± 0.18 195± 25 6.21± 0.19

Hn 26 < 0.51 < 0.64

IRAS12496-7650 708.60± 0.27 354± 1 321± 1 125± 1 247.80± 0.09

IRAS12500-7658 49.60± 0.26 258± 5 258± 11 −84± 57 266.50± 1.40

IRAS12535-7623 1.09± 0.18 0.60± 0.10

ISO-CHAII 13 < 0.51 < 2.28

J130059.3-771403 5.68± 0.19 188± 15 4± 9 6.57± 0.22

J130521.7-773810 < 0.51 < 0.61

J130529.0-774140 < 0.51 < 0.59

Sz 46 3.73± 0.20 221± 49 4.26± 0.23

Sz 49 10.92± 0.26 401± 14 311± 31 −1± 7 14.61± 0.35

Sz 50 10.96± 0.20 169± 15 169± 33 64± 57 5.71± 0.19

Sz 51 4.30± 0.18 249± 33 133± 49 −70± 10 4.58± 0.19

Sz 52 1.16± 0.24 461± 131 1.72± 0.35

Sz 53 4.81± 0.20 307± 32 168± 44 65± 8 5.59± 0.35

Sz 54 10.54± 0.18 586± 9 131± 28 12± 6 7.01± 0.12

Sz 56 1.00± 0.15 1.09± 0.16

Sz 58 60.72± 0.30 699± 5 347± 39 61± 1 51.12± 0.25

Sz 59 A 4.99± 0.16 114± 37 4.23± 0.13

Sz 59 B 4.29± 0.16 97± 22 4.98± 0.19

Sz 61 41.32± 0.23 310± 3 310± 9 −11± 57 33.05± 0.17

Sz 62 < 0.51 < 0.65

Sz 63 19.79± 0.21 369± 9 183± 11 83± 1 26.56± 0.28

Table 2.2 – 1.3 mm continuum properties. Gaussian (point source) models were fitted in the uv
plane for detected (undetected) sources. We report the continuum fluxes (F1.3mm),
the resolved major and minor axis FWHM (respectively R50%, 1.3mm and Minor axis
fwhm), the position angles (PA) and the estimated dust masses (see Section 2.4.2).
Some sources are only resolved in the major axis direction, for these sources we
do not report any size in the minor axis.
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Source F 12CO F 13CO F C18O R50%,12CO R50%,12CO/

(Jy km s−1) (Jy km s−1) (Jy km s−1) (mas) R50%, 1.3mm

J13022287-7734494 < 0.14 < 0.14 < 0.12

J13071806-7740529 < 0.15 < 0.14 < 0.10

J13082714-7743232 < 0.11 < 0.16 < 0.10

CM Cha 0.67± 0.04 < 0.19 < 0.09 680± 100 2.2± 0.3

Hn 22 < 0.13 < 0.15 < 0.10

Hn 23 < 0.13 < 0.14 < 0.10

Hn 24 A 0.35± 0.04 < 0.15 < 0.11 540± 160 2.8± 0.9

Hn 24 B 0.33± 0.04 < 0.15 < 0.11 950± 400

Hn 25 < 0.15 < 0.14 < 0.11

Hn 26 < 0.13 < 0.13 < 0.12

IRAS12496-7650 20.58± 1.66 5.26± 0.33 < 0.16 1520± 110 4.3± 0.3

IRAS12500-7658 2.93± 0.22 0.60± 0.06 < 0.14 840± 100 3.3± 0.4

IRAS12535-7623 < 0.15 < 0.15 < 0.10

ISO-CHAII 13 < 0.14 < 0.15 < 0.09

J130059.3-771403 < 0.15 < 0.16 < 0.11

J130521.7-773810 < 0.16 < 0.14 < 0.10

J130529.0-774140 < 0.13 < 0.14 < 0.11

Sz 46 0.12± 0.01 < 0.13 < 0.11 1020± 270 4.6± 1.6

Sz 49 0.61± 0.04 < 0.17 < 0.10 1360± 280 3.4± 0.7

Sz 50 < 0.17 < 0.17 < 0.13

Sz 51 < 0.14 < 0.15 < 0.09

Sz 52 < 0.13 < 0.16 < 0.12

Sz 53 0.84± 0.06 < 0.15 < 0.10 1370± 220 4.5± 0.9

Sz 54 < 0.14 < 0.12 < 0.11

Sz 56 < 0.11 < 0.13 < 0.09

Sz 58 4.01± 0.24 < 0.15 < 0.11 1990± 220 2.8± 0.3

Sz 59 A < 0.16 < 0.14 < 0.11

Sz 59 B 1.14± 0.09 < 0.14 < 0.11 780± 130 8.0± 2.3

Sz 61 1.31± 0.08 < 0.16 < 0.11 1020± 150 3.3± 0.5

Sz 62 < 0.14 < 0.14 < 0.11

Sz 63 1.04± 0.07 0.21± 0.03 < 0.12 1190± 150 3.2± 0.4

Table 2.3 – Integrated fluxes for the CO isotopologues derived from the line profiles and
12CO sizes. As the continuum of Hn 24 B was not resolved, we do not report
CO/continuum size ratio for this source.
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2.4 disk masses and sizes

2.4.1 Continuum vs CO sizes

Measuring and comparing disk sizes as seen in dust and gas tracers is particularly
important to constrain evolutionary mechanisms. In Section 2.3.1 and Section 2.3.2, I
presented the estimates of the major axis sizes (FWHM) of the continuum and 12CO
emission line. Those are reported in Table 2.2 and Table 2.3, respectively. Additionally,
the gas to continuum size ratio is presented in the last column of Table 2.3. We find
that the 12CO emission is systematically larger than its continuum counterpart, with a
median size ratio of 3.3.

Before discussing the implications of these results, note that the sizes were mea-
sured by fitting an elliptical Gaussian to each source, respectively in the uv-plane for
the continuum and in the image plane for the gas, which might lead to systematic
differences in the size estimation. To quantify the impact of using different measure-
ment methods, I compared the sizes obtained using Gaussian fits either in the image-
or in the uv-plane for 11 objects, well resolved in continuum. In Fig. 2.4, I present the
size ratio obtained for these sources using the two methods. The ratios uv / image
measurements are between 0.7 and 1.05 between the two techniques. So the image
plane estimation, deconvolved from the beam, gives larger values than those found in
the uv-plane, in average 1.1 times larger. However, the CO to continuum size ratios
estimated for our data are significantly larger than this size difference (median size
ratio of 3.3, Table 2.3). This implies that the differences measured are not an artefact
of the measurement method.

Previous studies have reported similarly large size differences between gas and
continuum measurements, both for individual Herbig AeBe and for T Tauri stars (e.g.,
van der Plas et al., 2017a; Facchini et al., 2019). It can have several explanations. Indeed,
the 12CO emission is optically thick while the dust continuum is optically thinner,
making the CO disk easier to detect at large distances even if the solids are distributed
as far outside as the gas (e.g., Woitke et al., 2016). Additionally, protoplanetary disks
are also accreting onto the central star and angular momentum conservation implies
that beyond a certain radius, the gas disk has to expand outward (see equation 1.8).
Conversely, millimeter-sized grains are expected to drift inward rapidly, making the
continuum disk look smaller, with a sharp outer edge at millimeter wavelengths (see
Section 1.3.2).

Using thermochemical models, Trapman et al. (2019) find that a ratio
R90%,12CO/R90%, 1.3mm ≥ 4 requires dust evolution and radial drift. Note that in this
study, we compare the FWHM of the gas with that of the continuum rather than the
radius which encompass 90% of the flux of both tracers as is done by Trapman et al.
(2019). When applying their results to our Cha II sample, we find that grain growth
and radial drift are needed to reproduce the high values of gas to dust size ratio
observed in several disks. Additionally, we observe that the average size difference is
lower in the 2± 1 Myr old Lupus star-forming region (Ansdell et al., 2018) than in
the 4± 2 Myr old Cha II. Indeed, Ansdell et al. (2018) estimate an average gas to dust
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Figure 2.4 – Size ratio of 11 sources, estimated using different measurement methods. I divide
the size obtained by fitting a Gaussian in the uv plane by that fitting a Gaussian
in the image plane. In average, the sizes estimated from fitting in the uv plane
are 0.9 times smaller than those estimated in the image plane.

size ratio of about 2 for 22 disks in Lupus. This difference is also consistent with disk
evolution. Indeed, as mentioned previously, the millimeter dust grains are expected
to drift inward with time while the gas spread to larger radius, which leads to an
increase of R12CO/R1.3mm with time.

2.4.2 Continuum masses

Assuming that the continuum emission is optically thin at 1.3 mm, it is possible to
infer the disk dust mass (Mdust) from the continuum millimetric flux (Fν) at a given
wavelength (e.g., Hildebrand, 1983):

Mdust =
Fνd2

κνBν(Tdust)
(2.1)

We take a grain opacity κν of 2.3 cm2.g−1 at 230 GHz (Beckwith et al., 1990),
with κν ∝ ν0.4 (as in Andrews et al., 2013). We use individual distances from
Gaia DR2 (Gaia Collaboration et al., 2018) for sources that have an error on the
distance smaller than 15 pc. When the error is larger than 15 pc, we adopt the
weighted mean distance of the well characterized objects: 198 pc (Dzib et al., 2018).
We adopt the relationship of Tdust with L? from Andrews et al. (2013), inferred with a
grid of radiative transfer models: Tdust = 25K (L?/L�)

1/4. We used the luminosities
determined by Spezzi et al. (2008), rescaled to the Gaia DR2 distances. For the sources
that were not characterized spectrally (see Table 2.1), we applied a characteristic dust
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Figure 2.5 – Dust masses for the 31 sources in our Cha II sample expressed in Earth masses and
ordered by increasing dust mass (Table 2.2). Black and red squares correspond to
12CO and 13CO detected sources, respectively. Round symbols show continuum
only detected sources and the downward-facing triangles correspond to 3σ upper
limits for non detections.

temperature of Tdust = 20 K, the median temperature for Taurus disks (Andrews and
Williams, 2005). Fig. 2.5 shows the detections and upper limits of our dust mass
estimates. The values are reported in Table 2.2, they range from ∼ 0.6 M⊕ (IRAS12535-
7623) to ∼ 266.5 M⊕ (IRAS12500-7658).

We note however, that the scaling relation between Tdust and L? was calibrated for
luminosities larger than 0.1 L�. In our sample, 5 objects have luminosities smaller
than this value, including IRAS12500-7658 and ISO-CHAII 13 that have luminosities
close to 0.01 L� (Spezzi et al., 2008). For these two sources, the estimation of the mass
is probably overestimated by a factor ∼ 2 (van der Plas et al., 2016).

2.4.3 CO masses

Determining gas masses from observations is a difficult task. Indeed, most of the
gas is in the form of H2, which is very difficult to detect since it does not have a
permanent dipole moment and does not emit significantly. Lines of less abundant
molecules (e.g., CO, HD) are possible to use, but they probe specific temperatures and
are affected by chemistry, corresponding to different regions of the disk. Moreover,
gas emission lines are often optically thick, meaning that, as opposed to dust emission,
line fluxes do not trace directly the gas mass.
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Figure 2.6 – Gas mass estimates. Left: Models from Kamp et al. (2011) with the 3 sources
observed and detected in both 12CO and [OI] 63 µm. Dashed curves correspond
to models for six different [OI]/CO ratios. Right: Models from Williams and Best
(2014) showing the 3 sources detected in 12CO and 13CO.

Nevertheless, several models that attempt to infer gas masses from observations
are available in the literature. From chemistry and physical modeling, Kamp et al.
(2011) estimate gas masses with a precision of about an order of magnitude using
[OI] 63 µm combined with 12CO J = 2− 1 emission lines. For several bins of [OI]/CO
flux ratio, they fitted their disk models by third order polynomial curves to obtain
gas masses from the [OI] fluxes. In our Cha II sample, only three sources that are
detected in 12CO have also been detected in [OI] (Riviere-Marichalar et al., 2015). They
have flux ratios, log([OI]/CO), of 4.1± 0.2, 3.4± 0.2 and 2.9± 0.4 (respectively for
IRAS12496-7650, IRAS12500-7658 and Sz 61). These ratios are consistent within the
errors with the polynomial curves constructed for log([OI]/CO) between 3.5 and 4.55,
3.3 and 3.5, and the curve between 2.9 and 3.1 respectively, so they can be displayed
on these curves in the left panel of Fig. 2.6. This panel shows the gas mass estimations
for those three sources. The represented curves are derived for smaller intervals of
[OI]/CO than in Kamp et al. (2011), for six ranges in [OI]/CO ratio (Kamp et al.,
private communication). The estimated masses are reported in the first column of
Table 2.4. They were obtained after rescaling the Cha II [OI] fluxes from 198 pc to
140 pc (used for the model grid), and give an order of magnitude estimate for disk
masses.

Williams and Best (2014) also developed a parametrized grid of models to study
CO emission depending on various disk parameters. Based on a relatively simple CO
chemistry that takes into account freeze-out onto dust grains at low temperatures near
the disk midplane, photodissociation in the upper disk atmosphere and assuming
some initial molecular abundances, they estimate the gas masses using 13CO and
C18O fluxes or 12CO and 13CO fluxes. As none of our Cha II sources were detected in
C18O, we estimate gas masses from their 12CO and 13CO grid. In those models, the
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Kamp et al. (2011) Williams and Best (2014) G/D ratio = 100

IRAS12496-7650 5.6× 10−2 2.0× 10−2 7.4× 10−2

IRAS12500-7658 2.2× 10−3 1.0× 10−3 8.0× 10−2

Sz 61 7.0× 10−4 1.0× 10−2

Sz 63 3.0× 10−4 8.0× 10−3

Table 2.4 – Gas masses from different methods given in M�. The last column reproduces
the dust masses of Table 2.2 considering a gas to dust mass ratio of 100. When
considering only the errors on the dust mass (Table. 2.2), the typical error on this
value is about 10−4. For the other methods, the uncertainty of the measurements
is about of 1 order of magnitude for Kamp et al. (2011), at least a factor of ∼ 3 for
Williams and Best (2014)

gas structure is an exponentially tapered disk profile in hydrostatic equilibrium. Gas
masses estimated using this method are shown on the right panel of Fig. 2.6. The
second column of Table 2.4 presents the masses obtained for the 3 sources detected in
both isotopologues.

Finally, I estimated the gas masses with a third method that used the dust masses
estimated from the 1.3 mm continuum (Table 2.2). I assumed a standard gas to dust
ratio of 100. These values are given in the last column of Table 2.4.

For the two sources for which we could infer gas masses from the two models,
IRAS12496-7650 and IRAS12500-7658, the results are consistent between the Kamp
et al. (2011) method and the Williams and Best (2014) models within a factor of 3.
This consistency between two different models suggests that the results are robust,
but further studies are required. In particular, note that the CO abundances are
not known very precisely which implies that the gas mass estimates provided by
these two methods are precise to about an order of magnitude. Additionally, the
CO fluxes might be highly impacted by foreground absorption (see Section 2.3.2),
which would lead to higher disk masses for both models (higher 12CO fluxes and
reduced [OI]/CO).

The third method tested here, using the dust masses and assuming a gas to dust
ratio of 100, gives masses that are up to one order of magnitude larger than the
estimates using the methods of either Williams and Best (2014) or Kamp et al. (2011).
This is consistent with results from previous studies on a large sample of Lupus
protoplanetary disks (Ansdell et al., 2016; Miotello et al., 2017), and suggests either
that the gas to dust ratio in those disks is lower than the canonical ISM value, or that
the CO is under-abundant compared to H2 in these disks (e.g., review by Bergin and
Williams, 2018). However, further investigations with lower gas-to-dust ratio and
estimating uncertainties of each method are needed to confirm this statement. This
analysis was out of the scope of the paper and could only be applied to few sources
so we did not keep it in the latest version of the article.
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2.5 comparisons with other star-forming regions

2.5.1 Luminosity functions

Over the last years, observations of nearby star-forming regions have shown that
the disk dust mass tends to decrease with age, which can be a sign for disk dissi-
pation (e.g., Ansdell et al., 2016). This evidence was mostly driven by the compar-
ison of young star-forming regions (1− 3 Myr, e.g., Lupus) with the older Upper
Sco (5− 10 Myr) but a small number of studies focused on intermediately aged re-
gions (e.g., σ-Orionis, Ansdell et al., 2017). In this section, we expand the study
of cumulative dust mass distribution to the intermediately aged 4± 2 Myr Cha II
star-forming region, aiming to add constraints on the evolution of dust mass with
time.

Additionally, these surveys of complete star-forming regions revealed a correlation
between Mdust and M? (e.g., Andrews et al., 2013; Pascucci et al., 2016). Although
this relation might evolve with time, when assuming a dust temperature scaling with
luminosity in equation 2.1, they showed that the dust mass is about proportional
to the stellar mass 1: Mdust ∝ M?. Because of this relation, lower stellar masses are
expected to correspond to lower disk dust masses. Then, comparing the dust mass
distributions of star-forming regions with different stellar mass distributions might
lead to inadequate conclusions. In this context, our analysis consists in comparing
millimeter luminosity functions, i.e., cumulative disk dust mass distributions, as well
as dust-to-stellar mass ratio distributions for different star-forming regions. Using
this ratio allows us to reduce the impact of potentially different distributions of stellar
mass, and to the first order, to study the evolution of Mdust as a function of time.

2.5.1.a. Sample

In this analysis, we consider 6 star-forming regions observed at millimeter wave-
lengths and for which stellar masses can be well estimated. Those are Upper Sco (Baren-
feld et al., 2016), Cha II (this study), IC 348 (Ruíz-Rodríguez et al., 2018), Cha I (Pas-
cucci et al., 2016), Lupus (both band 7 and band 6 surveys, Ansdell et al., 2016;
Ansdell et al., 2018) and Taurus (Andrews et al., 2013). The main characteristics of
all regions (age, average distance, observed frequency and smallest detected dust
mass) are reported in Table 2.5. Note that because objects of different SED classes are
most likely in a different evolutionary stage, we selected only the Class II objects from
all studies. For Upper Sco, they are the objects classified as ’Full’, ’Transitional’ and
’Evolved’ in Table 1 of Barenfeld et al. (2016).

Also, note that we did not include several millimeter surveys in this analysis, either
because they lack of stellar masses estimates (e.g., σ-Orionis, Ophiuchus or OMC-2,
respectively in Ansdell et al., 2017; Cieza et al., 2018; van Terwisga et al., 2019), or
because not all Class II of the region were observed (e.g., Serpens, CrA, Law et al.,

1. When taking a constant Tdust = 20 K, those studies usually find Mdust ∝ M2
? (e.g., Ansdell et al.,

2017).
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Region Published age Distance Obs freq Mdust,min Detections/Total sources

(Myr) (pc) (GHz) (M⊕)

Upper Sco 5− 11a,b 145± 10 341.1 0.17 53/75

Cha II 2− 6c 198± 6A 225.7 0.60 19/23

IC 348 2− 3d 310± 20d 225.7 0.52 33/67

Cha I 2− 4e, f 192± 6A 338.0 0.54 60/76

Lupus b7 1− 3g 160± 4A 335.8 0.16 51/57

Lupus b6 225.5 0.60 62/66

Taurus 1− 2h 141± 7B 225.0 1.08 92/164

Table 2.5 – Parameters of star-forming regions. The sensitivity limits (Mdust,min) correspond to
the lowest detected dust mass of each star-forming region.
References: (a) Pecaut et al. (2012), (b) Herczeg and Hillenbrand (2015), (c) Spezzi
et al. (2008), (d) Ruíz-Rodríguez et al. (2018), (e) Pascucci et al. (2016), ( f ) Luhman
(2007), (g) Ansdell et al. (2016), (h) Andrews et al. (2013), (A) Dzib et al. (2018),
(B) Zucker et al. (2019)

2017; Cazzoletti et al., 2019). For example, note that analysing Gaia DR2 data, Galli
et al. (2020) identified 28 new Class II since the ALMA survey of CrA (probing 43
Class II sources, Cazzoletti et al., 2019).

2.5.1.b. Methods

individual distances . First, for each object included in the published millime-
ter surveys, I looked for the individual distance through the Gaia archive 2 (Gaia
Collaboration et al., 2018). I used the individual stellar distances whenever the errors
are smaller than 15 pc. For the sources with larger errors or that are not in the catalog,
the weighted averaged distance of the corresponding association is adopted. The
published ages and mean distances are reported in Table 2.5.

stellar masses . Because the obtained distances can be different from previous
estimates (see e.g., de Zeeuw et al., 1999; Voirin et al., 2018; Long et al., 2017; Andrews
et al., 2013, for older values), the stellar luminosity might change as well, which
impacts the stellar mass estimated. For this reason, I recalculated homogeneously
the stellar masses of all objects in this study. I used the Bayesian method described
in Andrews et al. (2013) and Pascucci et al. (2016) to find the stellar age and mass of
the evolutionary model that best matches the observed effective temperature T and
luminosity L of each object. For each source, I computed the following likelihood
function:

F(T, L|T̂, L̂) =
1

2πσTσL
× exp

(
−0.5×

[
(T − T̂)2

σ2
T

+
(L− L̂)2

σ2
L

])
(2.2)

2. http://gaia.ari.uni-heidelberg.de/singlesource.html
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Figure 2.7 – HR diagram showing the Cha II sources included in our ALMA sample. The faint
lines correspond to evolutionary tracks for different stellar masses, between 0.1
and 1.4 M� by steps of 0.1 M�, and the solid lines to different isochrones (from
Baraffe et al., 2015). The faint points are calculated with a distance of 178 pc,
while the colored points are calculated with the latest Gaia distances. I represent
the typical errors used for this analysis in the bottom left corner of the plot.

where T̂ and L̂ are the model grid temperatures and σT , σL the uncertainties associated
with T and L. For this analysis, I used isochrones from Baraffe et al. (2015), in the
range 0.5 to 50 Myr. The tracks were interpolated to probe the mass range from 0.05
to 1.4 M�, by steps of 0.01 M�. The assumed uncertainties in log(L?) and log(T?) are
0.1 and 0.02 respectively, which correspond to the upper values of the uncertainties
in Spezzi et al. (2008). The stellar mass and age associated to each object correspond
to the model for which the likelihood function is maximum.

I used stellar luminosities and temperatures from Andrews et al. (2013), Alcalá et al.
(2017), Manara et al. (2017) and Luhman (2007), Ruíz-Rodríguez et al. (2018), Spezzi
et al. (2008), and Barenfeld et al. (2016) for Taurus, Lupus, Cha I, IC 348, Cha II, and
Upper Sco respectively, rescaling the luminosity to each individual stellar distance as
detailed previously.

I show an example of HR diagram in Fig. 2.7, including the Cha II sources of
our ALMA sample. For the complete population, the median age of the sources
obtained with this technique is about 2 Myr. This is on the lower side of the typical
age range associated to Cha II: 4± 2 Myr (Spezzi et al., 2008). The difference might
be related to changes in the evolutionary models considered or because we now use
the most recent Gaia distances. Previous to Gaia, the average distance assumed
for the Cha II star-forming region was 178 pc (Whittet et al., 1997), while the most
recent estimations give it at 198 pc in average (Dzib et al., 2018). This has a direct
impact on the luminosity of the objects as can be seen in Fig. 2.7 (see faint and colored
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points). Because the objects are seen further away, their luminosity is higher. For
low mass pre-main sequence stars, younger than ∼ 5− 10 Myr, this corresponds to
younger objects in the evolutionary tracks (see Fig. 2.7). Further discussion on the age
uncertainties have been presented in Section 1.1.2. Note that for the other star-forming
regions included in this study, we also find slight modifications in the average age,
the general ranking remaining consistent with previous studies. However, as the
estimation of the ages of stellar associations is out of the scope of this study, we choose
to keep using the published age of each star-forming region rather than the median
age estimated by our method. On the other hand, the errors on stellar mass estimates
are typically ∼ 0.2 M� for solar type stars and we use our stellar mass estimates in
the rest of the analysis.

dust masses . Similarly, we recalculated the dust masses in a homogeneous way
from millimeter or sub-millimetrer fluxes using equation 2.1 in Section 2.4.2. We
adopt the same temperature-luminosity relation and grain opacities as described
previously, as well as the most recent distances.

sample selection. Because most of the samples used are only complete down
to the brown dwarf limit, we considered only stars with derived masses above 0.1 M�.
Moreover, as Baraffe et al. (2015) tracks stop at M? = 1.4 M�, we decided not to
include stars where the fit of isochrone produces this value. I/ present the number
of sources considered in this study in Table 2.5, along with the number of detected
sources. All regions show comparable stellar mass distributions, except IC 348 which
contains no stars between 0.9 and 1.4 M�.

2.5.1.c. Cumulative distributions

In order to compare all star-forming regions together, I used the Kaplan-Meier
estimator (Kaplan and Meier, 1958) to generate the cumulative distributions of the
dust masses and dust to stellar mass ratio of all star-forming regions. This estimator
has been used in previous protoplanetary disks studies (e.g., Ansdell et al., 2016;
Law et al., 2017) and has various other application fields as well (medicine for
example). The Kaplan-Meier estimator is a non parametric method used to estimate
the survival function from lifeline data. Compared to a simple histogram, this method
is interesting because it takes into account the non detections (i.e., upper limits). The
probability of sources to have a dust mass greater than Mdust with the Kaplan-Meier
estimator is defined as follows:

Ŝ(Mdust) = ∏
Mi<Mdust

(
1− di

ni

)
(2.3)

where di is the number of detected sources with exactly the mass Mi and ni the total
number of objects in the sample with Mdust ≥ Mi. I show an example of a fictional
dataset in Fig. 2.8. I considered 13 disks with masses between 1 and 5, 4 of which
being actually non detections, so upper limits. In the top right corner of the figure, I
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Figure 2.8 – Example of cumulative distribution curves, obtained only with the detections
(black curve) or with the Kaplan-Meier estimator including non detections (blue).
The top right table indicates the sample considered to produce this plot, with M
being the fictional mass of the objects.

indicate the number of sources detected for each bin of mass along with the number
of sources with upper limits. The blue curve corresponds to the distribution obtained
with the Kaplan-Meier estimator and the black one is a normalized histogram, con-
sidering only the detections. We can see that the Kaplan-Meier curve obtains larger
probabilities than the histogram curve. For instance, in the example the probability
of having a disk with a mass of 3 is higher when using the Kaplan-Meier estimator.
This is because there is one disk, potentially more massive than 3, which was not
detected (it has a mass upper limit of 4). This disk is not taken into account in the
histogram method but the Kaplan-Meier estimator does consider it, which increases
the probability of finding a disk more massive than 3. In practice, I used the lifelines
package in Python to generate the cumulative distributions 3. To conclude on this
estimator, note that for most observed distributions, the upper limits are mostly
located at the lower mass end of the distributions, which implies that the distributions
obtained with the Kaplan-Meier estimator are not as dramatically different as in the
example of Fig. 2.8. Only Taurus has a lot of non detections around low mass stars,
which leads to non detections distributed over a large range of dust to stellar mass
ratio and not only to the lower end.

In this work, we generate two families of cumulative distributions. First, as in
previous studies, we estimate the cumulative distributions of Mdust. They are shown
in the left panel of Fig. 2.9, and scaled so that the maximum of each distribution

3. See documentation at http://lifelines.readthedocs.io/
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Figure 2.9 – Left: Cumulative distribution of the dust mass, generated by the Kaplan-Meier
estimator and normalized by the fraction of detected sources in each star-forming
regions.
Right: Cumulative distribution of the dust to stellar mass ratio generated by the
Kaplan-Meier estimator. We indicate 1σ confidence intervals.
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Figure 2.10 – Same as Fig. 2.9, but considering all systems with disk masses smaller than
1.08 M⊕ (the lowest mass detected in Taurus) as non detections.
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Region Published age Median Mdust Median Mdust/M?

(Myr) (M⊕) (10−5)

Upper Sco 5− 11 0.6± 0.2 1.6± 0.3
Cha II 2− 6 5.6± 1.0 4.9± 1.4
IC 348 2− 3 ∼ 1.5 5.4± 0.7
Cha I 2− 4 3.5± 1.0 5.9± 1.2
Lupus b7 1− 3 5.3± 1.6 6.4± 1.4
Lupus b6 5.4± 1.7 5.8± 1.1
Taurus 1− 2 3.3± 0.8 15.2± 3.1

Table 2.6 – Median dust mass and dust to stellar mass ratio for each star-forming region, as
estimated from the cumulative distributions presented in Fig. 2.9.

corresponds to the fraction of detected sources in each sample. We find that most
distributions, including that of Cha II, have similar medians and shapes. However,
Upper Sco and IC 348 show a noticeable difference compared with the other distribu-
tions, with median dust masses up to one order of magnitude smaller than in other
regions. The median dust masses are reported in Table 2.6. This might be related
to different effects such as differences in stellar populations with other regions (e.g.,
no stars between 0.9 and 1.4 M� in IC 348) or to the scaling factor used for the Mdust
distribution, which might have to be modified if the samples are found not to be
complete. For comparison, the median mass of the Class II objects studied in this
work is found to be at least a factor of 5 smaller than masses of Class 0 and Class I
objects in Orion star-forming region, as can be seen in Fig. 15 of Tobin et al. (2020).
This suggests that Class II objects have evolved and lost dust mass since the first
stages of their evolution.

Additionally, in order to limit the effect of different stellar population, we estimate
the cumulative distributions of the dust-to-stellar mass ratio, which are shown in the
right panel of Fig. 2.9. Again, we find that most regions have similar shapes. Only
Taurus shows a different shape than in the plot of Mdust, breaking away from the other
curves, mostly because a large fraction of the non-detections are around low mass
stars, which correspond to large Mdust/M? ratio. Moreover, the distributions appear
shifted to progressively lower mass ratios as the age of the region increases (see
median Mdust/M? ratio in Table 2.6). In the following subsection, we aim to estimate
statistically whether all distributions of Mdust/M? are similar or not, looking for a
potential evolutionary trend.

2.5.1.d. Statistical test

The observed ranking of the disk-to-stellar mass ratios is suggestive of an evolution
of the disk properties with time. To test the significance of the observed shift in the
mass ratio distributions, we performed a statistical test on all star-forming regions.
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We use the logrank test, a non parametric method that compares the cumulative
distributions of two samples, taking into account non-detections. This test is imple-
mented in the lifeline Python package. The null hypothesis is that distributions of
all regions are equal at all mass ratio. We performed one-by-one comparisons and
present them in Table 2.7. The probabilities that the null hypothesis is correct (also
called p-values) are shown in the bottom-left part of the table, and their interpretations
are reported in the top-right side of the table. Regions that are statistically distinct
(i.e., with p-values ≤ 0.001) are characterized by the symbol ’***’. The symbols ’**’
and ’*’ are used for p-values between 0.001− 0.05 and 0.05− 0.1 corresponding to
regions that are gradually less statistically different. Regions that are statistically
indistinguishable (p-values > 0.1) are shown by the symbol ’-’. Note that before
adopting the logrank test, which was used by several other protoplanetary disks
studies (e.g., Cazzoletti et al., 2019), I also tried the Kruskal-Wallis test (Kruskal and
Wallis, 1952). The latter gives similar results but it is more reductive than the logrank
test. Indeed, the Kruskal-Wallis test does not take into account the non detections,
and also the null hypothesis is that all populations have the same median (rather than
a global comparison of the distributions).

Using the Mdust/M? ratio, we find that Upper Sco is statistically different from
all other star-forming regions (Table 2.7). Taurus is also statistically different from
Cha II and marginally from IC 348 and Cha I. Although we see a progressive decline
of the median of ratio with increasing age, these shifts are not significant at the
3σ level when the age difference is too small (≤ 2 Myr). Larger samples would be
needed to confirm the observed trend. However, when larger time baselines are
considered (≥ 3 Myr), the evolution of the luminosity function becomes significant.
This result strongly suggests that disks evolve gradually with time, with a decrease of
the relative mass of their millimetric dust grains compared with the star. This could
be explained by accretion of those grains on the central star, formation of planets, or
because, as grains grow bigger with time the millimeter wavelength opacity decreases.
The lack of 3σ significance for small age differences may be corrected when more
sensitive surveys are performed, larger samples are observed, or more accurate ages
are available.

In parallel to the decrease of the median dust-to-stellar mass ratio with time (Ta-
ble 2.5), a change in the detected disk fraction is observed in IR studies (Ribas et al.,
2014). This indicates that not only the number of disks detected is declining with
time, but also that the remaining disks have a lower mass. The global dust content of
the disk seems to decrease with time.

2.5.1.e. Possible limitations of the luminosity functions analysis

Comparison between complete but inhomogeneous samples requires care. Here,
all samples were observed with close but yet different sensitivities. The cumulative
distributions were generated using the Kaplan-Meier estimator that considers the
upper limits of non-detections. Nevertheless, to confirm the robustness of the analysis,
I also performed the same analysis considering a common dust mass limit. In Fig. 2.10,
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Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus

Upper Sco ** *** *** *** *** ***
Cha II 0.01 - - ** * ***
IC348 9× 10−7 0.3 - - - **
Cha I < 1× 10−7 0.2 0.6 - - **

Lupus b7 < 1× 10−7 0.04 0.5 0.8 - -
Lupus b6 < 1× 10−7 0.06 0.8 0.9 0.4 *

Taurus < 1× 10−7 0.0003 0.02 0.04 0.2 0.07

Table 2.7 – Results of pair comparisons with the logrank test applied on the ratio Mdust/M?.
The lower left half of the table represents p-values for pairs comparisons, and the
upper right half corresponds to the interpretation of the test. A p-value lower than
0.001 (***) corresponds to regions statistically distinct, p-values higher than 0.1
(-) to regions statistically similar, and P-values between 0.001 and 0.05 (**), and
between 0.05 and 0.1 (*) to regions that are marginally different.

Mlim = 1.08M⊕ Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus

Upper Sco - * ** *** *** ***
Cha II 0.4 - - ** ** ***
IC348 0.07 0.4 - - - **
Cha I 0.004 0.1 0.4 - - -

Lupus b7 0.0007 0.02 0.2 0.7 - -
Lupus b6 0.001 0.03 0.4 0.97 0.4 -

Taurus 1× 10−7 0.0006 0.02 0.1 0.4 0.2

Table 2.8 – Same as Table. 2.7, but considering all systems with disk masses smaller than
1.08 M⊕ (the lowest mass detected in Taurus) as non detections.
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I show the distributions of Mdust and Mdust/M? when considering all systems with
disk masses smaller than 1.08 M⊕ (the lowest mass detected in Taurus, see Table 2.5)
as non detections. In that case the cumulative distribution of Mdust goes to 1 because
we probe all disks which are more massive than the adopted limit. The results of
the logrank test for these distributions are presented in Table 2.8. Although less
significant, the results are similar to those presented above in this section: regions
with an important difference in age are statistically different. Thus, by re-observing
the same samples with higher sensitivities, and possibly with a homogeneous angular
resolution, we do not expect significant changes in the results.

Binary systems were not filtered out from the samples, all the more so for unresolved
binaries. However, binary systems have been shown to disperse their disk faster than
single star systems (Cieza et al., 2009). Studying binaries in Taurus, Kraus and Ireland
(2012) showed that this is particularly true for close binaries, with separations smaller
than 40 au. At larger separation, disks around binaries are detected with similar
occurrence than around single stars. In Ophiuchus, Cox et al. (2017) showed that the
median flux around binaries is systematically 60% of the flux around single stars. In
this study, we found that 5%, 12.5%, 40%, 10% and 32% of the sources used in the
respective distributions of Upper Sco, Cha II, Cha I, Lupus and Taurus are known as
binaries stars. Only one disk (non-detected) of IC 348 is a binary, of separation larger
that 80 au (Ruíz-Rodríguez et al., 2018). However, a very limited fraction are known
close binaries (r < 40 au): less than 1% of the considered stars in Upper Sco, Cha II
and Lupus, and ∼ 8% in Cha I and Taurus. Therefore, binaries are not expected to
modify the distributions significantly.

To convert the observed fluxes into dust masses, we also assumed that disks
were always optically thin. However, this assumption might be partially incorrect.
Indeed, recent observations of disks using high angular resolution have revealed that
substructures are ubiquitous (Andrews et al., 2018b; Long et al., 2018), and in most
cases associated to optically thick regions (e.g., Huang et al., 2018a; Dent et al., 2019).
Additionally, a scaling relation between the millimeter flux and the disk size has been
measured in a large number of disks, which also suggests that protoplanetary disks
are partly optically thick (Tripathi et al., 2017; Andrews et al., 2018a). Nevertheless,
the disks are not found to be totally optically thick so assuming the opposite (i.e., that
dust is optically thin) gives a first order estimate of the minimal dust mass present in
a disk, which we see decreases with the age of the star-forming region.

We also used a scaling relation between Tdust and L? in the conversion process.
This relationship was proposed and tested by Andrews et al. (2013) using radiative
transfer models with a fixed outer radius (rout = 200 au) and for a range of luminosity
between 0.1 and 100 L�. Using this equation for smaller disks or less luminous stars
is expected to lead to over-estimations of the dust mass (van der Plas et al., 2016).
However, we find that the average disk outer radius and the fraction of sources with
lower luminosity are about similar in each study (see also Hendler et al., 2020). This
should affect all distributions in a similar way. To ease the comparison with other
studies, we have used the prescription from Andrews et al. (2013) throughout.
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Finally, the interpretation of the distribution functions presented here relies on
the age of each individual region based on previous studies, in most cases anterior
to Gaia. The Gaia DR2 data release now provides individual distances for most
stars. Although we have used the new distances to re-evaluate the stellar luminosities
and therefore masses of each star, we have chosen not to re-assess the age of each
association. This should be done in future studies.

2.5.2 Gas detection rates

The above subsection only applies to the evolution of dust mass, which we probe
with continuum emission. However the disk mass is dominated by gas. Measuring
the gas mass in protoplanetary disks is notably difficult (see Section 2.4.3). Instead,
here we focus on the gas detection rates with the aim of comparing the respective
detection rates of CO gas and dust continuum from disks of different ages. To do
so, we gathered ALMA and SMA millimetric measurements to characterize the cold
disk regions (continuum and CO isotopologues rotational lines), in the same star-
forming regions as in the previous section. Samples are complete in the sense of
ALMA capability in snapshot surveys, except for Taurus where only a limited number
of sources was observed (only in 13CO) using IRAM interferometer, leading to an
incomplete survey.

In order to compare the different star-forming regions with each other, we selected
subsamples of disks with similar spectral type distributions (K & M stars). This made
necessary to remove the F0 disk (IRAS12496-7650) from our Cha II study. Then, only
stars with disks detected in millimeter dust are considered, so that we compare gas
detections in systems that posses a dusty disk with comparable mass limit.

Table 2.9 shows the detection rates in CO isotopologues for dusty disks in star-
forming regions of different ages. For the two transitions traced, in the three probed
isotopologues, a larger fraction of disks is detected in young regions than in older
ones. This indicates that for young star-forming regions most of the disks that are
detected in dust are also detected in 12CO − 13CO, while for older regions the fraction
of targets with detected dust and gas is lower. This decrease in detection rates from
younger to older regions shows that CO emission is reduced with time. Moreover,
as all of our targets are selected to be detected in dust with a similar mass limit (see
Table 2.5), the apparent decrease of gas detection fraction suggests that CO dissipates
faster than dust. This would imply either a decreasing gas to dust ratio or a decreasing
abundance of these species, for example by a change of state from gas to ice or by
photo-dissociation as the 12CO becomes progressively optically thinner and less self-
shielded. The small size of our samples and the fact that surveys were likely not
performed with the exact same setup prevent from drawing definitive conclusions
but the tentative evidence for a different evolutionary timescale for gas versus dust
has potential interesting consequences.
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Transition 12CO 13CO C18O
(%) (%) (%)

Upper Sco a 3− 2 47
Cha I b, c 3− 2 > 26 26 2
Lupus d 3− 2 > 58 58 18

Cha II 2− 1 52 9 0
Lupus e 2− 1 68 28 11
Taurus f , g 2− 1 > 89 89

Table 2.9 – Detection rates of CO isotopologues for sources detected in dust, ordered by
decreasing age of the system, and separated accordingly to the transition observed.
According to the isotopologue ratio, we expect to detect more sources in 12CO than
in 13CO. This is indicated through lower limits in Cha I, Lupus and Taurus, where
no 12CO study are available. The Taurus survey in 13CO is also not complete.
References: (a) Barenfeld et al. (2016), (b) Pascucci et al. (2016), (c) Long et al.
(2017), (d) Ansdell et al. (2016), (e) Ansdell et al. (2018), ( f ) Andrews et al. (2013),
(g) Guilloteau et al. (2013)

Compiling results from Herschel using the [OI] 63 µm line, on disks detected in dust
in Upper Sco, Cha II and Taurus (Mathews et al., 2013; Riviere-Marichalar et al., 2015;
Howard et al., 2013), we find a similar trend. Gas in disks located in young regions is
more often detected (91% in Taurus) than for disks in older regions (43% in Cha II
and 17% in Upper Sco). In the context of photoevaporation models (e.g., Owen et al.,
2011; Alexander et al., 2014), individual disks are thought to dissipate slowly in the
first million years, while a photoevaporative flow removes gas from the disk. In this
scenario, dust is not affected by the photoevaporative flow. This could explain our
observations, where, as the age of the region increases, fewer of the disks detectable
in dust are detectable in gas.

2.6 conclusions

We have used ALMA to conduct a millimeter survey of 31 protoplanetary disks
in the Chamaeleon II star-forming region. This region is particularly interesting to
study disk evolution as its intermediate age of 4± 2 Myr is comparable to the median
disk lifetime. Our ALMA observations cover the 1.3 mm continuum as well as the
12CO, 13CO and C18O J = 2− 1 lines. Out of 31 sources, 24 were detected in the
continuum, 12 were detected in 12CO, 3 in 13CO and none in C18O. The measured
dust masses range from 270 M⊕ down to 0.6 M⊕. The CO disk sizes are found to
be on average more than 3 times larger than the 1.3 mm continuum disk sizes. This
can not be explained by optical depth effect only: grain growth and radial drift are
needed to reproduce such difference in size.

66



A comparison of cumulative distributions between Cha II and 5 other star-forming
regions shows that the dust mass to stellar mass ratio declines with time. This trend
is statistically significant when the age difference is large. However, the ranking
of the dust-to-stellar mass ratio distribution also holds for associations with small
age differences. The correct ranking of the 6 distributions (or of their medians) is
suggestive of a global evolutionary trend, although the significance between 2 adjacent
curves remains at a statistical level < 3σ for now. Further surveys including older
star-forming regions or better age estimates will clarify that claim.

We also compared gas detection rates for various disks detected in millimeter
continuum emission located in five star-forming regions. We find that gas is less
likely to be detected in older regions than in younger ones. This suggests that either
gas dissipates faster than dust, or that disks have a reduced gas to dust ratio (or
CO abundance) when their age increases. However, the limited sample size and
observational setups prevent us from drawing definitive conclusions.

To conclude, this work allowed to add statistical constraints on disk dissipation
with time, and to evidence the effect of radial drift between star-forming regions of
different ages (Cha II and Lupus). Having more constraints on these two mechanisms
is important to understand the timescale available for planet formation. In the other
projects of my PhD, I looked for further evidence of some of these evolutionary
processes (in particular radial drift and vertical settling) in various individual objects.
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3.1 introduction

Currently a large variety of substructures have been identified in protoplanetary
disks, both using infrared and millimeter observations. A number of studies revealed
rings (e.g., Huang et al., 2018b; Long et al., 2018; Muro-Arena et al., 2018), lopsided
emission (e.g., Casassus et al., 2013; Cazzoletti et al., 2018b), spirals (e.g., Huang et al.,
2018c; Benisty et al., 2017), and shadows (e.g., Benisty et al., 2018; Muro-Arena et al.,
2020). Transition disks in particular, historically identified from their lack of infrared
flux in their spectral energy distribution, possess an inner region depleted of dust and
a large variety of substructures. Among other mechanisms (e.g., photoevaporation
or dead zones, Owen et al., 2011; Pinilla et al., 2016), planets interacting with the
disk can open the inner cavity and lead to the apparition of such structures. Planets
are expected to shape the disk differently according to their mass. In particular,
the relative cavity radius of different dust grain sizes depends on the planetary
mass. Multi-wavelength observations at high angular resolution allow to test the
potential presence of a planet carving the cavity. Additionally, observations at several
wavelengths allow to characterize the efficiency of several evolutionary mechanisms
affecting the dust, such as radial drift and vertical settling which I was particularly
focusing on during my PhD.

In this chapter, I present the study of scattered light and millimeter observations of
two transition disks, 2MASS J16083070-3828268 and RXJ1852.3-3700 (hereafter J1608

and J1852, respectively), observed with VLT/SPHERE and ALMA. Both disks are
located in close-by star-forming regions, respectively Lupus and Corona Australis. I
report all the relevant stellar parameters in Table 3.1. In this study, I modeled both
disks using a radiative transfer code, aiming to bring constraints on radial and vertical
segregation of dust particles with different sizes. This allows to discuss the efficiency
of vertical settling and radial drift in these disks and additionally to estimate if planets
can be at the origin of their cavities.

In this chapter, most of the text originates directly from Villenave et al. (2019),
but I complement the analysis with additional details. In Section 3.2, I present the
observations and data reduction, with SPHERE observations in Section 3.2.1, ALMA
in Section 3.2.2 and the spectral energy distributions in Section 3.2.3. Then, the
modeling procedure and results are detailed in Section 3.3. Finally, I present the
comparison of our results with a larger sample of transition disks in Section 3.4.

3.2 observations and data reduction

3.2.1 SPHERE observations

3.2.1.a. Observations and data reduction

Both disks around J1608 and J1852 were observed with IRDIS (Dohlen et al., 2008)
sub-instrument of SPHERE (Beuzit et al., 2008) mounted on the Very Large Telescope.
The observations were carried out in dual-polarization imaging mode (DPI, Langlois
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Parameters J1608 J1852

RA (h m s) 16 08 30.7 18 52 17.3
Dec (deg ’ ”) -38 28 26.8 -37 00 11.9
Distancea (pc) 156± 6 146± 1
Av (mag) 0.1 1.0
SpT K2 K2
Teff (K) 4800 4850
R? (R�) 2.00 1.17
Ṁ (M�.yr−1) 10−9 10−9

M b
? (M�) 1.4± 0.1 1.0± 0.1

Ageb (Myr) 8.3+4.4
−2.1 > 14

Table 3.1 – Stellar parameters.
(a) Gaia Collaboration et al. (2018), (b) Stellar masses and ages are calculated by
Garufi et al. (2018) using Gaia DR2 distances and stellar tracks by Siess et al.
(2000).
References: Alcalá et al. (2017) and Manara et al. (2014)

et al., 2014), in both J (λJ = 1.245 µm) and H-band (λH = 1.625 µm) for J1608, and in
H-band only for J1852.

J1852 was observed as part of the SPHERE Guaranteed Time Observations (GTO)
program on May 15, 2017 (ID: 099.C-0147, PI: Beuzit), in H-band and using a corono-
graph, while J1608 was observed during the nights of June 18, and July 23, 2017 (ID:
099.C-0891, PI: Benisty). During the first epoch (June 18, 2017), we observed J1608 in
H-band, with a coronagraphic mask (N_ALC_YJH_S, 0.185” in diameter; Martinez
et al., 2009; Carbillet et al., 2011). During the second epoch and to confirm the
presence of a cavity, the disk was observed in J-band, without coronagraph.

The weather conditions were very different between each observation. In particular,
the observations of J1852 were performed with relatively poor conditions, with a see-
ing of ∼ 1.2”. On the other hand, for J1608, the seeing was rather good during the first
night (between 0.65”and 0.9”), and relatively poor during the second night (between
1.2”and 1.9”). Thus, for this target, I chose to focus on the modeling of the observa-
tions taken with the best observing conditions (during the first night, H-band, using
a coronagraph). To illustrate the effect of seeing on the data, I represent the profile of
the point spread function (PSF) reference images for the H-band observations of both
J1608 and J1852 in Fig. 3.1. We consider that the PSF represents the angular resolution
of the observations. On this figure, one can clearly see that the PSF of J1852 is broader
than that of J1608. Due to the poorer weather conditions, the angular resolution of
J1852 is slightly lower than that of J1608. Also, the PSF of J1852 presents side lobes
which possibly indicate the poor correction by the adaptive optics system.

The images of J1608 and J1852 were reduced by collaborators (C. Ginski and J. de
Boer) who generated total intensity and Stokes Q and U polarized maps, following the
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Figure 3.1 – Radial cuts on the PSF for the H-band observations of J1608 and J1852. J1852

presents side lobes and has a broader profile than J1608, indicating poorer weather
conditions.

approach detailed in Ginski et al. (2016). Then, I computed the polarized intensity (PI)
and the polar Stokes components Qφ and Uφ of each disks using equations 1.19, 1.20,
and 1.21.

3.2.1.b. Results

The reduced images of both disks are shown in Fig. 3.2. As a reminder, note that
assuming single scattering events, the disk emission is expected to be included only
in the Qφ component, Uφ becoming a proxy for the noise (see additional discussion in
Section 1.4.3). J1608 appears to be relatively inclined, in both images with and without
the coronagraph. We detect two lobes southeast and northwest of the star, as well
as a faint line of scattered light to the southwest that we interpret as the rear-facing
side of the disk closest to us. In the Qφ maps, the disk shows emission above the
noise level up to 0.54” along the major axis. The central cavity is clearly visible in
both the coronagraphic and non-coronagraphic images. Additionally, there is no clear
emission from the northeast of the star, corresponding to emission from the far side
of the disk being scattered backwards toward us.

In the coronagraphic images of J1852 (bottom panels, Fig. 3.2), we observe two rings
in the Qφ map, with peak values located at 0.125” and 0.295” from the star along the
major axis. The inner ring is cut off by the coronagraph and the peak radius may lie
within this. The outer ring seems to be slightly off-centered compared to the inner
ring (∼ 0.01′′, 1 pixel), which is likely an effect of the inclination and flaring of the disk
surface (e.g., de Boer et al., 2016; Ginski et al., 2016; Avenhaus et al., 2018). Finally, we
note that the disk displays emission above the noise level as far as 0.4”along its major
axis.
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Rear facing

Cavity

Figure 3.2 – Normalized polarized intensity (left panel), Qφ (middle), and Uφ (right) maps of
J1608 and J1852.
Top: H-band observations of J1608, obtained with a coronagraph, which is
represented by the gray circle of diameter 0.185”. The dashed line in the left
panel traces the faint scattered light from the rear-facing side of the disk (see also
Fig. 3.11).
Middle: J-band observations of J1608, obtained without coronagraph.
Bottom: H-band observations of J1852, with a coronagraph. The dashed ellipses
in the left panel represent the two scattered light rings (see text for details).
Each Qφ and Uφ maps are normalized to the maximum of Qφ.
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Figure 3.3 – ALMA continuum images of J1608 and J1852. The beam size is represented by an
ellipse in the bottom left corner of each pannel.

3.2.2 ALMA observations

3.2.2.a. Observations and data reduction

J1608 was observed as part of a large survey of disks in the Lupus clouds. In
this work, we used the band 6 observations (1.3 mm, Project ID: 2015.1.00222.S,
PI: Williams) obtained on July 23, 2016, at a resolution of 0.24′′ × 0.23”, and cleaned
with a Briggs robust weighting parameter of +0.5. The data reduction of the continuum
and line emission is presented in detail in Ansdell et al. (2018).

For J1852, we use ALMA data observed on September 22, 2016, in band 3 (3 mm,
Project ID: 2015.1.01083.S, PI: Morino). The four continuum spectral windows were
centered respectively on 91.5 GHz, 93.4 GHz, 101.5 GHz and 103.5 GHz. I used
the CASA pipeline to calibrate the data and extracted the continuum images us-
ing the CASA clean task, with a Briggs robust parameter of +0.5. I performed
self-calibration to improve the image quality and obtained a beam of 0.38′′ × 0.31′′.

3.2.2.b. Results

The continuum images of both disks are shown in Fig. 3.3 The large axis ratio
observed in J1608 confirms that the disk is highly inclined. Moreover, the presence
of two blobs with higher intensity along the major axis, located at 0.4” from the star,
denote emission coming from an optically thin ring. On the other hand, the image of
J1852 shows one unique ring, peaking at 0.3” along the major axis. The shape of the
ALMA observations contrast with the SPHERE images which is likely related to the
fact that we probe different grain sizes and regions of the disk.

Additionally, 12CO 2− 1 transition was available in the observations of J1608. In
order to characterize the radial location of the gas in this disk, I calculated the
position-velocity (PV) diagram of this line (see Fig. 3.4), with a velocity resolution
of 0.11 km s−1. This diagram represents the intensity of the line, for each velocity
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Figure 3.4 – Position-velocity diagram of the 12CO J = 2− 1 emission in J1608. The green
dashed line corresponds to the Keplerian velocity of a disk at 74◦ of inclination
around a 1.4 M� star. The highest velocity with emission is about 5.3 km s−1

from the systemic velocity. It corresponds to a gas cavity radius of ∼ 48 au, and
is indicated by the blue lines.

channel (y-axis) as a fonction of the distance to the central star (x-axis). For a Keplerian
rotation, the material reaches high velocities close to the star, while further away the
disk is expected to rotate slower. The PV diagram of J1608 shown in Fig. 3.4 presents
the characteristic shape of Keplerian rotation. From the center of this diagram, we
can retrieve the systemic velocity of the source to be +5.2± 0.4 km s−1 (LSR). We
also note that, contrary to what is expected from Keplerian rotation of a continuous
disk, no velocities higher than 5.3 km s−1 with respect to the star are detected (blue
dotted lines in Fig. 3.4). This indicates the presence of an inner cavity devoid of gas. I
modeled the disk velocities with Keplerian motion (assuming M? = 1.4 M�, i= 74◦)
and infered that the inner radius of the gas cavity is ∼ 48 au. This is in agreement with
the outcome of previous thermo-chemical modeling of the CO observations (47 au,
van der Marel et al., 2018).

3.2.3 Spectral energy distributions

To obtain a more complete view of the structure of both disks, we compiled their
SED using Vizier or the VO SED Analyser 1 (VOSA, Bayo et al., 2008). For J1608, we
complement this SED with the low-resolution Spitzer/IRS spectrum from the CASSIS
database (Lebouteiller et al., 2011). The SEDs are shown on Fig. 3.5.

For both disks the SEDs show a steep increase longwards of 20 µm, typical of
transition disks. Although J1852 does not show any clear near-IR excess, a silicate
feature at 10 µm is present, characteristics of the presence of small hot grains close to
the star (Silverstone et al., 2006; Hughes et al., 2010).

1. http://svo2.cab.inta-csic.es/theory/vosa50
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Figure 3.5 – Spectral energy distribution of J1852 and J1608 (blue circles) and our best model
(red line). For J1608, I also indicate the effect of inclination at optical wavelengths.
The models are corrected by interstellar extinction (Av).

3.3 radiative transfer modeling

3.3.1 Methodology and model setup

In order to understand the physical structure of the two observed TDs, I modeled
both their SPHERE and ALMA images using the radiative transfer code mcfost pre-
sented in Section 1.5. An iterative process is followed to find a model that reproduces
well the SED and the images. Considering the complexity of our observations, the
aim was not to find the best-fit model, but rather a representative one. For each set
of parameters, I computed the SED, the millimeter continuum image as well as the
near-IR polarized intensity, Stokes Q and U maps. All images are initially generated
with infinite angular resolution, and then convolved with a PSF reference image of
the SPHERE observations (see profiles on Fig. 3.1) or with the ALMA 2D Gaussian
beam.

To match better the observations, we also add noise to our scattered light predictions.
It is estimated at each point of the map from the Uφ image of our observations (as
in Muro-Arena et al., 2018). For each point in the Uφ map, we consider an aperture
in which we determine the rms of the intensity. The aperture is taken as 4 pixels of
diameter, which is close to the FWHM of the PSF of each target (3.5 pixels for J1608

and 4.3 pixels for J1852). As our sources are inclined, the Uφ image might contain
some physical signal (Canovas et al., 2015). Thus, in each aperture we subtract its
mean value (physical signal) before extracting the rms. For each corresponding pixel
in the model image, we simulate the noise by adding a Gaussian random number of
the same rms centered on 0. The resulting noise maps are shown in Fig. 3.6, where
the noise is normalized to the maximum intensity of the PI maps. We find that the
noisiest region of both maps is located at the edges of the coronagraph. Note that we
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Figure 3.6 – Noise maps of J1608 and J1852, scaled to the maximum of the PI maps. The peak
noise is found at the edges of the coronagraph.
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Figure 3.7 – Profile of the coronagraphic attenuation applied in our model of J1852. Adapted
from Wilby et al. (in prep.)

did not add noise to the millimeter maps predictions, because the signal to noise of
the observations is larger.

Since some emission very close to the coronagraph is modeled in the J1852 image,
I applied a 2D attenuation map due to the coronagraph (Wilby et al., in prep.). A
radial cut on this attenuation map is shown on Fig. 3.7. The mask removes all signal
inside the coronagraph mask radius (0.093”), with gradually decreasing attenuation
down to 5% at a radius of 0.15”. Finally, after convolving the models to the correct
angular resolution and as for the observations, we compute the PI, Qφ and Uφ maps
using equations 1.19, 1.20, and 1.21. To find a good model, we only compare the
observed and synthetic PI images. After this is done, we compared also the observed
and predicted Q and U.
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For the modelisation, we define various axisymmetric disk zones to reproduce the
observed features of the two disks and assume a gas-to-dust ratio of 100. For each
region, we define the disk height and the surface density profiles as in equations 1.7
and 1.10 (truncated power low). In all our models, we fix the surface density exponent
to p = 1. We use astronomical silicates (assumed to be compact spheres) with a
number density described with a power law of the grain size dn(a) ∝ a−3.5 da (Mathis
et al., 1977). For each region, our free parameters are the inner and outer radius (Rin−
Rout), the dust mass and the scale height (H100 au).

For both disks, we mimic dust settling by modeling separately the spatial distri-
bution of small (0.01− 0.5 µm) and large grains (10− 1000 µm). We fixed the flaring
exponent β to 1.1 for all type of grains. The results are summarized in Table 3.2 and
described in detail in the following two subsections. Additionally, Fig. 3.14 shows a
schematic representation of the structure obtained for large and small grains in both
disks.

3.3.2 Modeling J1608

3.3.2.a. Large grains

We first aim to reproduce the thermal emission detected in the ALMA band 6 data
by considering a ring of large grains. We adjust the dust mass to fit the total millimeter
flux and modify the radial and vertical extent of the ring to match the images. Our
convolved model at 1.3 mm is presented in the top-center panel of Fig. 3.8. The right
panel of this figure shows radial cuts along the major and minor axis, both for the
model and the observations. In our model, the radial position of the maxima as well
as the radial extent in each cut are well reproduced. However, the model overestimates
the flux in the inner region of the disk (i.e., inside the gap) by about 30%.

The radial width of the ring made of large grains has to be sufficiently small so
that the position and shape of the maxima of the cut along the major axis matches the
data. We find that, for the large grains ring, a radial width of about 10 au is consistent
with the data, with Rin ∼ 77 au. However, a narrower ring would still reproduce the
observations.

To reproduce the observed aspect ratio of the disk and the SED, a high inclination is
needed (∼ 74◦). In Figure 3.5, I show the effect of the inclination on the SED. We see
that models at lower (71◦) or larger (77◦) inclinations do not match the photometry
at ∼ µm wavelengths. If the inclination is too large the photosphere is highly occulted
at short wavelengths. Also, note that the inclination has very little effect at larger
wavelengths.

Finally, the fluxes of the peaks and depth of the gap along the minor axis depend
both on the radial width and the vertical thickness of the disk. If the scale height
of the large grains is too large, after convolution by the beam, the two sides of the
ring would appear as connected, leading to a flat intensity profile along the minor
axis. On the other hand, if the zone of large grains is too vertically thin for a given
disk mass, the fluxes at the peaks of the minor axis cut would become too large. The
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Figure 3.8 – Data and model images of J1608.
Top: Left: Normalized ALMA band 6 image (peak flux of 7.1 mJy). The beam is
shown in the bottom left of the image. Middle: Normalized model obtained after
convolution by a beam of 0.24′′ × 0.23′′. Right: Radial cuts along the major and
minor axis, with each map normalized to its maximum. For clarity, the cut along
the minor axis is shifted by -0.3 in normalized intensity. The peaks are located at
0.4′′ (62 au) along the major axis and 0.14′′ (22 au) along the minor axis.
Middle: Left: Observed PI image. Middle: PI model map. Both maps are
normalized to their maximum. Right: Radial cuts along the major axis for the PI
images of the data and model, smoothed with a Gaussian kernel with a standard
deviation of 9 mas. The position of the cut is indicated by the dotted line in the
left panel.
Bottom: Q and U normalized maps of the data and model without noise.
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Figure 3.9 – Synthetic scattered light image of J1608 computed assuming the same spatial
distribution for small grains and large grains, without adding noise. It does not
provide a good match of the data, which indicates that there is a difference in
spatial segregation between small and large grains.

appropriate scale height in our modeling, H100 au, is between 1 and 5 au, which is
similar to the value obtained for HL Tau (1 au at 100 au, Pinte et al., 2016). All the
model’s parameters are presented in Table 3.2.

3.3.2.b. Small grains

The synthetic scattered light image computed assuming the same spatial distribu-
tion for small and large grains does not provide a good match to the images (see
Fig. 3.9). To reproduce the observations, the radial extent of small grains and their
scale height need to be larger than those of the large grains, from 50 to 150 au radially,
and about 12 au vertically at 100 au. Note that this layer is already included in the
millimeter predictions displayed in Fig. 3.8, but does not contribute significantly
at millimeter wavelengths. The scattered light image of our model is presented in
the middle panel of Fig. 3.8, with a cut along the major axis direction. The cuts
were smoothed with a Gaussian kernel with a FWHM of 50% the measured image
resolution (∼ 10 mas). The inner radius of the small grains distribution is very close
to that of the gas, as estimated from the PV diagram (48 au, see Fig. 3.4), consistent
with the expectation that these grains are well coupled to the gas (see Section 1.3.2).

We also note that, in the observations, no scattered light is detected from the
northeast part of the disk (see Fig. 3.2). Geometrically, the existence of the bottom
line located in the southwest suggests that it traces the part of the disk nearest to us,
while the northeast region would correspond to the more distant side of the disk. This
implies that the phase function of the polarized intensity is such that there is no or
very little backward scattering (on the assumption that the disk is axisymmetric). The
polarized intensity is the product of the polarization degree and the total intensity.
While the polarization degree from backward scattering is similarly low for all grain
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Figure 3.10 – Model of the scattered light emission for J1608, using the grain size from the best
fit model and slightly larger grains, without adding noise. The largest grains
emit efficiently in backward scattering which is not see in our observations. I
use a different colorscale than in Fig. 3.8 to increase the contrast of the feature.

size (see Fig. 7 of Keppler et al., 2018), the phase function of the intensity varies
significantly with the grain size. We reproduce this feature by selecting grains smaller
than 0.5 µm. For grains with an intermediate size (between 0.5 and 1.2 µm), backward
scattering is very efficient, which leads to a significant signal northeast of the disk
coming from its far side. I show the effect of the grain sizes on backward scattering
with our model of J1608 in Fig. 3.10. In both panels, the dashed line indicates the
position of the two lobes for the models with grain sizes between 0.01 and 0.5 µm.
The smallest grain population reproduces better the observations which suggests that
grains between 0.5 and 1.2 µm are not a dominant population in this disk.

To summarize, we are able to recreate the general structure seen in J1608, with two
lobes along the major axis, no emission from the northeast region of the disk (back-
ward scattering) and a faint line south of the disk, but these characteristics are not
perfectly reproduced. For example the southern line is brighter in our model than
in the observations (see Fig. 3.11). To reproduce better this part of the image, the
layer of small grains scattering light must be thinner vertically, but this in turn has
an impact on the extent of the lobes. Moreover, the southern line is closer to the star
than in the data. A way to push this line further would be for example to increase
the mass of the scattering grains, the scale height or the inclination. However, each
case would lead to an extinction of the photosphere that is not observed in the SED.
Thus the model that we present here is a compromise to reproduce both the ALMA
and SPHERE images, together with the SED. This should be considered as a working
model to derive the main structural characteristics of the J1608 system. These are:
1/ a high inclination, 2/ large grains more compact vertically and radially than the
small grains, and 3/ a distribution of size in small grains that produces low polarized
intensity in backward scattering.
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Figure 3.11 – Qφ images of J1608 in J-band (non coronagraphic, left panel), H-band (corona-
graphic, middle panel), and H-band model image (right panel) with a dynamical
range from 0 to 5% of the maximum of each image. The bottom line of the disk
is seen more clearly in the data than in Fig. 3.2 thanks to an increased contrast.
It appears to be too bright in the model compared to the data.

3.3.3 Modeling J1852

The SED of J1852 (right panel of Fig. 3.5) shows a steep increase around 20 µm,
typical of transition disks, due to the outer edge of the cavity. A clear silicate feature
at 10 µm is present, characteristic of small hot grains close to the star. While the
scattered light image (see Fig. 3.2) shows signal just outside of the coronagraph, there
is no corresponding clear millimeter emission at the same location. The scattered
light image shows a second bright ring at 0.295”, which does correspond to the ring
detected in the millimeter image.

To reproduce the scattered light and SED features, we consider three zones in
our model: 1/ a tenuous inner disk region, solely required to reproduce the silicate
feature, 2/ an inner ring, responsible for the sharp jump in the mid-IR SED and
for the emission seen in the SPHERE image just outside of the coronagraph radius,
and finally, 3/ an outer ring, to account for the second brightness increase in the
near-IR polarized image and the millimeter ring. The three zones are described in the
following sections, after which we will detail the strategy modeling the millimeter
data. The model of J1852 is presented in Fig. 3.12. The structure is illustrated in the
bottom panel of Fig. 3.14.

3.3.3.a. Small grains

Inner disk. The inner region, responsible for the silicate emission around 10 µm in
the SED, is modeled by small grains (0.01− 5 µm) between 0.1 and 5 au. To reproduce
the shape of the emission of the inner disk, we consider a mixture of silicate, composed
at 65% of olivine (Dorschner et al., 1995) and 35% of astronomical silicates (Draine
and Lee, 1984). However, note that these parameters are not well-constrained.
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Figure 3.12 – Data and model images of J1852.
Top: Left: Normalized ALMA band 3 image (peak flux is 1.5 mJy). The beam is
represented in the bottom left corner of the image. Middle: Normalized model
obtained after convolution by a beam of 0.38′′ × 0.31′′. Right: Cuts along the
major and minor axis, with each map normalized to its maximum. For clarity,
the cut along the minor axis is shifted by -0.5 in normalized intensity. The peaks
are located at 0.3′′ (44 au) along the major axis. The green curve corresponds
to a model in which the dust mass of the inner ring is 2 · 10−6 M� instead of
3 · 10−7 M� for the best model. A massive inner ring in the millimeter is not
consistent with the data.
Middle: Left: Observed PI image. Middle: PI model map. Both maps are
normalized to their maximum. Right: Radial cuts along the major and minor
axis for the PI images of the data and the model. Each curve is smoothed by
Gaussian kernel with a standard deviation of 11 mas.
Bottom: Q and U normalized maps of the data and model without noise.84



Inner ring. The position of the wall in the SED traces the dust temperature, which
is dependent on both the inner radius and the dust size. For simplicity, we chose to
use the same grain size distribution as for J1608. As the inner radius of J1852 is likely
located behind the coronagraph, we constrained it using the SED. We reproduce well
the inner ring by defining its radial extent between 15 and 22 au, with a scale height
H100 au of 15 au.

Outer ring. To reproduce the peak of intensity around 0.295” (∼ 43 au), an increase
of the surface density in the small grains is needed, between 42 and 65 au. The mass
of this region is adjusted to reproduce the relative brightness of the rings and the SED.
The scale height is fixed to be the same as that of the inner ring.

Our model reproduces relatively well the position and the brightness of the peaks
along the major and minor axis directions. The second ring shows an offset to the
center as seen in the data. However, we were not able to reproduce the surface
brightness inside the gap between the inner and outer ring in the southern part of the
disk. This region is twice brighter in the data than in the model. In our model the
gap is empty and the ring edges are sharp, while in practice, a low surface density of
small grains could be filling it.

3.3.3.b. Large grains

Unlike J1608, we do not have sufficiently high angular resolution data of J1852 to
show that the large grains are radially distributed differently to the small grains, so
for now we assume that they are radially co-located. We adjusted the total mass of
the large grains to reproduce the observed SMA flux at 1 mm and the ALMA 3 mm
flux in the SED. Also, to match the relative flux in the center of the millimeter ring,
we needed to allocate a small fraction of mass to the inner ring. In the top-right panel
of Fig. 3.12, I show the millimeter cuts for the best model (in red) and for a second
model (in green) for which the mass of the inner disk is about one order of magnitude
larger than in the best model. This second model does not fit the center of the cuts,
which indicates that the inner ring is not massive in millimeter grains.

With our assumptions on the radial structure and grain composition of the large
grain population, we inferred its scale height from the effect on the 100 µm emission.
Indeed when the scale height is larger, as more grains receive light from the star, they
warm up and emit more at 100 µm (Dullemond and Dominik, 2004; Woitke et al.,
2016). To fit the SED, it was necessary to reduce the scale height of the large grains to
about 1 au at 100 au. However, it should be noted that modeling the SED is degener-
ate. In particular, changing the minimum size of the large grain population (amin in
Table 3.2) from 10 to 300 µm, we find that the small and large grain populations could
be distributed similarly and share the same scale height, while leading to similar
excess and images as in the previous model.
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J1608 J1852

Inclination (◦) 74 30
PA (◦) 19 34

Inner disk
amin − amax (µm) - 0.01− 5

Rin − Rout (au) - 0.1− 5
Dust mass (M�) - 9 · 10−11

H100au (au) - 0.9

Outer disk
Small grains

amin − amax (µm) 0.01− 0.5 0.01− 0.5
Rin − Rout (au) 50− 150 15− 22 42− 65
Dust mass (M�) 2 · 10−6 2 · 10−8 7 · 10−7

H100au (au) 12 15

Large grains
amin − amax (µm) 10− 1000 10− 1000

Rin − Rout (au) 77− 87 15− 22 42− 65
Dust mass (M�) 5 · 10−5 3 · 10−7 7 · 10−5

H100au (au) 1− 5 1− 15

Table 3.2 – Parameters for our radiative transfer models. Each parameter was adjusted during
the modeling, except for the grain size (amin − amax).
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Figure 3.13 – Left: Normalized ALMA band 6 image of J1852 (peak flux is 7.3 mJy). The beam
is represented in the bottom left corner of the image.
Middle: Normalized model obtained after convolution by a beam of 0.28′′ ×
0.18′′.
Right: Cuts along the major and minor axis, with each map normalized to
its maximum. For clarity, the cut along the minor axis is shifted by -0.5 in
normalized intensity.

Since the study was published, band 6 observations of J1852 with a better angular
resolution than our band 3 data became public (Project ID: 2015.1.01083.S, PI: Morino).
I show the data products (delivered by ALMA) in the left panel of Fig. 3.13, and
the image of our model computed at the same wavelength in the middle panel of
this figure. The model matches very well the observations. The only big difference
is found in the center of the ring, where the flux is higher than in the observations.
This suggests that the inner ring is likely less massive than what is assumed in our
model (see also the non detection of the inner ring at millimeter wavelengths in
Francis and van der Marel, 2020).

3.4 discussion

3.4.1 Dust vertical distribution

The radiative transfer modeling of J1608 indicates that small and large grains have
a different spatial distribution (see Table 3.2). Small grains (< 1 µm) are found to be
more extended vertically than large grains (> 10 µm). We find small grains up to a
height of 15 au at 100 au, in agreement with other results around T Tauri stars (e.g.,
Burrows et al., 1996; Wolff et al., 2017; Pohl et al., 2017a). In contrast, to reproduce the
ALMA image and SEDs, the height of the large grain layer at 100 au has to be of a
few astronomical units.

In this work, we compare our results with ideal MHD simulations by Fromang
and Papaloizou (2006). In this numerical study, the authors considered a strongly
magnetized and turbulent disk, with a viscous coefficient of α ≈ 1.5× 10−2 and
no grain growth. They obtain that the scale height of 10 cm bodies (St = 0.1) is
about H100 mm ≈ 0.23 Hgas (equation 43 of Fromang and Papaloizou, 2006), which
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Figure 3.14 – Modeled radial and vertical structure for small and large grains in J1608 and
J1852, in linear scale. The vertical black line indicates the inner radius of the
disk in CO, as measured on the PV-diagram (Fig. 3.4). The red hatches in J1852

represent the uncertainty on the scale height of the large grain population that is
not well constrained by our model. The innermost disk of J1852, located between
0.2 and 2 au, is too small to be visible in this representation.

seems too large to account for current estimates from observations. If we assume
that scattered light traces the gas and that all light at 1.3 mm is emitted by grains of
similar size (Draine, 2006), the modeling of J1608 gives millimeter dust scale height
of the order of 1 to 5 au at 100 au, which corresponds to H1.3 mm = 0.08− 0.41 Hgas.
This is similar or smaller than the predictions of Fromang and Papaloizou (2006)
for particles 100 times larger, which are expected to be considerably more settled.
This suggests that ideal MHD induced turbulence is too strong to reproduce the
observations.

On the other hand, settling is more efficient for disks with low turbulence (Dulle-
mond and Dominik, 2004), if the grain size distribution contains fewer small grains or
if the gas-to-dust ratio is low (Mulders and Dominik, 2012). Moreover, in the outer
parts of the disk the ionization fraction might be such that a perfect coupling to mag-
netic field is unlikely, and non-ideal effects might be expected. In this context, Riols
and Lesur (2018) showed that ambipolar diffusion allows much more efficient settling
of large grains than in perfect MHD models, allowing to reproduce the constraints
on HL Tau (see further discussion in Chapter 4).
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3.4.2 Dust radial distribution

outer radius . Our model of J1608 shows that small grains extend to larger radii
than large grains (see Table 3.2). This is expected as small grains are predicted to be
well coupled to the gas, well detected beyond the ring seen in the ALMA image. On
the other hand, large grains are (partially) decoupled from the gas, and experience
radial drift and dust trapping. Earlier studies have shown that the gas outer radii
extend further than the ones measured in the millimeter continuum. An average
ratio between the gas and millimeter dust outer disk radii of 1.96± 0.04 was found
in 22 disks of the Lupus star forming region (Ansdell et al., 2018). This trend is also
observed in 12 disks in Chamaeleon II (see Chapter 2) and in individual disks such as
PDS 70 where the gas is detected up to 160 au and millimeter dust up to 110 au (Long
et al., 2018). Note however that the sensitivity limits between the ALMA observations
in CO and those in polarized scattered light are different. The outermost radius at
which scattered light is detected depends on the stellar illumination (which drops
as r−2). Besides the sensitivity limits, the difference between gas/small grains and
large grains can be due to optical depth effects combined with radial drift of the large
grains (Facchini et al., 2017). Depending on the inclination of the system, the vertical
height of small grains can also have a large effect on their detectable radius. If the
vertical height of small grains decreases after some radius, the surface layers could
be located in the shadow of the inner region and would not be detected in scattered
light (Muro-Arena et al., 2018).

inner radius . From the PV diagram shown in Fig. 3.4 and our modeling, we
found that both the small grains and gas in J1608 extend inwards of the large grains,
indicating that the cavity is not completely empty. Likewise, an inner ring in scattered
light is detected inside the millimeter cavity of J1852. A similar conclusion was reached
on several other transition disks, which show a CO cavity smaller than the millimeter
dust cavity, such as Sz 91 (Canovas et al., 2015; Canovas et al., 2016) or RXJ1604.3-
2130A (Zhang et al., 2014) for example. In each of these systems, the authors found
the CO to extend at least 20 au inward of the outer edge of the millimeter dust cavity.
These differences in inner radius could be related to the mechanisms responsible for
the cavities in transition disks, which we explore in the next subsection.

3.4.3 Comparison with other transition disks and cavity origins

Several mechanisms have been proposed to explain the origin of cavities in transition
disks: photoevaporation (Owen et al., 2011), dead zones (Flock et al., 2015; Pinilla
et al., 2016), opacity effect via grain growth (Dullemond and Dominik, 2005; Birnstiel
et al., 2012), or planetary/stellar companion interacting with the disk (Crida and
Morbidelli, 2007; Facchini et al., 2013).

In this work, I explored in more details the potential planetary origin of cavities of
transition disks. Several numerical and analytical works showed that planets of mass
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larger than 1 MJ can carve gaps in the gas and induce large perturbations in the gas
surface density (Dong and Fung, 2017). In turn, they generate pressure maxima that
trap dust particles. In this case, the inner region of the disk is depleted of millimeter
grains, while smaller grains can flow inside the planet’s orbit, and potentially be
detected in scattered light (de Juan Ovelar et al., 2013; Dong et al., 2015a).

For this analysis, I used specifically the results from de Juan Ovelar et al. (2013), who
performed synthetic observations of hydrodynamical and dust evolution simulations,
considering a massive planet on a circular orbit. The initial parameters for the 2D
hydrodynamical simulations are a viscous parameter of α = 10−3, a surface density
profile of Σ ∝ r−1 and a temperature profile following T ∝ r−1/2, and they are run
for 1000 planetary orbits. The obtained maps are then azimuthally averaged to be
used as initial conditions for dust evolution simulations (3 Myr of evolution). The 1D
dust evolution simulations include grain coagulation and fragmentation associated
with radial drift, turbulent mixing and gas drag. Finally, the synthetic images are
produced from the distributions of dust and gas using the MCMax radiative transfer
code.

Using these synthetic images, de Juan Ovelar et al. (2013) found that as the mass
of the planet increases, the position of the millimeter ring moves further away from
the planet’s orbit while the outer radius of the scattered light cavity does not change.
They derived an analytic formula relating the planet mass (Mp) with the ratio ( f )
between the position of the so-called ’scattered light wall’ to that of the ALMA peak:

f (Mp) = c
(

Mp

MJ

)γ

(3.1)

where c is a constant and γ an exponent which increases with the orbital radius of
the planet. In the simulations, the scattered light wall is defined as the radial location
where the scattered light signal is half of the difference between the flux measured at
the peak of the wall and the minimum flux in the gap.

To study the possibility of planets being at the origin of the cavities observed
in transition disks, I compiled a sample of 22 disks that have both scattered light
and millimeter observations, as presented in Table 3.3, and compared them to the
results from the simulations by de Juan Ovelar et al. (2013). The sample includes
two known binary systems, V4046 Sgr and HD 142527 (Quast et al., 2000; Biller et al.,
2014). The eccentric binary companion in HD 142527 is likely responsible for the
cavity (Price et al., 2018a), but this is probably not the case for the very close binary
system V4046 Sgr (2.4 days period, Quast et al., 2000; D’Orazi et al., 2018). All sources
show a resolved dust cavity in the millimeter and, except Oph IRS 48 and Sz 91 for
which we consider respectively VISIR and Subaru observations, all have scattered
light observations with VLT/SPHERE. The outer radius of the scattered light cavity
and millimeter peak are reported in Table 3.3. I re-scaled the published values using
the latest distances from Gaia DR2 (Gaia Collaboration et al., 2018). In this analysis,
we only considered the position of the main cavity, regardless of the presence of an
inner disk within the first few au. For 5 of the 22 disks considered in this analysis, the
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scattered light cavity may be located inside the coronagraphic mask radius, giving
the upper limits in Table 3.3. For the small fraction of transition disks that possesses
multiple rings in scattered light, we report the position of the scattered light ring that
is the closest to the millimeter peak emission (for the following objects: HD 169142,
V4046 Sgr, J1852, HD 97048, Lk Ca 15, Sz 91 and HD 34282). For J1608, which has a
large inclination, we chose to estimate the ALMA and SPHERE peaks on our model,
after computing it face-on. Finally, note that several disks included in this study
present important azimuthal asymmetries. Those are mainly spirals in scattered
light observations (as in HD 143006, CQ Tau, HD 135344B, MWC 758, HD 142527) and
crescent like features at millimeter wavelengths (in HD 143006, HD 135344B, Oph IRS
48, MWC 758, HD 34282, HD 142527). While these features are not predicted in the
synthetic dust images from de Juan Ovelar et al. (2013) (because the authors used
a 1D code for dust evolution), they might be generated by planets in the disks (see
the gas distribution in Fig. 1 of de Juan Ovelar et al. 2013, and e.g., Bae et al. 2016;
Baruteau et al. 2019).

As the position of the wall defined by de Juan Ovelar et al. (2013) is usually not
explicitly published in the literature, we consider both the inner radius of the disk
beyond the cavity, as seen in scattered light, and the position of the peak in polarized
intensity (respectively referred to as Rin,PI and Rpeak,PI in Table 3.3). Considering the
position of the cavity instead of that of the wall tends to over-estimate the planet mass,
and inversely under-estimates it when the position of the peak is used. We also note
that the models were specifically calculated for R band scattered light observations
and band 7 (850 µm), and only for a planet in a circular orbit. However, little difference
is expected for such small variations in wavelength, as can be seen by comparing the
theoretical profiles of R-band and H-band in Fig. 3 of de Juan Ovelar et al. (2013).

In Fig. 3.15, I show the radius of the scattered light cavity (Rcav,PI), defined as
the mean between Rin,PI and Rpeak,PI, as a function of the radius of the millimeter
ring (Rpeak,mm). We observe that for each system the scattered light cavity radius is
smaller than the millimeter radius (see the green line), with about one third of the
disks having a ratio smaller than 0.5 (see Table 3.3). The models of de Juan Ovelar
et al. (2013) would imply companion masses above 13 MJ for ratios lower than 0.48
when the planet is located at 20 au, 0.53 when it is at 40 au, and 0.56 at 60 au (red
shaded area). As can be seen in Fig. 3.15, fifteen disks in our sample are above the
red shaded area. This indicates ratios larger than the ones given above, placing the
possible companions in the planetary mass regime. PDS 70 is the only system where
a few Jupiter mass planet has been imaged in the main cavity (Keppler et al., 2018;
Müller et al., 2018), while HD 142527 has a stellar companion. For the other disks
considered (namely UX Tau A, HD 143006, DoAr44, CQ Tau, HD 135344B, RY Lup and
MWC758), the ratio (or its upper limit) would lead to objects in the stellar or brown
dwarf regime. These disks appear in the red shaded area in Fig. 3.15.

To confirm the possible presence of planets in the gaps of all these transition disks, I
performed a literature search on direct imaging surveys searching for planets. Except
for PDS 70 and claims of candidate companions in the disks of HD 100546 (Quanz
et al., 2015; Currie et al., 2014), HD 169142 (Biller et al., 2014; Reggiani et al., 2014),
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Source d Band Rpeak,mm Rin,PI Rpeak,PI Ratio

(pc) (au) (au) (au)

HD 100546 110± 1 B7 - R’ 15.0 12.0 14.0 0.81, 0.96

HD 169142 114± 1 B6 - J 21.7 16.0 20.5 0.74, 0.94

V4046Sgr 72± 1 B6 - H 27.0 15.3 26.9 0.57, 0.99

UX Tau A 140± 2 B6 - H 33.2 < 14 < 0.42

HD 100453 104± 1 B6 - R’ 33.3 14.6 18.5 0.44, 0.55

T Cha 110± 1 B3 - H 36.8 28.8 31.4 0.78, 0.85

HD 143006 166± 4 B6 - J 40.0 18.2 30.0 0.45, 0.75

DoAr44 146± 1 B7 - H 42.7 < 14 < 0.33

CQ Tau 163± 2 B6 - J 47.3 < 4 < 0.08

J1852 146± 1 B3 - H 43.8 34.7 43.1 0.79, 0.98

HD 135344B 136± 2 B7 - R 54.6 18.3 23.5 0.34, 0.43

HD 97048 185± 1 B7 - J 55.4 45.9 54.4 0.83, 0.98

LkCa 15 159± 1 B7 - J 64.0 53.7 64 0.84, 1.0

Oph IRS 48 134± 2 B9 - Q 70.6 33.3 59.1 0.47, 0.84

RY Lup 159± 2 B7 - H 71.9 < 15 < 0.20

MWC758 160± 2 B7 - Y 80.0 < 15 < 0.19

PDS 70 113± 1 B7 - J 81.0 45.0 54.0 0.56, 0.67

J1608 156± 6 B6 - H 81.0 45.0 49.9 0.56, 0.82

RXJ1604.3-2130A 150± 1 B6 - R’ 83.0 54.9 63.7 0.66, 0.77

Sz 91 159± 2 B7 - Ks 87.5 46.0 50.9 0.52, 0.58

HD 34282 312± 5 B7 - J 133.9 124.2 132.7 0.93, 0.99

HD 142527 157± 1 B7 - Ks 165, 205 78.5 157.0 0.38, 0.95

Table 3.3 – Position of millimeter and scattered light cavities for 22 transition disks, ordered
by increasing millimeter cavity size. Known binary systems are indicated with the
name in italic. We report the peak of the millimeter intensity beyond the cavity,
along with the position of the inner radius and peak in scattered light. When the
cavity is not detected down to the coronagraph radius in scattered light, we use
the symbol <. The position of the scattered light cavity (Rcav,PI), defined as the
mean between Rin,PI and Rpeak,PI , is used in Fig. 3.15.
References: HD 100546: Pinilla et al. (2018a) and Garufi et al. (2016), HD 169142: Fedele et al.
(2017), Pohl et al. (2017b), and Bertrang et al. (2018), V4046 Sgr: Rosenfeld et al. (2013) and
Avenhaus et al. (2018), HD 100453: van der Plas et al. (2019) and Benisty et al. (2017), T Cha:
Hendler et al. (2018) and Pohl et al. (2017a), UX Tau: Pinilla et al. (2018a), Menard et al.
(2020); HD 143006: Benisty et al. (2018) and Pérez et al. (2018a), DoAr44: Casassus et al.
(2018) and Avenhaus et al. (2018), CQ Tau: Pinilla et al. (2018a); Benisty et al. (in prep.),
J1852: This work, HD 97048: van der Plas et al. (2017b) and Ginski et al. (2016), LkCa 15:
Andrews et al. (2011), Thalmann et al. (2015), and Thalmann et al. (2016), HD 135344B:
Pinilla et al. (2018a) and Stolker et al. (2016), Oph IRS 48: van der Marel et al. (2013),
Bruderer et al. (2014), and Geers et al. (2007), RY Lup: Pinilla et al. (2018a) and Langlois
et al. (2018), MWC758: Marino et al. (2015) and Benisty et al. (2015), RXJ1604.3-2130A:
Pinilla et al. (2018b) and Pinilla et al. (2015), PDS 70: Long et al. (2018) and Keppler et al.
(2018), J1608: Ansdell et al. (2016), This work, Sz 91: Canovas et al. (2016) and Tsukagoshi
et al. (2014), HD 34282: van der Plas et al. (2017a), de Boer et al. (in prep.), HD 142527:
Boehler et al. (2017) and Avenhaus et al. (2014).92
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Figure 3.15 – Comparison of the cavity sizes as measured in the millimeter and in scattered
light for a sample of 22 transition disks. The cyan points correspond to the two
systems modeled in this paper, while the yellow star symbols refer to HD 142527

that has a stellar companion in the cavity, and PDS 70 where a planet has been
detected. The upper limits, indicated with arrows, refer to systems for which
scattered light cavities could not be measured down to the coronagraphic radius.
Horizontal bars correspond to one tenth of the millimeter beam, while vertical
bars represent the interval between the cavity radius and the peak in scattered
light (Table 3.3). The red region shows the ratio for which the planet mass
inferred with the prescription of de Juan Ovelar et al. (2013) is larger than 13
Jupiter masses. The three breaks correspond to their models with planets at
radii of 20, 40 and 60 au, respectively.
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Lk Ca 15 (Kraus and Ireland, 2012; Sallum et al., 2015) and MWC758 (Reggiani et al.,
2018), no planets were found in most disks included in our study, up to a sensitivity
of ∼ 10 MJ at 0.25”. This is most problematic for the systems in which the model
predicted the presence of a planet larger than 13 MJ. An alternative scenario to explain
the small ratio between the radius of the scattered light cavity and the millimeter peak
could be that the cavities are caused by several lower mass planets, which would allow
small grains to fill the cavity, while large grains are retained in the outer disk (Rosotti
et al., 2016; Dipierro and Laibe, 2017). In this case, no gap would be detected in
scattered light, while a clear ring would appear in the millimeter images.

3.5 conclusions

This work focused on new polarized scattered light and millimeter observations
of two transition disks, namely 2MASS J16083070-3828268 (J1608) and RXJ1852.3-
3700 (J1852). The image of J1608 reveals a relatively inclined disk (∼ 74◦) with a large
cavity of about 50 au in scattered light. We also detect a faint line, in the southwest,
that we interpret as tracing the rear-facing side of the disk. The second disk of our
study, J1852, shows scattered light just beyond the coronagraph radius, a gap between
22 and 42 au and an outer ring up to 65 au. A cavity inward of the first ring, as
inferred from the SED, is located behind the coronagraph.

I modeled both scattered light and millimeter images (tracing small and large dust
grains, respectively), together with the SED, using a radiative transfer code. The
modeling of the relatively inclined disk J1608 indicates that small and large grains
have a different spatial distributions. Radially, small grains are more extended inward
and outward than the large grains, by respectively 30 au and 60 au. Vertically, the
large grains have to be located within a height of H100au = 1− 5 au, while the small
grains extend vertically up to H100au = 12 au. We follow a similar procedure for J1852

and propose a model with a spatial segregation between grain sizes. However, the
angular resolution of the millimeter observations is too low to constrain the radial
extent of large grains, and the disk is not inclined enough to allow us to strongly
constrain the relative vertical extents of various grain sizes. So, our modeling of the
images and SED for this object remains degenerate.

The radial and vertical segregation in particle sizes observed in J1608 is likely
a consequence of both vertical settling and dust radial drift that occur during the
evolution of the disks. Vertical settling in low turbulence disks and/or following
non-ideal MHD effects such as ambipolar diffusion can explain the relatively small
scale height inferred for the large grain population. The difference in the outer
extents (as measured in scattered light and millimeter emission) could result from
radial drift, optical depth and illumination effects, while the difference in the inner
radius of the outer disk, might be related to the presence of planet(s).

I compiled a sample of 22 transition disks imaged with both ALMA and SPHERE,
and find that scattered light is detected inside the millimeter cavity in all of the
disks. The observed spatial difference in millimeter and far-IR observations is used
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to identify a segregation in particle sizes, and infer the proposed companion mass
responsible for the cavity using the prescription of de Juan Ovelar et al. (2013). We
show that in 15 objects, including the two disks modeled in this study, the cavities
could be explained by the presence of a giant planet. The seven other disks of the
sample show large ratios between the position of the scattered light and the millimeter
cavity, suggestive of a companion above the planetary mass regime, or alternatively,
of a multiple planetary system.

As of today, apart from PDS 70 (Keppler et al., 2018), direct imaging surveys with
results available in the literature did not provide the detection of other such objects
within a transition disk. New deeper observations with direct imaging instruments,
or search for non-Keplerian motions in the gas kinematics with ALMA (Pérez et al.,
2015; Pérez et al., 2018b; Teague et al., 2018; Pinte et al., 2018) might lead to further
detections.
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4.1 introduction

The process of planet formation requires small submicron-sized particles to grow
up to large pebbles and boulders that will eventually aggregate to form planetesimals
and planets. Given the short lifetimes of disks, such efficient growth has to occur
in the highest density regions of protoplanetary disks, i.e., the inner regions, dust
traps, and/or the disk midplane. Yet, vertical settling, which allows to increase the
dust density in the disk midplane, remains poorly constrained (see Chapter 1). The
comparison of observations at widely different wavelengths, for example optical/NIR
and (sub)millimeter, can help to constrain the settling strength.

Up to now, most studies of protoplanetary disks focused on substructures, such
as rings, gaps, and spirals, which naturally led to observations of low inclination
systems (≤ 70◦, where 0◦ is face-on), where they are more readily visible. Some of
these studies showed that the gas is often more radially extended than the millimeter-
sized dust (Ansdell et al., 2018; Facchini et al., 2019, this thesis - Chapter 2), which is
likely a combined effect of optical depth and dust radial drift (Facchini et al., 2017).
However, although important to constrain radial drift, dedicated comparisons of the
radial distribution of different dust grains sizes remain sparse (see e.g., Pinilla et al.,
2015; Villenave et al., 2019).

For relatively face-on disks, it is difficult to estimate the difference in vertical extent
between gas and dust grains, detailed modeling of narrow rings and gaps features
is required (e.g., Pinte et al., 2016). On the other hand, edge-on disks offer a unique
perspective, as they allow us to directly observe their vertical structure. Previous
studies of highly inclined disks using different wavelengths indicate that the grains are
stratified, with larger dust closer to the disk midplane (Glauser et al., 2008; Duchêne
et al., 2003; Duchêne et al., 2010; Villenave et al., 2019), as predicted by models.
However, even for these systems, the vertical extent of the midplane remains poorly
constrained in early studies, limited by the resolution of the observations.

In this chapter, I present a survey of 12 edge-on disks observed with ALMA at
high angular resolution (∼ 0.1”). The sample was selected based on SEDs and HST
images, and most of the targets were observed at multiple millimeter bands. After
describing the sample and the data reduction in Section 4.2, I present the fluxes,
brightness temperatures, as well as the radial and vertical extents of all disks in
Section 4.3. Section 4.4 compares our results with a fiducial radiative transfer model.
We focused on the vertical extent of the disks, their radial extent, and investigate
optical depth in the disks by studying the brightness temperature and spectral indices
of the sources. Most of the text of this chapter originates directly from Villenave
et al. (2020), but I complement the analysis with additional details. Note also that
between the submission of the manuscript and the PhD defense, the paper was slightly
modified through the refereeing process. The latest analysis is included in the final
version of the paper, in Appendix A. This chapter focuses on the dust emission, but a
preliminary analysis of the 12CO emission is presented in Chapter 5.
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4.2 observations and data reduction

4.2.1 Target selection

In this study, we selected a sample of twelve highly inclined disks. All sources
were identified as candidates from their Spectral Energy Distribution (SED, see
Stapelfeldt et al., 2014, and Stapelfeldt et al., in prep) and confirmed as edge-on
disks (hereafter EOD) according to their optical or near-infrared scattered-light images.
The ALMA observations targeted 8 sources located in the Taurus star-forming region,
3 in Chamaeleon I, and 1 in Ophiuchus (see Table 4.1). Most of the observations
presented in this work were part of our cycle 4 and 5 survey of edge-on disks (Project
2016.1.00460.S, PI: Ménard), but we also included complementary observations of
Tau 042021, HH 30, and Oph 163131 from previous programs (Projects 2013.1.01175.S,
2016.1.01505.S, and 2016.1.00771.S, PIs: Dougados, Louvet, and Duchêne).

I report the spectral types and stellar masses of the sources in Table 4.2. As the
spectral features associated with the central source are still visible for edge-on disks
through the scattered light (Appenzeller et al., 2005), the spectral types could be
determined from spectroscopy (Luhman, 2007; Luhman et al., 2010, Flores et al., in
prep). However, the edge-on configuration does not allow a direct estimate of the
stellar luminosity, because due to their large inclinations most of the stellar light is
obscured by the disk. Thus, we report dynamical stellar masses estimated from CO
emission (Simon et al., 2019, Flores et al. in prep).

At optical and NIR wavelengths, edge-on disk systems highlight extended nebu-
losities on both sides of a dark lane, tracing the disk midplane. Because of severe
extinction in the dark lane, the central star is usually undetected at optical/NIR
wavelengths, also resulting in fainter systems for a given spectral type and distance.
In a few cases, the brightness distribution of the nebulosities has also been observed
to vary significantly (Stapelfeldt et al., 1999). These facts combine to render parallax
measurements difficult and the distances determined by Gaia can be plagued by large
errors. For our targets, we decided to adopt the average distance of the parent star
forming-regions instead; 140 pc for the sources in Taurus and Ophiuchus (Kenyon
et al., 2008; Ortiz-León et al., 2018; Cánovas et al., 2019) and 192 pc for those in
Chamaeleon I (Dzib et al., 2018).

Four of the observed disks are part of multiple systems: HK Tau B, HV Tau C,
Haro 6-5B, and HH 48 NE (Stapelfeldt et al., 1998; Stapelfeldt et al., 2003; Krist et al.,
1998; Haisch et al., 2004) with apparent companion separations larger than 2.4”.
While HH 30 has been suggested to be a binary on the basis of jet wiggles and a
disk central hole in lower resolution and signal to noise ratio millimeter continuum
maps (Guilloteau et al., 2008), higher resolution ALMA observations do not confirm
the central hole (Louvet et al., 2018), but neither do they exclude the possibility of
spectroscopic binary. The other targets in the sample are not known to be in multiple
systems.
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Full name Adopted name RA (h m s) Dec (◦ ’ ”) SFR

2MASS J04202144+2813491 Tau 042021 04 20 21.4 +28 13 49.2 Taurus
HH 30 HH 30 04 31 37.5 +18 12 24.5 Taurus
IRAS 04302+2247 IRAS 04302 04 33 16.5 +22 53 20.4 Taurus
HK Tau B HK Tau B 04 31 50.6 +24 24 16.4 Taurus
HV Tau C HV Tau C 04 38 35.5 +26 10 41.3 Taurus
IRAS 04200+2759 IRAS 04200 04 23 07.8 +28 05 57.5 Taurus
FS Tau B Haro 6-5B 04 22 00.7 +26 57 32.5 Taurus
IRAS 04158+2805 IRAS 04158 04 18 58.1 +28 12 23.4 Taurus
2MASS J16313124-2426281 Oph 163131 16 31 31.3 -24 26 28.5 Ophiuchus
ESO-Hα 569 ESO-Hα 569 11 11 10.8 -76 41 57.4 Cha I
ESO-Hα 574 ESO-Hα 574 11 16 02.8 -76 24 53.2 Cha I
HH 48 NE HH 48 NE 11 04 22.8 -77 18 08.0 Cha I

Table 4.1 – Adopted name, stellar coordinates (in J2000), and corresponding star forming
region (SFR) of the disks included in this study.

Source SpTa,b M c
? (M�) PA (◦) iAxisRatio (◦)

Tau 042021 M1 −16 > 85
HH 30 M0 121 > 85A

IRAS 04302 K6−M3.5 1.3− 1.7 175 > 84
HK Tau B M0.5 0.89± 0.04 41 > 83
HV Tau C K6 1.33± 0.04 108 > 80

IRAS 04200 M3.5−M6 0.52± 0.04 129 67± 4
Haro 6-5B K5 145 74± 2
IRAS 04158 M5.25 92 62± 3
Oph 163131 K4−K5d 1.2± 0.2d 49 > 80
ESO-Hα 569 M2.5 144 > 64
ESO-Hα 574 K8 141 > 69
HH 48 NE K7 75 > 68

Table 4.2 – Stellar and disks parameters.
SpT: Spectral type, M?: Stellar masses, from dynamical estimates based on gas
emission, PA: Position angle of the disks from their millimeter images, iAxisRatio:
Estimation of the inclination inferred from the millimetric mean axis ratio in
continuum. These values are lower limits when the disks are not resolved along
their minor axis by more than 2 beams, or when the measured inclination is too
high not to be influenced by the physical vertical extent of the disk.
References: (a) Luhman (2007), (b) Luhman et al. (2010), (c) Simon et al. (2019),
(d) Flores et al. (in prep), (A) Louvet et al. (2018).
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4.2.2 ALMA observations

The twelve targets considered in this analysis come from four different projects,
which had different sensitivity, angular resolution and observing frequency. In this
section, I describe the most important parameters of each observations and my
contribution to obtain the final images. Except for HH 30, which was reduced by
collaborators, I calibrated and reduced all datasets to produce the final images. In this
chapter, we focus on the continuum data. The reduction and a preliminary analysis
of the 12CO data is presented in Chapter 5.

To summarize the observations, four sources were observed in only one band with
moderate angular resolution (ALMA band 7 or band 6), 6 sources in two bands (band 7

and 4), and 2 were observed in three bands (band 7, 6, and 4). As a reminder, band 7,
6, and 4 respectively correspond to the following wavelengths: 0.9 mm, 1.3 mm and
2.06 mm.

4.2.2.a. Observations of HH 30

We include multi-wavelength, band 4, 6, and 7, observations of HH 30. The data
reduction of each observation have been performed by collaborators. In particular,
the band 6 observations were published in Louvet et al. (2018, Project 2013.1.01175.S,
PI: Dougados), and the band 4 and 7 (Project 2016.1.01505.S, PI: Louvet) were reduced
by Y. Boehler at IPAG. Table 4.3 summarizes the most important parameters of the
observations.

4.2.2.b. Observations of Tau 042021 and Oph 163131

We also include band 6 observations of Tau 042021 and Oph 163131 (Project
2016.1.00771.S, PI: Duchêne). Both observations were performed with two array
configurations as can be seen in Table 4.3. I used the CASA pipeline (version 4.7) to
calibrate the data of both configurations for each source.

Note that for Oph 163131, I also reduced the gas data, targeting the three CO
isotopologues. I am thus involved in two complementary studies on this source.
Flores et al. (in prep) studies the temperature structure of the disk by modeling the
emission lines, while Wolff et al. (in prep) analyses dust emission performing a model
of the HST and ALMA images.

4.2.2.c. Chameleon I survey

Most of our sources were observed as part of project 2016.1.00460.S, which was
divided into two groups, targeting respectively 7 sources located in Taurus and
3 in Chameleon I. The three Chamaeleon sources (ESO-Hα 569, ESO-Hα 574, and
HH 48 NE) were observed in band 7 with a compact configuration only (see Ta-
ble 4.3). I calibrated the compact configuration observations with the CASA pipeline
version 4.7.
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Source Band Obs. date Baselines Nant Tint vCASA PWV

(m − km) (min) (mm)

(1) (2) (3) (4) (5) (6) (7) (8)

HH 30 7 14, 15 & 21/10/2016 19− 2.5 42− 46 174 4.7 0.58

6 19 & 21/07/2015 13− 1.6 42 78 4.3 0.56

4 23/10/2016 19− 1.8 48 12 4.7 1.77

12/09/2017 41− 9.5 44 31 4.7 1.70

Tau 042021 6 05/12/2016 15− 0.7 41 7.5 4.7 1.60

21/10/2016 18− 1.8 44 25 4.7 0.35

Oph 163131 6 25/04/2017 15− 0.5 41 8.5 4.7 1.30

07/07/2017 17− 2.6 44 27 4.7 0.65

Survey Cha Ia
7 15/11/2016 15− 0.9 42 1.1 4.7 0.50

Survey Taurusb
7 24/11/2016 15− 0.7 43 1.1 4.7 0.55

18/08/2017 21− 3.6 43 3.7 5.1 0.38

4 27/09/2017 41− 14.9 43 6.7 5.1 1.39

Table 4.3 – Summary of the main observational parameters of the datasets included in the
study.
Column 1: Target name, Column 2: Observing band, Column 3: Observing
date, Column 4: Minimum and maximum baseline range, Column 5: Number of
antennas, Column 6: On source integrating time, Column 7: Calibrating CASA
version, Column 8: Precipitable water vapor during the observations.
(a) The Chamaeleon I sources included in the survey are ESO-Hα 569, ESO-Hα 574,
and HH 48 NE.
(b) The Taurus sources included in the survey are Tau 042021, IRAS 04302, HK Tau B,
HV Tau C, IRAS 04200, Haro 6-5B, and IRAS 04158.
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4.2.2.d. Taurus survey

The Taurus sources included in program 2016.1.00460.S are: Tau 042021, IRAS 04302,
HK Tau B, HV Tau C, IRAS 04200, Haro 6-5B, and IRAS 04158. They were observed in
band 4 and band 7 (see Table 4.3). I calibrated the raw band 4 data using the CASA
pipeline version 5.1.

The band 7 observations of the Taurus sources were performed with both a com-
pact and an extended array configuration. I calibrated the compact configuration
observations with the CASA pipeline version 4.7.

Contrary to previously mentioned datasets, for the extended configuration of the
band 7 survey (observing 7 Taurus sources), I could not simply execute the ALMA-
provided script to calibrate the data. When using it, only HK Tau B was properly
calibrated while noise was obtained in all other fields. It took several months of tests
to understand the reason of this failure.

The first step of our investigation was to dig into the provided calibration script.
For this dataset, the calibration was not performed with the CASA pipeline but
with a manual calibrating script. I checked all steps of this manual calibration (see
Section 1.4.2). For the first ones, namely correcting for water vapor in the high
site (WVR), for the antenna temperatures (Tsys), and for the antenna positions, the
calibrating plots were regular. Afterwards, the script added a model from the flux
calibrator, in our case the bandpass calibrator (J0510+1800, see Table 4.4), that I
checked was correct according to the calibrator catalogue. Then, the script calculated
the bandpass correction, which estimates the response of the interferometer at different
frequencies, and the amplitude and phases corrections for each sources. All calibration
plots appeared regular too. However, the application of these tables to each target
was not calibrating properly, so I looked carefully at this last step. We found that for
most sources, there was a mismatch of a few of MHz between the spectral windows
of a target and its corresponding phase calibrator. In Fig. 4.1, I show the example of
HV Tau C, reporting several sections of the listobs task in CASA. The top table of
this figure shows two consecutive scans, the first (scan 31) observes the science target,
and the second the official phase calibrator (J0438+3004, scan 32). Both sources were
observed at different spectral windows (see column ”Spw ID”). The bottom table of
Fig. 4.1 displays the properties of the spectral windows. The third column of this
table reports the central frequency of each spectral windows. There is a mismatch in
the frequency used between the source and phase calibrator of a few MHz. This was
also the case for the following sources: HK Tau B, IRAS 04200, and IRAS 04302. After
performing some tests, we found that this little difference in observing frequency is
sufficient to lead to a totally incorrect phase calibration. The phase calibrator and the
source need to be observed with the exact same spectral setup for the phase calibration
to work correctly. For the flux and bandpass calibration, such small differences in
spectral windows between the calibrator and the science targets are not an issue.

When looking carefully at the spectral setup of the dataset, we found that three
sources (Tau 042021, Haro 6-5B, IRAS 04158) could be calibrated with the supplied
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Date Timerange (UTC) Scan Target Spw ID Scan Intent
2018-06-18 10:56:19.1 - 10:57:13.5    31 HV Tau C [8,9,10,15]  [OBSERVE_TARGET#ON_SOURCE]
2018-06-18 10:57:36.6 - 10:57:54.7    32 J0438+3004 [11,12,13,14] [CALIBRATE_PHASE#ON_SOURCE]

Spw ID Central Frequency (GHz) Nb of channels ChanWidth (kHz) Tot Bw (kHz)

Target 8 344.514 128  15625.000   2000000.0 

Phase Cal 12 344.516 128  15625.000   2000000.0 

Target 9 334.014 128 -15625.000   2000000.0 

Phase Cal 13 334.015 128 -15625.000   2000000.0 

Target 10 332.014 128 -15625.000   2000000.0 

Phase Cal 14 332.015 128 -15625.000   2000000.0 

Target 11 345.812 3840    244.141    937500.0 

Phase Cal 15 345.810 3840    244.141    937500.0 

Figure 4.1 – Example of scans and spectral windows in the extended configuration of the
band 7 observations of project 2016.1.00460.S.

ALMA phase calibrator. In the provided calibration script, they were mistakenly
calibrated with the solutions from the bandpass calibrator. For the 4 remaining tar-
gets (namely HK Tau B, HV Tau C, IRAS 04200, and IRAS 04302), the spectral window
setup used for the supplied phase calibrator was different to that of the science target,
and so, these data could not be reduced as simply.

For HK Tau B, the more distant bandpass calibrator could be used as a phase cali-
brator, as it was initially done in the ALMA provided calibrating script. For the three
other sources (HV Tau C, IRAS 04200 and IRAS 04302), we first tried to use selfcalibra-
tion as to perform the calibration in phase. In order to see if such calibration would
induce some artefact, I first tested this method on Tau 042021, a bright, extended
source of the sample which could also be calibrated using the provided phase cali-
brator. The results, shown in Fig. 4.2, are convincing: the reconstructed image using
selfcalibration (left panel) is similar to the image obtained after phase calibrating with
the provided phase calibrator (right panel). Thus, we first calibrated the three sources
in phase using the selfcalibration method. For IRAS 04302, we obtained a reason-
able solution by averaging all spectral windows, to the cost of a significantly poorer
angular resolution. However, for the fainter and smaller HV Tau C and IRAS 04200,
the images obtained after selfcalibration were doubtful. As can be seen in Fig. 4.3,
the selfcalibration generated a point source at the phase center of both fields. This
structure being absent from the likely optically thinner band 4 observations, we
estimated that it was a calibration artefact due to selfcalibration. Looking for another
solution for phase calibration, we realized that it was possible to use the check sources
as phase calibrators. Indeed, the check source is observed at the exact same frequency
than the science target. In that case, the calibrator was only observed once before each
of the science targets (rather than bracketing it in time, see Fig. 1.12); which increased
the phase calibration uncertainties of these objects. However, this allowed to obtain
more reliable band 7 images for HV Tau C and IRAS 04200. Note that for an unclear
reason, using the check source was not a better solution for IRAS 04302 and we kept
the selfcalibrated image.
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Calibrated in phase with 

the provided phase calibrator

Calibrated in phase with 

selfcalibration

Figure 4.2 – Different phase calibrations of Tau 042021. The beam size and a 0.5” scale are
represented in the bottom left corner of each panels respectively by an ellipse
and an horizontal line.

HV Tau C IRAS 04200

Figure 4.3 – Representation of the preliminary images obtained for HV Tau C and IRAS 04200,
using selfcalibration to calibrate the source in phase. An artificial point source
can be seen in the center of each target.
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Sources Bandpass & Flux Phase Phase calibration

Tau 042021 J0510+1800 J0438+3004 Standard
IRAS 04302 J0510+1800 IRAS 04302 Selfcalibration
HK Tau B J0510+1800 J0510+1800 Bandpass used
HV Tau C J0510+1800 J0440+2728 Check source used

IRAS 04200 J0510+1800 J0433+2905 Check source used
Haro 6-5B J0510+1800 J0426+2327 Standard
IRAS 04158 J0510+1800 J0422+3058 Standard

Table 4.4 – Calibration sources of the band 7 survey.

To summarize, after various investigations, we managed to calibrate all science
targets of the dataset. We calibrated Tau 042021, Haro 6-5B and IRAS 04158 with their
ALMA supplied phase calibrator, HK Tau B with the bandpass calibrator, HV Tau C and
IRAS 04200 with their check sources, and used selfcalibration to calibrate IRAS 04302.
This is summarized in Table 4.4.

4.2.3 Imaging the continuum

For all sources, I extracted the images from the visibilities with the clean task, using
a Briggs robust weighting parameter of 0.5. Note that when the data were taken with
several array configurations, I generated the images by combining all configurations.
To reduce the noise level and improve the dynamical range of the images, I applied
phase self-calibration on the sources with the highest signal to noise, namely for the
band 7 of HK Tau B, Tau 042021, Haro 6-5B, and the band 6 of Oph 163131. I report the
final beam sizes in Table 4.5 and present the final images in Fig. 4.4. Note that to be
able to compare the physical sizes of the sources and to compute spectral index maps
I also generated recentered maps with similar angular resolution. This is described in
the next section.

4.2.4 Astrometric accuracy and map registration

ALMA maps are subject to astrometric uncertainties due to limited signal to noise
on the phase calibrator and errors in the phase referenced observations related to poor
weather or antenna position errors. To be able to compute accurate spectral index
maps (see Section 4.3.5), the images at the different wavelengths have to be accurately
aligned, and need to have similar angular resolution. In the following paragraph, I
discuss the registration of our images.

For each source and band, we perform simple Gaussian fits in the image plane to
estimate the centroid position. The offsets between band 4 and band 7 ranged from
2 mas for Tau 042021, and IRAS 04200, up to 60− 90 mas for HH 30, HV Tau C, and
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Figure 4.4 – Images of all sources included in this study, normalized to their peak intensity.
Each column is a different band and each line two different sources (each side
of the dashed vertical line). The peak emission is reported in the bottom right
corner of the image, and we show the beam size (ellipse) and a 0.5”scale (dark
line) in the bottom left.
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Sources B7 (”) B6 (”) B4 (”) Restored B4 & B7 (”)

Tau 042021 0.12× 0.08 0.37× 0.18 0.11× 0.04 0.12× 0.08
HH 30 0.14× 0.13 0.26× 0.18 0.15× 0.12 0.15× 0.12

IRAS 04302 0.30× 0.24 0.09× 0.04 0.30× 0.24
HK Tau B 0.11× 0.07 0.12× 0.04 0.12× 0.08
HV Tau C 0.11× 0.08 0.12× 0.04 0.12× 0.08

IRAS 04200 0.11× 0.074 0.11× 0.04 0.11× 0.11
Haro 6-5B 0.12× 0.07 0.10× 0.04 0.12× 0.08
IRAS 04158 0.48× 0.30 0.11× 0.04
Oph 163131 0.23× 0.13
ESO-Hα 569 0.48× 0.28
ESO-Hα 574 0.47× 0.28
HH 48 NE 0.48× 0.28

Table 4.5 – Beam sizes of our observations, and restored beam used to compute brightness
temperatures and spectral index maps.

IRAS 04302. Most are larger than expected from source proper motion between the
different executions. For standard observations using bright phase calibrators taken
in good weather conditions, the expected astrometric accuracy for each band is 10% of
the beam (see ALMA Technical Handbook 1). This would correspond to about 20 mas
relative registration between the bands. The band offsets were significantly larger
between the observations of HH 30, IRAS 04302, and HV Tau C. However, we note that
for these three disks, different phase calibrators were used between the observations.
Moreover, for IRAS 04302 and HV Tau C, the standard phase calibration could not
be performed (see above); in particular, we used the check source of HV Tau C for
its calibration, and could only perform self-calibration of IRAS 04302 in band 7, thus
losing the absolute astrometry. In addition, the weather conditions during the band 7

extended configuration observations were relatively poor, with phase rms of ∼ 64◦ on
the longest baselines. This is likely to deteriorate the positional accuracy. Overall, the
astrometric accuracy of our observations is not sufficient to confirm any significant
motion or shift of the sources between the two bands. Because models of edge-on
disks also show that offsets between bands should remain minimal compared to the
beam size (e.g., Galván-Madrid et al., 2018), we registered our images to a common
center in both bands. We aligned the band 4 and band 7 observations using the
fixplanets task in CASA 2.

1. https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/alma-
technical-handbook

2. We note that we set the option fixuvw to True when applying the fixplanets task, which is
similar to using the fixvis task.
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Finally, to be able to compute spectral index maps, we also recompute the maps to
get a unique angular resolution for each source observed both in band 4 and band 7.
To do so, we first re-imaged each source using the same uvrange and applying a
uvtaper to limit the effect of flux filtering and of different uvcoverage. Then, to obtain
exactly the same angular resolution between both bands, we used the imsmooth CASA
task. The restored beam sizes are reported in the last column of Table 4.5.

4.3 results

4.3.1 Continuum emission

All millimeter-wavelength continuum images are presented in Fig. 4.4. The majority
of the disks show an elongated emission shape, with large axis ratios and in several
cases a roughly constant surface brightness along the major axis, confirming that they
are highly inclined.

Two disks in the sample, however, present a different shape. Haro 6-5B and
IRAS 04158 show a ring and some centrally peaked emission. As in previous CARMA
observations (Sheehan and Eisner, 2017), the band 7 image of IRAS 04158 reveals a
highly asymmetric ring (brighter on the western side) with a compact source towards
the center. We evaluate the position of the rings in Section 4.3.3. This ring is not
detected in our band 4 observations, mostly due to the lack of short spacing base-
lines (filtering of large scale features) and flux dilution into small beams. However,
the band 4 observations clearly resolve the emission at the center of the ring into two
point sources. IRAS 04158 is a binary system. I am involved in a detailed analysis
focusing on this source. We find that hydrodynamical simulations using some orbital
parameters for the binary are able to reproduce the shape of the circumbinary disk
(Ragusa et al., in prep).

The total continuum flux density of each source is measured by integrating the
signal, down to the 3σ noise level, within elliptical apertures tailored to each source.
The flux densities are reported in Table 4.6. The absolute calibration errors for ALMA
are about 5% at the lower frequencies up to ∼ 10% at band 7 (see ALMA Technical
Handbook 3). We use 10% error values throughout Table 4.6. We note that although the
phase calibration method used for the extended configuration observations in band 7

was non-standard (see Section 4.2.2), the flux calibration followed the usual procedure
and, accordingly, the flux calibration uncertainty should be nominal. Additionally,
we checked that the flux of the compact and extended configurations of the band 7

survey are consistent.

3. https://almascience.nrao.edu/documents-and-tools/latest/documents-and-
tools/cycle7/alma-technical-handbook
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Source FB7 (mJy) FB6 (mJy) FB4 (mJy) αmm

Tau 042021 124.2± 12.4 47.2± 4.7 15.4± 1.5 2.5± 0.1
HH 30 54.5± 5.5 22.3± 0.1a 6.9± 0.7 2.5± 0.1

IRAS 04302 267.5± 26.8 37.2± 3.7 2.3± 0.1
HK Tau B 55.6± 5.6 4.4± 0.4 3.0± 0.2
HV Tau C 90.6± 9.1 11.6± 1.2 2.2± 0.2

IRAS 04200 65.6± 6.6 11.6± 1.2 2.1± 0.4
Haro 6-5B 340.9± 34.1 35.3± 3.5 2.6± 0.1
IRAS 04158 259.2± 25.9∗ 2.0± 0.2∗ 2.9± 0.6
Oph 163131 125.8± 2.4b 44.8± 4.5 2.6± 0.1
ESO-Hα 569 40.2± 4.0 2.3± 0.2
ESO-Hα 574 9.3± 0.9
HH 48 NE 31.0± 3.1

Table 4.6 – New millimeter fluxes, derived spectral indices and mass limits. The fluxes are
measured using elliptical apertures centred on the targets. The millimeter spectral
indices were calculated using the fluxes in this table together with literature
measurements (references for these are reported below).
(∗) Band 7: Total flux for the disk and central binary. Band 4: Only flux from the
central binary.
References: (a) Louvet et al. (2018), (b) Cox et al. (2017).
References used to compute the global spectral indices: Tau 042021: Andrews et al.
(2013), HH 30: Louvet et al. (2018), IRAS 04302: Moriarty-Schieven et al. (1994),
Gräfe et al. (2013), and Wolf et al. (2003), HK Tau B: Duchêne et al. (2003), HV Tau C:
Andrews et al. (2013) and Duchêne et al. (2010), IRAS 04200: Andrews et al. (2013),
Haro 6-5B: Dutrey et al. (1996), IRAS 04158: Andrews et al. (2008) and Motte and
André (2001), Oph 163131: Cox et al. (2017), ESO-Hα 569: Wolff et al. (2017)
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Figure 4.5 – Observed brightness temperatures as a function of radial distance. Solid lines
were computed with the same angular resolution, while the light lines have the
original angular resolution. We report the beam sizes in the direction of the cut
as horizontal lines in the left part of each plot. The restored beam corresponds to
the black line. Error bars correspond to 10% of the brightness temperature.

4.3.2 Brightness temperatures

The brightness temperature of a source corresponds to the temperature of an
optically thick blackbody at the corresponding wavelength. I inferred the brightness
temperatures of the disks by inverting the Planck equation on our continuum images,
without using the Rayleigh-Jeans approximation (hν � kBT) which might not be
appropriate for our observations. To ease the comparison for each source, I computed
the brightness temperatures from the band 7 and band 4 maps computed at the same
angular resolution (see Section 4.2.4). I report the peak brightness temperatures in
Table 4.7 and show the brightness temperature profiles measured along the major axis
direction in Fig. 4.5. In this figure, the solid lines correspond to cuts on the images
with the restored beam, while light colored lines are for the best angular resolution.
Note that the beam sizes of the band 6 observations of Tau 042021 and HH 30 are
significantly larger than the restored beam. Thus, it is not possible to compare directly
the band 6 brightness temperatures to the band 4 and band 7 temperatures shown in
Fig. 4.5, the beam dilution will be different. Finally, a direct comparison of brightness
temperature between sources is difficult as they would have different levels of beam
dilution.

We note that, even for the most resolved sources (i.e., least impacted by beam
dilution), the inferred brightness temperatures are lower or comparable to those
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Sources B7 (K) B4 (K)

Tau 042021 6.9† 5.3†

HH 30 7.2 3.7
IRAS 04302 10.3 6.7†

HK Tau B 11.4 5.4†

HV Tau C 13.5 6.8
IRAS 04200 9.1† 8.7†

Haro 6-5B 15.8† 9.9†

IRAS 04158 5.2
ESO-Hα 569 6.5
ESO-Hα 574 4.3
HH 48 NE 4.9

Table 4.7 – Peak brightness temperatures. The uncertainties are limited by errors in flux cali-
bration and can thus be estimated by 10% of the reported brightness temperature
peak. The reported peak brightness temperatures were computed using the same
beam in both bands (see Table 4.5 for details). We only report the peak band 7

brightness temperature of IRAS 04158 as the disk is not detected in band 4.
(†) Well resolved sources in all directions.

required to be in the Rayleigh-Jeans regime, respectively T > 16.2 K for band 7
and 6.8 K for band 4. This strengthens our choice not to use this approximation.
Additionally, we find that the band 4 brightness temperatures are systematically lower
than the band 7 ones.

4.3.3 Radial extent

To characterize the radial extent of the disks, we present cuts along the major axis
of each disk in Fig. 4.6. The cuts are normalized to their maximum intensity. For
Tau 042021, IRAS 04302 and HV Tau C, for which the band 4 emission is very noisy,
we estimate the normalizing factor as the amplitude of the Gaussian best fitting the
curves. All sources are well resolved along their major axis.

4.3.3.a. Morphology

For several sources, the brightness profile is flat along the major axis direction and
drops steeply at the edges. This is particularly true for HH 30, HK Tau B, HV Tau C,
and HH 48 NE. The lack of a central brightness peak further supports the idea that
these disks are optically thick and highly inclined, so that we are viewing only the
outer optically-thick edge. This idea will be tested further in Section 4.4.2 (Fig. 4.12).
Conversely, the disks of Tau 042021, IRAS 04302, IRAS 04200, ESO-Hα 569, and ESO-
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Figure 4.6 – Normalized major axis intensity profiles. The light shading corresponds to the normalized
rms in each band. The beam sizes in the direction of the cut are shown in the left part of
each plot as horizontal lines. We indicate the shoulders of Haro 6-5B and Oph 163131 by
an arrow. Note that we smoothed the cuts through Tau 042021 by convolving them by a
1-D Gaussian of the beam width, to reduce the noise and make the plot clearer.
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Figure 4.7 – Normalized averaged minor axis intensity profiles. For the most inclined sources (resp.
least inclined: IRAS 04200, Haro 6-5B, and IRAS 04158), these were obtained by averaging
minor axis intensity cuts over the whole major axis of the disk (resp. over the central
0.3”). The light shading correspond to the normalized rms in each band. The beam sizes
in the direction of the minor axis are shown as dotted Gaussian of the corresponding
color.
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Hα 574 show more centrally peaked emission without a clear plateau, suggesting that
they are optically thinner and/or viewed with a lower inclination, less edge-on. Addi-
tionally, we note that the radial brightness profile of HK Tau B shows hints of rising at
the edges. While this is a marginal (3σ) feature, this may indicate the presence of a
ring (or transition disk).

Finally, three disks (Haro 6-5B, IRAS 04158, and Oph 163131) show symmetric
shoulders or clear evidence of ring like features:
• The main ring of Haro 6-5B peaks at ∼ 0.29” (41 au) in both bands. Furthermore,

a shoulder seen in band 7 is associated with a peak in the higher-resolution band 4

cut; this would correspond to a fainter ring located at ∼ 0.77” (108 au).
• The brightness asymmetry of the outer ring in IRAS 04158 is very clear in the

major-axis cut: its western side is about 3 times brighter than the eastern side. We
also note that the ring is slightly off-centered compared to the central binary. The
western side of the disk peaks at ∼ 1.71” (239 au), while the eastern side peaks
at ∼ 2.28” (319 au) from the center. We fit Gaussians on each side of the disk in the
radial profile and find that the eastern ring is about 1.7 times wider than the western
ring (with full width half maximum, FWHM, of 1.98” and 1.18” respectively).
• We also find that Oph 163131 displays a relatively flat profile in the inner 0.5”,

but has a sharp central peak. It has symmetric shoulders at ∼ 0.70”, which suggests
that this disk contains two rings, and is viewed slightly away from edge-on. Further
modeling of this source, focusing on dust emission, will be presented in a separate
analysis in which I am involved (Wolff et al., in prep). Additionally, higher angular
resolution (0.02”) obtained during ALMA cycle 6 (Project 2018.1.00958.S, PI: Villenave)
reveal the presence of the rings. A preliminary analysis of the images is presented in
Chapter 5.

4.3.3.b. Size estimations

For this study, we aimed at determining the disks radial extent to look for size
variation with wavelength. To determine the sizes, we first normalized the major
axis cuts presented in Fig. 4.6, as mentioned in the beginning of this section. Then,
for each source, we estimate the relevant 3σ noise level in the image with the worst
signal-to-noise ratio, either band 4 or band 7. This 3σ level is converted into a fraction
of the peak, in percent. The sizes in both bands are then measured at the same level,
i.e., at the same fraction of the peak. The disk sizes along their major axis are reported
in Table 4.8. The errors correspond to a tenth of the beam size along the major axis
direction.

Along with the major axis size, we also estimate the apparent sharpness of the
disk’s edges, as measured in the image plane. To do so, we measure the fractional
range of radius over which the millimeter emission decreases from 80% to 20% of the
peak emission, called ∆r/r. We define ∆r by ∆r = |r80%− r20%| and the normalisation
radius by r = |r80% + r20%|/2. We chose this flux range because the radial profiles can
usually be well approximated by straight lines in this interval. We report the values
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Source B7 B6 B4 Optical/NIR ∆r/r
(”) (”) (”) (”)

Tau 042021 4.10± 0.01 3.76± 0.02 3.67± 0.01 5.0 0.6± 0.1
HH 30 1.85± 0.01 1.82± 0.02 1.73± 0.01 3.1 0.2± 0.1

IRAS 04302 3.15± 0.03 2.84± 0.01 0.7± 0.1
HK Tau B 0.99± 0.01 0.99± 0.01 1.3 0.2± 0.1
HV Tau C 1.20± 0.01 1.18± 0.01 0.8 0.5± 0.1

IRAS 04200 1.00± 0.01 0.85± 0.01 1.0± 0.1
Haro 6-5B 2.06± 0.01 1.74± 0.01 2.3 0.8± 0.1†

IRAS 04158 7.47± 0.03 13.6
Oph 163131 1.30± 0.03a 2.50± 0.01 2.6 0.7± 0.1
ESO-Hα 569 1.88± 0.04 2.0 0.9± 0.2
ESO-Hα 574 1.35± 0.04 1.2 0.7± 0.2
HH 48 NE 1.72± 0.03 1.3 0.4± 0.1

Table 4.8 – Major axis sizes for millimeter and optical/NIR images, and estimates of the
mean deconvolved major axis sharpness of the millimeter data. The errors in
the millimeter sizes correspond to one tenth of the beam width in the major axis
direction. When possible, the ∆r/r ratios correspond to their averaged values
between the band 7 and band 4. All are deconvolved by the beam.
(†)∆r/r of the band 7 only.
References: (a) FWHM from Cox et al. (2017) fitting a Gaussian

of ∆r/r in the last column of Table 4.8. The values are the mean of the estimations in
band 4 and band 7 and they are deconvolved by the beam size. Sharp outer edges have
small ∆r and hence small ∆r/r. Additionally, the disk size slightly affects the value of
the ratio. For example, a typical beam with a FWHM of 0.1” would have ∆r/r ' 0.1
when calculated in a small disk similar to HK Tau B (r = 0.5′′), or ∆r/r ' 0.04 in a
disk as large as IRAS 04302 (r = 1.2′′). All the disks in our sample have ∆r/r values
larger than 0.2, which corresponds to shallower outer edges than the typical beam.

We find two different families of objects when comparing the radial extent of the
disks in band 4 and band 7. Four sources (Tau 042021, IRAS 04302, IRAS 04200, and
Haro 6-5B) show a band 7 size more extended than the band 4 by more than 2 beams.
When compared at the same angular resolution, these sources have band 7 major axis
sizes on average 15% larger than that of the band 4. The outer edges of these four
sources are well resolved and they have an average apparent sharpness of ∆r/r ∼ 0.8,
much shallower than the beam.

For the three remaining sources (HH 30, HK Tau B, HV Tau C), no difference in
radial extent is found between band 7 and band 4. This might suggest the presence
of dust traps at the outer edges of these disks, which can slow radial drift and lead
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particles to stop at particular radial locations (Powell et al., 2019). Including HH 48 NE,
these four sources have the sharpest edges, with ∆r/r between 0.2 and 0.5, i.e., only
just resolved. The edges of these disks are only marginally shallower than the typical
beam.

4.3.4 Disk extent perpendicular to the midplane

For the most inclined systems, the intensity maps shown in Fig. 4.4 have very
elongated, linear shapes rather than elliptical ones, so we generate the minor axis
profiles by taking the mean of the cuts at all distances along the major axis. In that case,
the size of the minor axis is dominated by the vertical extent of the disk perpendicular
to the midplane. For the least inclined sources where a clear ellipticity is visible in the
image (namely IRAS 04200, Haro 6-5B, and IRAS 04158), we generate the minor axis
profiles by averaging over a restricted range, only ±0.15” around the center of the disk.
In that case, the minor axis is dominated by the projection of the disk radius. We show
the averaged brightness profile along the minor axis for all sources in Fig. 4.7. Dashed
lines trace the Gaussian beam profiles along the cut direction. We find that six out of
the twelve disks of our sample are well-resolved along the minor axis, having a width
more than twice the beam width. They are Tau 042021, IRAS 04200, Haro 6-5B (in both
band 7 and band 4), IRAS 04158 (in band 7), and IRAS 04302, HK Tau B (in band 4).
Additionally, the minor axis profiles of Haro 6-5B and IRAS 04158 reveal the presence
of rings, and we see a clear asymmetry in the band 7 cut of Haro 6-5B.

We measure the minor axis sizes by fitting Gaussians to the generated profiles,
Gaussians being good first approximations. For Haro 6-5B and IRAS 04158 for which
the cuts show ring features, we estimate the FWHM directly through the cuts, by
reading the size of the disk at 50% of the peak flux. We report the resulting FWHM
in Table 4.9, where the errors correspond to a tenth of the beam size projected in the
direction of the cut.

In order to extract the intrinsic vertical extent of the disks, we also deconvolve the
minor axis sizes by the beam size in the direction of the cut, assuming both profiles
are Gaussian. These values are presented in Table 4.10. We estimate the uncertainties
on the deconvolved minor axis sizes by propagating the errors. From Gaussian fits of
the calibration sources, we estimate that the error on the beam size is about 10% of
the beam major axis size (from band 7 observations taken in the most extended array
configuration). For the least resolved disks, i.e., for Oph 163131, ESO-Hα 569, ESO-
Hα 574, and HH 48 NE, we only report upper limits. We estimate the uncertainties on
the deconvolved minor axis sizes by propagating the errors, assuming that the error
on the beam size is 10% of the beam major axis size.

Finally, note that even for the most inclined disks, the minor axis size is related but
is not a measurement of the FWHM of the dust’s vertical density profile at a given
radius. Indeed, observations are measuring the integrated intensity along the line of
sight over the whole disk (i.e., from several radii) and are affected by optical depth
effects. This second point implies that if the disk is optically thick, observations probe
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Source Minor B7 Minor B6 Minor B4

(”) (”) (”)

Tau 042021 0.32± 0.01† 0.49± 0.03 0.21± 0.01†

HH 30 0.21± 0.01 0.29± 0.03 0.27± 0.02
IRAS 04302 0.32± 0.02 0.21± 0.01†

HK Tau B 0.13± 0.01 0.10± 0.01†

HV Tau C 0.17± 0.01 0.19± 0.01
IRAS 04200

∗ 0.33± 0.01† 0.23± 0.01†

Haro 6-5B∗ 0.35± 0.01† 0.35± 0.01†

IRAS 04158
∗ 2.36± 0.05†

Oph 163131 0.16± 0.07a 0.23± 0.02
ESO-Hα 569 0.37± 0.03
ESO-Hα 574 0.33± 0.03
HH 48 NE 0.49± 0.05

Table 4.9 – Full width half maximum of the (averaged) minor axis profiles. The uncertainties
correspond to one tenth of the beam size along the cut direction.
(∗) Disks with inclination lower than 75◦. Their minor axis size is likely dominated
by the radial extent of the disk over its vertical extent, as opposed to more inclined
disks. (†) Resolved by more than 2 beams in the minor axis direction. These are the
ones for which the deconvolved minor axis size should be the most reliable (see
Table 4.10).
References: (a) Cox et al. (2017)

Source Deconvolved B7 Deconvolved B6 Deconvolved B4

(”) (”) (”)

Tau 042021 0.31± 0.01† 0.37± 0.06 0.20± 0.01†

HH 30 0.16± 0.02 0.14± 0.07 0.22± 0.02
IRAS 04302 0.21± 0.05 0.20± 0.01†

HK Tau B 0.10± 0.01 0.09± 0.01†

HV Tau C 0.13± 0.02 0.16± 0.02
IRAS 04200

∗ 0.31± 0.01† 0.21± 0.01†

Haro 6-5B∗ 0.34± 0.01† 0.34± 0.01†

IRAS 04158
∗ 2.31± 0.05†

Oph 163131 < 0.14
ESO-Hα 569 < 0.13
ESO-Hα 574 < 0.21
HH 48 NE < 0.24

Table 4.10 – Deconvolved full width half maximum of the (averaged) minor axis profiles.
(∗) and (†) as in Table 4.9.
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the dust τ = 1 surface, which might be located at a few gas scale height above the
midplane. Along this chapter, we use the term dust scale height to describe the vertical
density profile of dust grains at a given radius. We use the same definition as for the
gas pressure scale height (e.g., Fromang and Nelson, 2009).

We also estimate the disk inclinations from the measured axis ratio in all bands,
and report them in Table 4.2. For consistency, we use the FWHM of the major
axis sizes (cut at 50% of the peak flux) to estimate the inclination, as opposed to
the size at 3σ reported in Table 4.8. For the sources that are not resolved in the
vertical direction (Oph 163131, ESO-Hα 569, ESO-Hα 574, HH 48 NE) and those with
the smallest axis ratio (Tau 042021, IRAS 04302, HK Tau B, HV Tau C), we present these
values as lower limits. Indeed, for the most inclined systems, i.e. those with the
smallest axis ratio, the minor axis size might not be dominated by the inclination but
by the actual vertical thickness of the disks, which leads to lower apparent inclinations
based on the axis ratio only. Except IRAS 04200, Haro 6-5B, and IRAS 04158, all
resolved disks have an inclination larger than 75◦. We note that Tau 042021 is the only
disk more inclined than 85◦ which is resolved along its minor axis in both band 7 and
band 4. For this disk, the band 7 appears about 1.5 times more extended vertically
than the band 4. This is discussed in more detail in Section 4.4.1.

4.3.5 Estimation of spectral indices

Using the continuum fluxes from our survey and (sub)millimeter fluxes from the
literature, we estimate the global millimeter spectral index αmm for each source. We
use a least-squares fit of all photometric points between 800 µm and 3.3 mm. We find
αmm ≤ 3 for all disks, as can be seen in Table 4.6.

Global spectral indices do not take into account the spatial distribution of the
emission. Thus, for sources with multiple millimeter images, we computed spectral
index maps using the band 4 and band 7 observations imaged at the same angular
resolution (see Section 4.2.4). The size of the recovered beam is reported in Table 4.5.
We generated the spectral index maps pixel-by-pixel by applying the CASA task
immath. Finally, to lower the noise level in the spectral index map, we applied a
filter to keep only the pixels with emission well above the noise level (5σ) in both the
band 4 and the band 7 images. The final maps and cuts along the major and minor
axis are displayed in Fig. 4.8.

We find that the spectral index increases with radius for most sources, albeit with
larger uncertainties at larger radii due to the lower signal-to-noise ratio. Similarly, the
spectral index also rises along the minor axis direction for two disks, Tau 042021 and
IRAS 04200. Previous studies identified similar increases in the radial direction in
several disks seen at lower inclinations (e.g., Pinte et al., 2016; Dent et al., 2019). The
increases were attributed to changes in the dust size distribution and/or to lower
optical depths at large radii. Very inclined systems on the other hand are optically
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Figure 4.8 – Top row: Spectral index maps, applying a filter to keep only the pixels with more
emission than 5σ in both bands. The beam size is shown in the bottom left corner,
along with a dark line representing a 0.5” scale.
Middle row: Spectral index cuts along the major axis.
Bottom row: Spectral index profiles along the minor axis, averaged as done for
Fig. 4.7 (see text Section 4.3.4).
For all cuts, yellow errors correspond to a flux calibration error of 10% in both
bands, while orange errors are estimated from the signal-to-noise in each band.
The x-axis corresponds to the offset to the center of the disk in arcseconds.

thicker than low inclination disks for the same mass, as can be seen in Fig. 4.17. This
is due to projection effects, because the line-of-sight crosses the disk over a longer
distance. This suggests that spectral index variations are dominated by changes of
optical depth inside the disk rather than by grain growth in our sample (see also our
radiative transfer model, Fig. 4.18). However, at the outer edges, where the disks
become optically thinner, spectral index variations are enhanced by changes in the
dust size distribution (see e.g., Tau 042021, IRAS 04302, IRAS 04200, and Haro 6-5B,
where we found large differences in major axis sizes between band 7 and band 4). We
also note that HH 30 and HV Tau C show the opposite behavior of Tau 042021 and
IRAS 04200 along the minor axis, their spectral indices decrease. However, neither
of them is well resolved along the minor axis, so variations can be more affected by
beam dilution and are less reliable.

Finally, we obtain spectral index values lower than 2 in the innermost regions of
two disks: namely Tau 042021 and IRAS 04200 (see also our radiative transfer model,
Fig. 4.18). Such low values have also been measured in the inner regions of other
disks (e.g., Huang et al., 2018a; Dent et al., 2019), and have often been interpreted as
flux calibration errors because in the Rayleigh-Jeans regime α should not be smaller
than 2. However, considering a 10% flux calibration error (yellow shaded regions
in Fig. 4.8), the lowest α values measured in Tau 042021 and IRAS 04200 can not be
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reconciled with α = 2. Recent studies showed that low dust temperatures (outside
the Rayleigh Jeans regime) or dust scattering in optically thick regions can reduce
significantly the emission of a disk. In both cases, the spectral index can be even lower
than 2 (e.g., Liu, 2019; Zhu et al., 2019). In the context of highly inclined disks such as
Tau 042021 and IRAS 04200, which are optically thick (see Fig. 4.17), both explanations
are equally valid to explain low spectral indices observed. Modeling is needed to
determine which one is dominant.

To summarize, because of the high inclination of our sources, we interpret the
observed variation of spectral indices along the major and minor axis as being
dominated by optical depth changes in the disks. Additionally, we find that the low
spectral index values measured in Tau 042021 and IRAS 04200 can either be related to
low dust temperatures or to dust scattering in optically thick regions.

4.3.6 Comparison with optical and NIR images

We present overlays of optical and NIR images with our band 7 observations
in Fig. 4.9. For most disks, we use HST optical images but prefer (space-based or
ground-based) near-infrared (NIR) images in a handful of cases to reduce confusion
with extended nebulosity (3 sources, see references in Fig. 4.9). All scattered light
images show the same characteristic features, with two bright reflection nebulae
separated by a dark lane tracing the obscuration of direct starlight by the edge-on
disk. As opposed to the scattered light images, the millimeter data appear as very
flat disks. All sources are found much less extended vertically in the millimeter than
in scattered light, the result of a combination of opacity effects and vertical settling.
Most of them also appear less extended radially, which can be linked to dust radial
drift or opacity effects.

Thanks to several collaborators (G. Duchene, Z. Telkamp, and H. Williams), we
estimated the scattered light major axis sizes by following the spine of each nebulae.
The method is described in more details in Appendix D of the paper (see the draft in
Appendix A). The scattered light radial sizes are reported in Table 4.8. We could not
estimate the scattered light sizes for two disks of the sample: for IRAS 04302 because
we likely do not see the disk but the envelope; and for IRAS 04200 because the bright
point source in the northern nebulae prevented the method to converge. Also, we
indicate that our scattered light radial sizes might be under-estimated because lower
illumination or lower sensitivity in the outer regions might reduce the apparent
optical/NIR size (see for example Muro-Arena et al., 2018). A complete analysis
will require the use of tracers of the gas distribution, which we postpone to a future
paper (see Chapter 5).

Despite this, we find that most sources are larger radially in scattered light than in
the millimeter, albeit with a few exceptions, the most obvious case being HV Tau C.
ESO-Hα 574 and HH 48 NE, although formally more compact in scattered as estimated
with our algorithm, have very similar sizes and will require deeper millimeter data
for confirmation. The ratios of scattered light over thermal continuum band 7 sizes
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Tau 042021 HH 30 IRAS 04302 HK Tau B

HV Tau C IRAS 04200 Haro 6-5B IRAS 04158

Oph 163131 ESO-Hα 569 ESO-Hα 574 HH 48 NE

Figure 4.9 – Overlay of scattered light (colors, in logarithmic scales) and ALMA band 7 con-
tinuum images (5, 10, 20 and 50σ contours) for all sources in this study, except
for Oph 163131 for which we show the band 6 image. The scattered light images
are plotted between 3σ (except for IRAS 04302 and IRAS 04158, where we use
respectively 60 and 1σ to increase the contrast) and their maximum brightness
(except for IRAS 04158, for which we take a lower value to increase the contrast).
The ellipse and horizontal line in the bottom left corner indicate the beam size of
the ALMA image and a 0.5” scale.
References: Scattered light images, 2.2 µm: HV Tau C: Duchêne et al. (2010);
1.9 µm: IRAS 04302: Padgett et al. (1999); 1.6 µm: Haro 6-5B: Padgett et al.
(1999); 0.8 µm: Tau 042021: Duchêne et al. (2014), HH 30: Watson and Stapelfeldt
(2004), IRAS 04158: Glauser et al. (2008), ESO-Hα 569: Wolff et al. (2017),
HH 48 NE: Stapelfeldt et al. (2014); 0.6 µm: IRAS 04200: Stapelfeldt et al. (in
prep), Oph 163131: Stapelfeldt et al. (2014), ESO-Hα 574: Stapelfeldt et al. (2014);
0.4 µm: HK Tau B: Duchêne et al. (in prep).
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are between 0.7 and 2.0. This is in general consistent with predictions from radial
drift theory: the objects with clear evidence for radial drift being those in which
scattered light disk (small grains) is significantly larger than the millimeter continuum
disk (large grains). Additionally, while we do not quantify explicitly the vertical extent
of the scattered light images, Fig. 4.9 clearly shows that all disks are significantly more
extended vertically in scattered light than at millimeter wavelengths. This indicates
that vertical settling is occurring in these disks, which will be further studied in
Section 4.4.1.

4.4 discussion

In this section, we aim at interpreting the vertical and radial structure of our highly
inclined disks, using radiative transfer modeling. We use the radiative transfer code
mcfost (Pinte et al., 2006; Pinte et al., 2009, see Section 1.5). Note that a large fraction
of this section has been updated in the revised version of the paper, I refer the reader
to the final version of the paper in Appendix A, and present the submitted version of
the paper in the manuscript.

As modeling each individual disk is beyond the scope of this study, we use the
comprehensive model of HL Tau presented in Pinte et al. (2016) as our fiducial disk
model. This model is relevant as it is one of the few characterizing the millimeter scale
height of a protoplanetary disk. The authors assumed that dust grains are affected
by settling and follow the vertical density profile described in Fromang and Nelson
(2009, equation 1.17 reported in Section 1.3.2 of this thesis). From the contrast ratio of
HL Tau’s gaps and rings along the minor axis direction, Pinte et al. (2016) constrained
the millimeter dust vertical distribution, expressed in terms of a "scale height", to
h1mm = 0.7 au at 100 au. Indeed, as can be seen in Fig. 4.10, the rings are less visible

Figure 4.10 – Effect of dust settling on the appearance of the HL Tau model. Along the minor
axis, the rings are seen more clearly in the model with settling (right panel) than
in the model without settling (middle panel), which suggests that this disk has
a very thin millimeter vertical extent. Adapted from Fig. 4 of Pinte et al. (2016)
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in the minor axis direction when no settling is considered. As of now, we will refer to
this model with settling as our fiducial model. We note that the HL Tau model contains
several rings and gaps and has an outer radius of about 140 au (Pinte et al., 2016).

In order to understand the observable effects of vertical settling, we also consider
the HL Tau model without settling. In this case, all grain sizes are fully mixed with
the gas and so the millimeter dust scale height, h1mm, is equal to hgas, which is 10 au
at a radius of 100 au. Similarly to the fiducial model, radial drift is not included in
the calculation of the model without settling.

The models were calculated at a distance of 140 pc, which is similar to the average
distance to Taurus molecular cloud where most sources of our sample are located (see
Table 4.1). We recomputed the models at 0.89 mm (resp. 2.06 mm) for inclinations
between 82.5◦ and 90◦. In Fig. 4.11, I show the resulting mcfost images. Without
convolving the images by a beam, we note that we can distinguish the rings for the
fiducial model (at the lowest inclinations) but not for the models without settling.
This is directly related to the small vertical extent of the millimeter grains in the
fiducial model and was an argument to estimate the millimeter scale height of HL Tau
by Pinte et al. (2016).

To be able to perform a direct comparison of the models with our observations, I
produced synthetic images using the simobserve and simanalyze tasks of the CASA
simulator. I used the same antenna configuration, date and integration time as in the
observations, which allows to achieve a similar uv coverage than in our data (either
band 4 or the extended configuration of band 7). Finally, I generated band 7 and
band 4 images with a similar resolution to the restored beam presented previously (see
Table 4.5), by using a uvtaper. This results in beam sizes of ∼ 0.11× 0.07” for the
band 7 synthetic images and ∼ 0.13× 0.08” for the band 4. The synthetic band 7

images (0.89 mm) are presented in Fig. 4.12.

4.4.1 Vertical extent

4.4.1.a. Effect of inclination on the vertical extent of the fiducial model

In the top panels of Fig. 4.12, I show the synthetic images of our fiducial model at
several inclinations, while the bottom panels present images of the radiative transfer
model without settling. The disk appears much more extended vertically for the
case without settling than for the fiducial model. As the inclination approaches 90◦,
without settling, the high optical depth in the midplane results in a clear low intensity
lane in the midplane separating the two sides of the disk, while for lower inclination
the bottom (far) side of the disk is about 4 times fainter than the top (near) side.
As the angular resolution is similar and the signal to noise is greater than 14 for all
targets such an asymmetry would be detectable easily in our observations. However,
neither the vertical asymmetry nor the dark lane in the midplane are present in our
data. Interestingly, they can hardly be seen in the model that includes settling (top
row of the Fig. 4.12). This clearly suggests that these disks have a small millimeter
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Figure 4.11 – Top: Model from Pinte et al. (2016) at 0.89 mm (band 7), computed at high
inclination and including settling (h1mm = 0.70 au, fiducial model).
Bottom: Same models at 0.89 mm but without including settling (h1mm = hgas =

10 au). The horizontal lines of the model without settling are likely numerical
artefacts. All images are normalized to their peak surface brightness.
The horizontal line in the bottom left of each pannels represents a 0.5” scale.
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Figure 4.12 – Same as Fig. 4.11 but convolved to the resolution of the observations through
the CASA simulator. The horizontal line represents a 0.5” scale, and the ellipse
shows the beam size.
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Figure 4.13 – Minor axis profiles for the fiducial model (left) and the model without settling
(right), computed as in Fig. 4.7. The models were computed in band 7, so at
0.89 mm. All cuts are normalized to their peak surface brightness and I indicate
the beam size as a dotted Gaussian in both panels.

dust scale height, closer to 1 au than to 10 au at a radius of 100 au. Because the gas
scale height, indirectly probed by scattered light observations of micron-sized grains,
is typically ∼ 10 au at 100 au (e.g., Burrows et al., 1996; Stapelfeldt et al., 1998), our
results suggest that significant vertical settling of the millimeter dust has occurred in
the present sample of protoplanetary disks.

To quantify further the compatibility of our fiducial, settled, model with the observa-
tions, I generated minor axis profiles following the method presented in Section 4.3.4.
The profiles were generated by taking the mean minor axis cuts over the full radial
extent of the disk. The minor axis profiles of the fiducial model and of the model
without settling are shown in Fig. 4.13. Additionally, I report the deconvolved minor
axis sizes for both models in Table 4.11. At 90◦, the deconvolved FHWM of the minor
axis profiles are about 0.18” in band 7 and about 0.13” in band 4. For comparison,
the width of the model without settling measured on the cuts is about 0.45” in band 7

and 0.42” in band 4, at 90◦. Considering only the three most inclined systems that
are resolved by more than 2 beams in the vertical direction in our data (Tau 042021,
IRAS 04302, and HK Tau B), we find that the average band 4 deconvolved width is
about 0.16”. This minor axis size of millimeter grains is definitively closer to that of
our fiducial model than to that of our model without settling. As noted previously,
this indicates that for these systems the millimeter scale height would be closer to
1 au than to 10 au at 100 au. This suggests that the process of vertical dust settling is
likely advanced in these disks, therefore increasing significantly the concentration of
dust mass in the disk midplane.

Vertical settling models show that the turbulence generated self-consistently by
ideal MHD or vertical shear instabilities are likely too strong to lead to millimeter scale
height as small as 1 au at r = 100 au for gas scale heights of 10 au at 100 au (Flock et al.,
2017). On the other hand, non ideal effects such as ohmic resistivity or ambipolar
diffusion lead to lower turbulence and thus to very thin millimeter grains layers (Riols
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Fiducial model No settling model
Incl Minor B7 Minor B4 Minor B7 Minor B4 ∆r/rfiducial

(◦) (”) (”) (”) (”)

82.5 0.15 0.13 0.23a 0.32a 1.2± 0.6
85 0.14 0.10 0.23a 0.40 1.0± 0.5
87.5 0.15 0.11 0.43 0.42 0.7± 0.3
90 0.18 0.13 0.44 0.42 0.3± 0.1

Table 4.11 – Effect of inclination on model disk thickness and edge sharpness for our both
radiative transfer models. I show the deconvolved minor axis sizes (FWHM)
using the beam size in the direction of the cut, and the averaged deconvolved
∆r/r of the fiducial model. The average major axis size of the model is about
1.5”.
(a): Due to our definition of minor axis sizes (full width half maximum) and the
shape of the minor axis profiles of the model at the lowest inclinations, the sizes
are underestimated.

and Lesur, 2018). Those mechanisms might be dominant in the sample of disks
analysed in this study. Detailed modeling of each individual object is needed to
obtain a quantitative estimate of the millimeter and gas scale height of the disks.

4.4.1.b. Comparison with a published model of HK Tau B

HK Tau B is the only Class II disk of the sample which is well resolved by ALMA
in the minor axis direction (in band 4), for which the scattered light image has been
modeled. Stapelfeldt et al. (1998) estimated the scale height of micron-sized grains
to be of the order of 3.9 au at 50 au (8.3 au at 100 au, assuming a flaring exponent
of 1.1 as in Stapelfeldt et al., 1998). The parameters of this model are reported in
their Table 1 and the 0.8 µm image of the model can be found in their Fig. 3. Aiming
for a quantitative comparison of scale height between millimeter and micron-sized
grains, we computed their best model C at millimeter wavelengths using the radiative
transfer code mcfost. We assumed that grains are fully mixed (i.e., no settling)
and produce synthetic images using the CASA simulator with the same uv coverage
as in our observations. To obtain a similar opacity of κ ∼ 120 cm2/g at 0.8 µm, we
use dust grains (silicates) with sizes from 0.01 µm to 15 cm, and assume a number
density described with a power law of the grain size dn(a) ∝ a−3.5da. This leads
to opacities of about 4.8 cm2/g and 2.6 cm2/g respectively at 0.89 mm and 2.06 mm,
which is comparable to standard assumptions (e.g., Ansdell et al., 2016). We show the
results in Fig. 4.14.

We find that the model by Stapelfeldt et al. (1998) does not reproduce well the
millimeter images of HK Tau B. Along the major axis, the model is too peaked at the
center (less flat-topped) and more extended in the radial direction than the actual
millimeter data. The more peaked profile suggests that the observed millimeter
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Figure 4.14 – Left panels: ALMA data of HK Tau B.
Middle-left panels: Millimeter images of the best model C of Stapelfeldt et al.
(1998), assuming well mixed grains. They were computed for the same uv-
coverage as in the data. The contours represent 30% of the maximum intensity
of the data of the same band.
Middle-right panels: Major axis cuts of the data and the models in band 7 and
band 4.
Right panels: Minor axis cuts, performed as in Section 4.3.4.

disk is more optically thick than what is predicted by the model. While the best
model of Stapelfeldt et al. (1998) contains a full disk at an inclination of 85◦, we
suggest that a higher inclination (closer to 90◦, see Fig. 4.12) or the presence of a
large inner cavity would reproduce better the major axis brightness profile. Along
the minor axis, the band 4 cut indicates that the model by Stapelfeldt et al. (1998)
is also more extended vertically than the data (see right panels of Fig. 4.14). As
previously proposed by Duchêne et al. (2003), this hints for vertical segregation of
dust grains in this disk, millimeter grains being located in a vertically thinner layer
than micron-sized grains. However the low signal to noise of the band 4 data and the
low angular resolution in band 7 prevent us from a strong conclusion on the presence
of vertical settling.

4.4.1.c. Vertical settling in Tau 042021

Tau 042021 is the only edge-on disk clearly resolved vertically in both band 7 and
band 4. For this disk, the band 7 appears about 1.5 times more extended vertically
than the band 4 (see Table 4.9). We note that Tau 042021 is only marginally resolved
in band 6, so the size at this wavelength is uncertain. For our radiative transfer model
without settling (including only optical depth effects), we find a band 7 to band 4

minor axis ratio of about 1.1 at i = 90◦ (see table 4.11), significantly smaller than the
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observed value. Although this model is not unique, it indicates that opacity effects
are not sufficient to produce the large difference in minor axis size observed, which
suggests that grain-size-dependent vertical settling is occurring in this disk as well.
In this section, we compare the measured minor axis ratio with predictions from
several vertical settling models. We assume that the disk is perfectly edge-on so
that variations along the minor axis are dominated by differences in vertical extent
between bands rather than projections of the disk radius.

From the minor axis ratio measured in Tau 042021, one can estimate the scaling
of the minor axis size (Sd) with grain size (a) assuming Sd ∝ a−m. Assuming that
most of the emission comes from grains of the optimal size (a ≈ λ/2π), we obtain:
m = − log(Sd,b7/Sd,b4)/ log(ab7/ab4) ∼ 0.5. Additionally, if we assume Sd is directly
proportional to the dust "scale height" (hd), an exponent of m = 0.5 has been predicted
for large grains in the context of a 1-D diffusion theory (Dubrulle et al., 1995).
Performing numerical simulations including non-ideal MHD effects such as ambipolar
diffusion, Riols and Lesur (2018) also estimated a relationship of dust scale height with
grain size with an exponent of 0.5, valid for large grains (St & 10−2). For comparison,
using the standard disk model presented in Riols and Lesur (2018, equation 13), at
100 au, grains of the optimal size emitting in band 7 would have Stokes numbers
larger than 2.5 · 10−2, which implies that such scale height relationship is expected.

In the settling model considered for our fiducial model, the dust scale height varies
as: hd ∝ a−0.2 (Fromang and Nelson, 2009). This leads to a smaller minor axis ratio in
our fiducial radiative transfer model than in the observations (∼ 1.25 for an inclination
of 90◦, see Table 4.11). However, note that this expression was estimated for small
grains (St ≤ 10−2) and might not apply for the grain sizes that we are probing at
millimeter wavelengths.

To summarize, we find that the large minor axis difference observed in Tau 042021 at
different millimeter wavelengths has to be associated with strong settling. While
ideal MHD simulations predict a settling less efficient than observed, a simple 1-D
diffusion theory (in the case of strong settling, Dubrulle et al., 1995) or numerical
simulations including non-ideal MHD effects (Riols and Lesur, 2018) provide for now
the best consistency with the observations.

4.4.1.d. Radial variation of vertical extent in IRAS 04302

The high resolution band 4 disk image of IRAS 04302 shows evidence of flaring,
i.e., the extent perpendicular to the disk midplane at large radii is broader than
at the center (see Fig. 4.4). This is in contrast with the other disks in our survey,
which are flatter or unresolved. Fig. 4.15 compares the minor axis cuts at different
radii in IRAS 04302 with the other well-resolved edge-on disk with large signal to
noise: Tau 042021. In the latter case, the vertical extent appears quasi constant as a
function of radius, whereas it is ∼ 50% larger in IRAS 04302 at a projected radius of
100 au (0.7”) than at the center. This might be related to differences in optical depth
or settling between the disks. However, IRAS 04302 is the only Class I object in our
sample (Gräfe et al., 2013) and the scattered light image does not show the flared
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Figure 4.15 – Minor axis full width half maximum as a function of radius for
IRAS 04302 (band 4) and Tau 042021 (band 7). The errors correspond to the
standard deviation of the curves.

upper surface of a disk, like in the other objects (Class II, see Fig. 4.9), but instead
traces an envelope. Objects like this one, and HH 212 a Class 0 (Lee et al., 2017), open
the possibility to do comparative studies of disk evolution in the early phases.

4.4.2 Radial extent

4.4.2.a. Effect of inclination on the radial brightness profile of the models

In this section, we investigate the effect of inclination on the observed radial
brightness profiles. To do so, I produced major axis cuts of the fiducial and no settling
radiative transfer models, as in Section 4.3.3. They are presented in Fig. 4.16. First,
we note that for the fiducial model, most cuts show an increase of intensity around
0.5” and 0.9”, which are related to the rings and gaps present in the HL Tau model.

Along the major axis, the effect of inclination on the shape of the brightness profile is
very clear both in the images and in the cuts. At an inclination of 82.5◦, the image and
cut show a steep increase of intensity at the center, very similar to our observations of
Oph 163131. On the contrary, for the fully edge-on configuration (i = 90◦), the major
axis brightness profile is flat at all radii and drops steeply, like our observations of
HH 30, HK Tau B, HV Tau C and HH 48 NE. Between these extreme cases, the cuts
show a less extended plateau and shallower outer edges than for the 90◦ case, likely
related to lower optical depth than in the edge-on case. The cuts on the model without
settling on the other hand do not show the rings, but they present similar trends on
the sharpness of the edges as defined between 20% and 80% of the peak intensity.

We estimate the apparent sharpness (∆r/r) for the fiducial models as in Section 4.3.3
and report them in Table 4.11. Although the measurement of this parameter is affected
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by the presence of rings in the model (leading to the large uncertainties on ∆r/r
at small inclinations), the variations of the sharpness are indicative of the effect of
inclination. We find that the apparent sharpness of the disk significantly increases with
increasing inclination. When the model is computed at 82.5◦, we obtain ∆r/r ∼ 1.1,
while we find ∆r/r ∼ 0.3 for 90◦.

Three disks in our sample show edges as sharp as 0.3. These are HH 30, HK Tau B,
HH 48 NE, which suggests that these disks are the most inclined of the sample. Larger
values of ∆r/r might indicate that the disks are either less inclined than 90◦, less
massive and optically thinner than the radiative transfer model considered here, or
simply less resolved along the major axis. Nonetheless, the sharpness of the radial
brightness distribution seems to be a good tracer of disk inclination.

4.4.2.b. Comparison with a radial drift model

Similarly to previous multi-wavelengths studies (e.g., Pérez et al., 2012; Tripathi
et al., 2018; Powell et al., 2019), our observations show that 4 disks have major axis
sizes that decrease with wavelength (namely Tau 042021, IRAS 04302, IRAS 04200,
Haro 6-5B, see Table 4.8 and the radial variation of the spectral index in Fig. 4.8). For
these disks, the average size difference between band 7 and band 4 observations is
about 15%. Estimating the major axis sizes from our fiducial radiative transfer model
described in Section 4.4 (which does not include radial drift), we find that opacity
effects alone predict a difference of only a few percents between bands, which is not
sufficient to reproduce the observations. In this section, we compare the measured
radial differences with an analytical radial drift model, presented by Birnstiel and
Andrews (2014). Similarly to other theoretical models, they showed that inward dust
migration of single size particles spontaneously produces a sharp edge in the dust
density distribution (Birnstiel and Andrews, 2014; Facchini et al., 2017; Powell et al.,
2019). Birnstiel and Andrews (2014) computed an analytical formula to infer the
position of the disk outer edge in a disk with radial drift only (see their equation
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B9). The vertical extent of the grains is not considered in their model. They assume
a smooth tapered-edge gas surface density profile and parametrize the turbulence
following Shakura and Sunyaev (1973).

Assuming that the band 7 and band 4 emission only originate from grains of the
optimal size (a ≈ λ/2π), the model by Birnstiel and Andrews (2014) predicts a size
difference in surface density between band 7 and band 4 of about 25% (after 0.1 Myr).
While the predicted effect is marginally too strong, the absolute disk sizes are more
problematic. When grains of 0.1 µm detectable in scattered light are expected to
be found up to 135 au after 0.1 Myr, the model predicts that grains emitting most
at 0.89 mm should have drifted to 42 au. This corresponds to a micron/millimeter
disk radius ratio greater than 3, which is more than 1.5 times larger than the largest
ratio measured in our data.

Part of these differences might be explained because the observations are not
probing the surface density of the disk, because several grain sizes (that might have
drifted to different radii) have to be considered rather than a unique one, or because
our disks are older than 0.1 Myr so they might be affected by viscous spreading as
well. Besides, as discussed previously (Section 4.3.6), we note the scattered light
images might not always trace the whole disks, since they require illumination (and
sufficient optical depth) to trace the disk all the way to the edge. This can lead to
apparent sizes in scattered light that are smaller than the real radial extent of small
grains. However, the small expected sizes at millimeter wavelengths suggest that
this radial drift model is too efficient to reproduce the observations (see also Brauer
et al., 2007). The existence of pressure fluctations in the disks (e.g., rings and gaps
tracing pressure bumps and dust traps) rather than smooth power low surface density
profiles are expected to slow down the drift efficiently (see, e.g., Gonzalez et al., 2017;
Pinilla et al., 2012a) and help reconcile models with observations. We speculate that
the disks included in our study may have complex radial structures to slow down the
radial migration of dust.

4.4.3 Effect of inclination on global disk properties

Most Class II disk surveys in close-by star-forming regions estimate dust masses di-
rectly from the measured integrated fluxes assuming optically thin disks, irrespective
of the disk inclinations (e.g., Andrews et al., 2013; Ansdell et al., 2016; van der Plas
et al., 2016, this thesis - Chapter 2). However, because of the projection effect, the
optical depth along the line-of-sight increases with inclination and will affect the
observed flux. In this section, we investigate the impact of inclination on integrated
fluxes, derived dust masses, and integrated spectral indices. Finally, we also discuss
the measured brightness temperatures obtained for our disks in the context of optical
depth.
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4.4.3.a. Flux densities and derived masses

We present the variation of the integrated band 7 and band 4 fluxes in our radiative
transfer models (with and without settling) as a function of inclination in Fig. 4.17.
Overall, the emitted flux density of the disk becomes attenuated by up to an order of
magnitude with increasing inclination. This is due to a combination of the increasing
optical depth, a lower average dust temperature seen by the observer for high inclina-
tions, and to geometrical effects (reduced emitting surface with increasing inclination).
In this model, from ∼ 60◦ to 90◦, the flux density and thus the derived disk mass
would appear significantly smaller than for the same disk viewed at intermediate
inclinations (by up to ∼ 10 times for the fiducial model). The amplitude of the
attenuation depends on the model’s parameters. The effects of dust scattering are
fully included in the radiative transfer calculations. Note that in Fig 4.17, the model
without settling is brighter than the fiducial model for all inclinations. This effect is
likely dominated by a difference in dust temperatures in the disk midplane between
the different models. With settling (fiducial model) the temperature of the dust is
slightly lower than for the un-settled model because the disk intersects less starlight
overall than in the settled case, resulting in a lower integrated flux.

This raises the question of the reliability of disk masses derived purely from
millimeter fluxes. We focus here on the edge-on disks of our sample. For a direct
comparison with previous studies, we assume optically thin and isothermal dust
emission at sub-millimeter wavelengths. In that case the flux (Fν) is directly related
to the dust mass following: Mdust = Fνd2/κνBν(Tdust), where d is the disk distance
to the Sun, Bν(Tdust) the Planck function evaluated at a mean representative dust
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Sources Mdust B7 (M⊕)

Tau 042021 > 25.5
HH 30 > 11.2

IRAS 04302 > 54.8
HK Tau B > 11.4
HV Tau C > 18.6

IRAS 04200 > 13.4
Haro 6-5B > 69.8
IRAS 04158 > 53.1
Oph 163131 > 25.8
ESO-Hα 569 > 13.6
ESO-Hα 574 > 3.1
HH 48 NE > 7.1

Table 4.12 – Mass limits. Dust masses are estimated from the band 7 fluxes (Table 4.6),
assuming optically thin emission, and therefore are lower limits (see text for
details).

temperature Tdust, and κν the dust grain opacity. We use typical values of Tdust = 20 K
and κν = 3.4 cm2 g−1, as in Ansdell et al. (2016, and references therein) to estimate
the dust mass of the disks in the sample and for the fiducial model, using the band 7

fluxes. For the data, the results are reported in Table 4.12. As noted above, the masses
are almost certainly underestimated and so we quote them as lower limits.

By applying the formula directly we find a mean dust mass of about 25 M⊕ for
the 6 edge-on disks more inclined than 75◦. For comparison, at an inclination of
90◦, the estimated dust mass of the fiducial model is 3 times lower than the real
dust mass (for an inclination of 0◦, the estimated mass is 3 times larger than the real
mass). Without full modelling, it is difficult to find a reliable correction factor for
individual sources to compensate the attenuation due to inclination. The disk masses
of our highly inclined sample are probably a few times larger, i.e., up to ∼ 75 M⊕
when applying the same factor of 3. This would be on the high end of the dust mass
distributions of Taurus or Lupus star-forming regions (mean of 15 M⊕, Ansdell et al.,
2016, see Chapter 2, Fig. 2.9).

This result suggests that our sample of edge-on disks is biased towards massive
disks. This is a direct consequence of the important attenuation caused by the high
inclination, making the starlight and the disk emission fainter. This may also explain,
at least partly, why the number of known edge-on disks with resolved images remains
sparse, even today. A comprehensive study of the biases affecting the edge-on disk
population and their detection will be presented in Angelo et al. (in prep).

134



4.4.3.b. Integrated spectral indices

The median spectral index of the edge-on disks in this study, ᾱmm = 2.5± 0.3, is
similar to previous measurements of intermediate-inclination disks, i.e., 2.3± 0.1 in
the Lupus and Taurus star-forming regions (Ribas et al., 2017; Ansdell et al., 2018). At
first glance, this is surprising as edge-on disks are expected to appear more optically
thick, but Sierra and Lizano (2020) showed that the spectral index is only mildly
dependent on inclination based on an extensive study.

To further understand the integrated αmm for edge-on disks, we computed them for
our radiative transfer models with and without settling. The expected values at differ-
ent inclinations are shown in the bottom panel of Fig. 4.17. We find that for both mod-
els the variation of spectral index with inclination is relatively small (2 . αmm . 2.2),
in agreement with Sierra and Lizano (2020). This is because the model used for our
analysis is known to be optically thick at these frequencies even at low inclinations and
because large grains are included in the model (Pinte et al., 2016; Carrasco-González
et al., 2019). The small difference in integrated spectral index observed between our
sample of edge-on disks and disks at lower inclinations can be explained if most disks
are partially optically thick at millimeter wavelengths and/or if grains have grown
to millimeter/centimeter sizes. Grain growth is known to have occurred in Class II
disks, leading to low spectral indices (Ricci et al., 2010; Testi et al., 2014). Similarly,
recent imaging campaigns have revealed that ring structures are very common in
protoplanetary disks (Huang et al., 2018b; Long et al., 2018) and generally associated
with optically thick regions with large grains (e.g., Dent et al., 2019). So far, the
edge-on disks in our sample appear similar to the disks observed on other surveys,
except from their viewing angle.

Interestingly, for inclinations greater than 80◦, we find a clear difference in the
integrated spectral index between the models with and without settling. While at
these inclinations the spectral index decreases in the model without settling (see also
Galván-Madrid et al., 2018), we find that the integrated spectral index increases for
the fiducial settled model, reaching about 2.2 at 90◦. This can be explained if the
contribution of the optically thick midplane decreases with increasing inclination
while the contribution of the upper layers (rich in small grains with higher β values)
increases with increasing inclination, leading to higher values of the integrated
spectral indices for the settled model. Said differently, for very large inclinations
several line-of-sights do not cross the disk midplane containing large grains but cross
mostly the high altitude layers above and below it. Since these layers are optically
thinner and contain only small grains, the spectral index increases.

This effect can for example be seen on our radiative transfer models presented
in Fig. 4.18 (see also Tau 042021 in Fig. 4.8). In Fig. 4.18, I show the spectral index
maps and major axis cuts of the fiducial and no settling models at 85◦ and 90◦ of
inclination. In both cases, we see that the spectral index is higher in the upper layers
than in the disk midplane, accordingly to what was just described. However, in the
fiducial model, the values reached in the upper layers are higher than those reached
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Figure 4.18 – Spectral index cuts along the major axis, for the fiducial model (top row) and
the model without settling (bottom row) computed at different inclinations (85◦

and 90◦). The orange errors in the cuts are estimated from the signal to noise in
each band. The x-axis corresponds to the relative offset in arcseconds (different
scales between panels). The right panels show the spectral index maps of the
same models, applying a filter to keep only the pixels with more emission than
5σ in both bands. We also show the beam size and a 0.5” scale in the bottom left
corned of the image.

in the model without settling. This illustrates why the integrated spectral index
appears higher in the fiducial model than the in no settling model at high inclinations.
However, further studies are required to investigate this effect (e.g., Sierra and Lizano,
2020) and its applicability to specific objects.

Finally, from the spectral index major axis cuts shown in Fig. 4.18, we also see
a slight increase of spectral index at larger radius for all models. As size selective
dust radial drift is not included in the models, this variation corresponds to changes
in optical depth only. Several disks in our study, namely Tau 042021, IRAS 04302,
IRAS 04200, Haro 6-5B, show stronger variations along the major axis direction than
the models. This suggests that these disks are also affected by size selective radial
drift. To confirm this interpretation, note that the band 4 and band 7 sizes are found
to be largely different in these four sources.

4.4.3.c. Brightness temperatures

Assuming that scattering is negligible and that the dust temperature is high
enough (e.g., in the Rayleigh-Jeans limit) and constant over the emitting region,
the brightness temperature of dust emission at frequency ν can be expressed as TB =
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ηc Tp (1− e−τν), where τν is the optical depth of the medium, Tp the mean dust phys-
ical temperature, and ηc the fraction of beam covered by the source (see e.g., Wilson
et al., 2009). In the isothermal optically thick limit (τν � 1), for a source filling the
beam (but smaller than the largest angular scale of the interferometric observations)
the brightness temperature corresponds to Tp − 2.7 K, because the cosmic microwave
background (CMB) is resolved out by the interferometer. For compact sources, beam
dilution would reduce the observed brightness temperatures below Tp. Scattering is
also known to decrease dust emission from very optically thick regions, which would
also effectively lead to lower observed brightness temperatures (Zhu et al., 2019). The
brightness temperatures of the disks of this survey were estimated in Section 4.3.1.
The major axis cuts of the brightness temperature are presented in Fig. 4.5 and we
report the peak brightness temperatures in Table 4.7.

We estimate a mean peak brightness temperature of 10.6 K for the three resolved
sources in band 7. These values are particularly low compared to previous estimates
on other disks around stars of similar spectral types. As an example, Andrews et al.
(2018b) derived a mean brightness temperature peak of 66.5 K for the 17 disks of
the DSHARP sample around K & M stars observed in band 6. These disks have a
mean inclination of 42◦, while all disks of our study are more inclined than 65◦.
The brightness temperatures we derive for our disks are also much lower than the
traditional Tdust = 20 K assumed in flux-to-mass conversions (see e.g., Section 4.4.3).

Although the measured brightness temperatures are integrated over some vertical
extent because of the beam size, and therefore include a vertical temperature gradient,
for the well-resolved disks TB does provide a reasonable estimate of the temperature
of the outer midplane where the line-of-sight optical depth reaches unity. This is the
case for Tau 042021 for example. The low brightness temperatures measured in these
optically-thick edge-on systems is likely to reflect the midplane temperature in the
cold outer radii of the disks.

In Fig. 4.19, I present the brightness temperature cuts at several inclinations com-
puted for the fiducial radiative transfer model and that without including vertical
settling. In both models, we find that as the inclination increases, the peak tempera-
ture decreases. This indicates that the disk becomes optically thicker with inclination.
As mentioned previously, this suggests that the highest inclinations the millimeter
emission likely originates in the outer regions of the disk (radially).

Additionally, we find that the band 4 brightness temperatures are always lower
than the band 7 brightness temperatures. The brightness temperature differences are
smaller for the model without settling than for the fiducial model, which suggests
that vertical segregation of dust grains increases brightness temperature differences
between millimeter bands. We note that we also detect large variations in brightness
temperatures between bands in the observations (Fig. 4.5), which can be related with
differences in opacity or spatial segregation between band 7 and band 4 emitting
grains.

137



1.00.50.00.51.0

0

10

20

30 Fiducial
model

82.5deg

1.00.50.00.51.0

Fiducial model
85.0deg

1.00.50.00.51.0

Fiducial model
87.5deg

1.00.50.00.51.0

Fiducial model
90.0deg B7

B4

1.00.50.00.51.0
Relative RA (arcsec)

0

10

20

30

   
   

   
   

   
   

   
   

   
   

   
   

   
   

Br
ig

ht
ne

ss
 te

m
pe

ra
tu

re
 (K

)

No settling
82.5deg

1.00.50.00.51.0
Relative RA (arcsec)

No settling
85.0deg

1.00.50.00.51.0
Relative RA (arcsec)

No settling
87.5deg

1.00.50.00.51.0
Relative RA (arcsec)

No settling
90.0deg
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transfer models shown in Fig. 4.12, computed at different inclinations. We report
the beam size in the direction of the cut in the top left corner of each panels.
Top: Fiducial model.
Bottom: Model without settling.

4.5 conclusions

We presented high angular resolution ALMA band 7 and band 4 observations of
12 highly-inclined disks previously selected from the shape of their scattered light
images. All disks are well resolved along the major axis and 6 are also resolved in the
direction perpendicular to the disk midplane in at least one millimeter band. Several
disks show flat surface brightness profiles along their major axis with a steep drop off
at their outer edge, indicating their large inclination and significant optical depth.

Haro 6-5B and IRAS 04158 are the least inclined disks of the sample (< 75◦) and
both show a distinct ring and an isolated emission peak at the center. At the highest
angular resolution, the point source at the center of IRAS 04158 is a binary source.

The analysis of global quantities such as integrated fluxes, spectral indices, and
brightness temperatures shows that the highly inclined disks of our sample have (at
least partly) optically thick emission. Because of the low brightness temperatures and
small beam sizes, we conclude that the emission originates from the outer radii of the
disks, with a peak brightness temperature below 10 K for half the sources in band 7.

We also find that the median spectral index in our disk sample is similar to that
of disks seen at lower inclinations. This can be explained if disks at intermediate
inclination are already partly optically thick (which implies significant scattering even
at millimeter wavelengths) and/or if grains have grown to millimeter/centimeter
sizes in all cases.

All disks were observed at several wavelengths with similar angular resolution,
from the optical to the millimeter range. This enables a comparison of the radial
extent of different grain populations in the disks (i.e., grain sizes). We assumed that
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the small dust responsible for the scattered light in the optical is tracing closely the gas
distribution. Most disks have larger radial sizes in the optical/NIR than at millimeter
wavelengths indicative of dust radial drift, the larger particles having drifted inward.
Three of the disks have the same radial extent in both millimetric bands; these ones
also have the sharpest apparent outer edges: ∆r/r ∼ 0.3. Four sources have band 7

emission which is radially more extended than band 4, by about 15% on average.
However, current radial drift models predict larger differences - both between optical
and millimeter, and between band 7 and band 4 - than we actually observe. This
suggests that other mechanisms such as pressure traps are likely present in these
disks to slow down or halt the radial drift.

The peculiar viewing angle of the disks presented in this survey allows us to obtain
more direct information on their vertical structures. First of all, the direct comparison
of the ALMA observations with scattered light data shows that these disks have larger
vertical sizes in the optical/NIR than at millimeter wavelengths, indicative of the
different optical depths and of vertical dust settling. To further estimate the vertical
distribution of millimeter grains (parametrized as a "scale height"), we compared the
shape of ALMA observations with the radiative transfer model of HL Tau published
in Pinte et al. (2016). We recomputed the model at 90◦ of inclination, with the same
angular resolution as our data, and considered two different values for the scale
height of millimeter grains. We find that the disks of our survey are compatible with
millimeter dust "scale heights" of a few au at r = 100 au: these disks are much thinner
at millimeter wavelengths than the gas traced by the small dust, which has a typical
scale height of 10 au (Burrows et al., 1996; Stapelfeldt et al., 1998).

On a case by case basis, for HK Tau B, a more detailed comparison of the ALMA
images with a published scattered light model (re-computed at millimeter wave-
lengths) also indicates significant differences in vertical extent between millimeter
and micron-sized grains, as previously suggested by Duchêne et al. (2003). Also, for
Tau 042021, the only edge-on disk well resolved in the two millimeter bands, we find
that the band 7 emission is about 1.5 times more extended vertically than the band 4.
This ratio is expected for relatively large dust grains in the simple 1-D diffusion theory
or numerical simulations including non-ideal MHD effects (Dubrulle et al., 1995; Riols
and Lesur, 2018), further supporting the idea that strong vertical dust settling as taken
place, leading to an increase in dust concentration in the disk midplane.

Finally, we find evidence of a more flared structure in IRAS 04302, suggesting that
the millimeter grains in this Class I source are less settled. The millimeter dust in this
disk may be in transition between the vertically unsettled structures seen in some
Class 0 objects and the flatter dust found in our Class II disks.
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In Chapter 4 I presented a survey of 12 edge-on disks where we analysed their
continuum millimeter emission to obtain direct constraints on the vertical extent
of millimeter-sized dust grains in protoplanetary disks. We find that the disks are
extremely thin at millimeter wavelength (in the continuum). However, in order to be
able to add even stronger contraints on vertical settling and thus on disk turbulence
and on the processes of planet formation, follow-up studies are needed. In this section,
I present several projects on which I have been recently working on.

In Section 5.1, I present a preliminary analysis of the 12CO emission of most disks
included in the continuum edge-on survey. Then in Section 5.2, I discuss some results
from a cycle 6 proposal of which I am PI, that observed Oph 163131 in band 6 at
very high angular resolution (∼ 0.02′′). I reduced the data and I started to work on
a radiative transfer model to understand the physical structure of the disk. All the
work presented in this chapter has not yet been published.

5.1 edge-on
12

co survey

In order to constrain which mechanisms drive the turbulence in disk, it is important
to estimate observationally the dust to gas vertical (size) ratio, i.e., the settling
efficiency. In Chapter 4 we used the small grains as a proxy for the gas distribution, as
observed in scattered light by HST. In this section, I present some new images and first
ideas of analysis of the 12CO J = 3− 2 emission (central frequency 345.796 GHz) of
the edge-on disks analysed in Chapter 4. I have currently only reduced data from the
sources included in project 2016.1.00460.S (PI: Ménard), so compared to the analysis
presented in Chapter 4, HH 30 and Oph 163131 are missing.

5.1.1 Imaging the gas

The observational setup of the data was presented in Section 4.2.2 of Chapter 4. To
produce the CO images, I first substracted the continuum images using the uvcontsub

CASA task and applied the continuum selfcalibration solutions when available. I
imaged the CO emission line with the tclean task, using a Briggs robust weighting
parameter of 0.5 and the multiscale option. Additionally, for the sources with the
lowest signal to noise (namely Tau 042021, HK Tau B, HV Tau C, Haro 6-5B, IRAS 04200,
and IRAS 04158), I used the uvtaper option to increase the beam size and improve
the signal to noise. The final angular resolutions range between 0.13′′ × 0.12” and
0.52′′ × 0.31” (see Table 5.1).

From the channel maps, I created moment 0 and moment 1 maps using the immoment
task of CASA. The moment maps were generated over pixels brighter than 3 times
the rms and included within the mask used to clean the different channel maps. The
moment 0 image showing the integrated 12CO intensity are presented in Fig. 5.1 and
the moment 1 maps showing the velocity maps are displayed in Fig. 5.2, both with
the continuum contour at 20% overlayed. Finally, I present an overlay of the HST
scattered light images, CO moment 0 and millimeter continuum images in Fig. 5.3
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Source CO beam (”)

Tau 042021 0.26× 0.24
IRAS 04302 0.47× 0.36
HK Tau B 0.13× 0.13
HV Tau C 0.14× 0.13
IRAS 04200 0.24× 0.23
Haro 6-5B 0.16× 0.14
IRAS 04158 0.23× 0.20
ESO-Hα 569 0.49× 0.30
ESO-Hα 574 0.49× 0.30
HH 48 NE 0.52× 0.31

Table 5.1 – CO beams.

Tau 042021 IRAS 04302 HK Tau B HV Tau C
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IRAS 04200 Haro 6-5B IRAS 04158

ESO-H  569 ESO-H  574 HH 48

Figure 5.1 – Overlay of moment 0 maps and continuum in contour (20% levels). The CO and
continuum beam sizes are shown in the bottom left corner (respectively in red
and grey), along with a dark line representing a 0.5” scale.
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Figure 5.2 – Overlay of normalized moment 1 maps and continuum in contour (20% levels).
The CO and continuum beam sizes are shown in the bottom left corner (respec-
tively in red and grey), along with a dark line representing a 0.5” scale.

Tau 042021 IRAS 04302 HK Tau B HV Tau C

IRAS 04200 Haro 6-5B IRAS 04158

ESO-Hα 569 ESO-Hα 574 HH 48

Figure 5.3 – Overlay of HST, moment 0 (2% contours, white) and continuum 20% contours (yel-
low). The CO and continuum beam sizes are shown in the bottom left corner (re-
spectively in red and grey), along with a white line representing a 0.5” scale.
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Figure 5.4 – Channel maps of IRAS 04302 along with the continuum emission (20% contours).
The velocities between 3.5 and 7.25 km/s are not represented as CO is not de-
tected (potentially because of cloud or envelope absorption). The synthesized
beam and a 0.5” scale are represented in the bottom left panel, and the velocities
are reported in the bottom right corner of each panels (in km/s).
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Figure 5.5 – Channel maps of ESO-Hα 574 along with the continuum emission (20% contours).
The synthesized beam and a 0.5” scale are represented in the bottom left panel,
and the velocities are reported in the bottom right corner of each panels (in
km/s).
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Figure 5.6 – Channel maps of HH 48 NE along with the continuum emission (20% contours).
The velocities between 4.25 and 5.5 km/s are not represented because CO is not
detected. The synthesized beam and a 0.5” scale are represented in the bottom
left panel, and the velocities are reported in the bottom right corner of each panels
(in km/s).
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5.1.2 Results and future analysis

From the moment maps shown in Fig. 5.1 and Fig. 5.2, we find that the gas emission
extends further out than the continuum both radially and vertically. This is similar to
the results obtained in Section 4.3.6 (Fig. 4.9) comparing the millimeter continuum
emission with HST scattered light images and this supports the fact that these disks
are subject to radial drift and vertical settling. A detailed analysis is still to be
performed but we can notice several interesting features.

— First, we find that in most cases, the scattered light and 12CO gas emission seem
to correspond tightly (see e.g., Tau 042021 and HK Tau B in Fig. 5.3). This is
consistent with small grains being well mixed with the gas.
However, some disks present important differences between scattered light and
gas emission. For example, the 12CO emission of HV Tau C is significantly more
extended radially than the scattered light emission. This is likely related to lower
illumination in the outer regions of the disks, which lead to lower intensity in
scattered light. Another example of differences between scattered light and gas
emission is IRAS 04158, where both tracers do not seem to be co-located. This
potentially indicates that the scattered light emission is significantly optically
thicker than 12CO emission. Detailed studies will help to understand better the
coupling of small grains with gas.

— From the moment maps we can see that some disks present some interesting
features, sometimes non Keplerian. To illustrate this statement, I represent the
channel maps of three sources in Figs. 5.4, 5.5, and 5.6 (IRAS 04302, ESO-Hα 574,
and HH 48 NE). In Fig. 5.2, we see an elongated structure on the northeast side
of the continuum emission of IRAS 04302. In the channel maps, it is best seen
between 0.5 and 3.5 km/s (Fig. 5.4). This structure might correspond to an
outflow. Additionally, some extended emission is detected in the southwest of
the source (between 7.25 and 8.5 km/s), which could be related to emission from
an envelope.
The second source for which I represented the channel maps, ESO-Hα 574, shows
some extended emission in the south-west (see Fig. 5.2). While this structure
is relatively clear in the moment maps (Fig. 5.1 and 5.2), we can see that it is
only marginally above the noise level in the channel maps (between 5.75 and
6.5 km/s, Fig. 5.5).
As a third example, I represent the channel maps of the two sources of HH4̇8

in Fig. 5.6. They seem connected on the red-shifted side of the emission (see
moments maps in Fig. 5.2 and channel maps between 5.75 and 7.0 km/s, Fig. 5.6).
If the disks are in the same plane, such interaction might lead to disk truncation.
Individual studies of these features should allow to reveal their physical origin.

— Having in mind that the top row of Figs. 5.1 and 5.2 corresponds to the most
inclined sources of the sample (and that IRAS 04302 is a class I with an ex-
tended envelope), we can see two different types of disks. While Tau 042021 and
IRAS 04302 are very extended in the vertical direction compared to the contin-
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uum, HK Tau B and HV Tau C appear extremely flat. This suggests a difference
in the physical processes present in the disks, potentially with the flat disks
being colder than the flared ones. A detailed comparison of the two different
types of objects is needed to understand the origin of these differences.

— Finally, studying the gas emission of edge-on disks will allows us to obtain
dynamical estimates of stellar masses. Currently, no estimation of stellar masses
are available for the majority of these disks (see Table 4.2), because due to their
large inclinations most of the stellar light is obscured. Since vertical settling and
radial drift are related to viscosity and stellar gravity, estimating the mass of the
star is important to test these models. An interesting study can be to look for
any connections between stellar masses and the observed disks vertical extent.

5.2 high angular resolution observations of oph 163131

I am also currently working on high angular resolution observations of Oph 163131

which I obtained during ALMA cycle 6 (project: 2018.1.00958.S, PI: Villenave). We
observed the source at the highest angular resolution possible in band 6, in order
to resolve the vertical extent of this disk which appears very thin in scattered light
observations. I have already reduced the data, which I present in subsection 5.2.1 and
I am working on a radiative transfer model of the new ALMA data to understand the
physical structure of the disk.

5.2.1 Observations and data reduction

The spectral setup of the cycle 6 observations was divided in three continuum
spectral windows, of rest frequencies 229.0 GHz, 243.5 GHz, and 246.0 GHz, and an
fourth spectral window including the 12CO transition at 230.538 GHz. The line spectral
window has a native velocity resolution of 0.64 km s−1. The data were obtained on
June 8, 2019, with baselines ranging from 80 m to 16 km. The total observing time on
source was about 2 hours and 30 minutes. The raw data were calibrated using the
CASA pipeline version 5.4.

To produce the final images, I combined the cycle 6 observations with previous lower
angular resolution observations from cycle 4 (Project 2016.1.00771.S, PI: Duchêne)
presented in Section 4.2.2. To maximize the dynamical range of the image, I performed
self-calibration on the cycle 4 continuum observations, but the limited signal to noise
prevented from using selfcalibration on the cycle 6 observations. I extracted the
continuum images using the CASA tclean task on the combined dataset, with a
Briggs parameter of +0.5 and using the multiscale deconvolver. The resulting beam
size is 0.024′′× 0.020” (∼ 3× 3.5 au at 146 pc, Wolff et al., in prep). Note that a shift of
about 0.05” (∼ 20% of the cycle 4 beam) was present between the cycle 4 and cycle 6

observations, which is roughly consistent with the astrometric accuracy of ALMA (see
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Figure 5.7 – Left: Continuum image of Oph 163131. The beam size is indicated by an ellipse
in the bottom left corner of the plot.
Right: Normalized cuts along the major axis of the new image and previous cycle
4 observations of Oph 163131. The structure is much clearer at the highest angular
resolution available. Note that the cuts are normalized so that their maximum is
unity but the total intensities of both cycle 4 and cycle 6 images are similar.

ALMA Technical Handbook 1). Thus, before producing the combined image, I aligned
both observations using the fixplanet.

After applying the continuum self-calibration solutions to all spectral windows, I
extracted the emission lines from the calibrated visibilities by subtracting continuum
emission using the uvcontsub task in CASA. I used 0.7 km s−1 velocity resolution
and a Briggs parameter of 0.5 to create the line images. Additionally, to increase the
signal to noise of the 12CO observations, I applied a uv-taper while generating the
images. The average resulting beam for the line is 0.081′′ × 0.07”. Finally, I generated
moment 0 and 1 maps including only pixels above 3 times the rms.

5.2.2 Results

The continuum observations of Oph 163131 are shown in Fig. 5.7, along with a
major axis cut. The high angular resolution of the image reveals a lot of substructures
even if the disk is highly inclined. In particular, we see a centrally peaked unresolved
region, a non-empty gap (hereafter called plateau) from about 0.1” (15 au) with
increasing intensity up to 0.5” (74 au) where we see a first ring, and a second ring
peaking at 0.72” (106 au). The second ring is separated from the first one by a clear a
gap between 0.6” and 0.65”. Note that there were hints for these substructures with
previous observations (see cycle 4 cut in the right panel of Fig. 5.7) but they were
unresolved as with the current observations.

1. https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/alma-
technical-handbook
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Figure 5.8 – Left: Moment 1 map,Middle: Moment 0 map, Right: Overlay of the HST im-
age (colors), continuum contours (in white) and 12CO moment 0 contours (in
black). In each panel, an horizontal line in the bottom left corner indicates the
0.5”size. The continuum and CO beams are represented by blue and white
ellipses in the bottom left corner of each panels (inversed colors).

The moment 0 and moment 1 maps of Oph 163131 are shown in Fig. 5.8. The disk
appears significantly more extended in the radial and vertical direction than the
continuum, indicating that large grains are less extended radially and vertically than
the gas. Additionally, the overlay of the gas emission with the HST scattered light
image presented in the same figure shows that both tracers have a similar radial and
vertical extent. This indicates that micron sized grains are well mixed with the gas,
validating the assumption we made in Chapter 4.

5.2.3 Preliminary analysis

In order to obtain new constraints on vertical settling and radial drift, I started
to model the disk with mcfost. This is still work in progress, but the first results
indicate that:

— To reproduce the cut along the major axis direction, the vertical extent of
millimeter grains has to be extremely thin (< 3 au at 100 au).

— The disk plateau between 0.1 and 0.5” can only be reproduced by a disk region
with increasing surface density with radius (p = −1), while the rings are well
matched by the typical surface density with p = 1 (see equation 1.10).

— The current best model (which contains only grains larger than 10 µm) is opti-
cally thick at millimeter wavelengths, but reaches an integrated flux at millimeter
wavelengths about an order of magnitude smaller than the observed one. Some
preliminary tests show that adding a layer of small grains more extended ver-
tically than the millimeter grains allows to increase the total flux emitted at
millimeter wavelengths. This is likely because the presence of small grains
modifies the temperature structure of the disk, by scattering energy back to the
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disk surface. This makes the midplane warmer than without the small grains
and thus allows it to emit more at millimeter wavelengths. Additionally, having
a layer of small grains more extended vertically (e.g., 10 au at 100 au) is justified
by HST observations of the disk (Wolff et al., in prep). It is also consistent with
vertical settling in the disk.

Once a good model for the continuum is obtained, I plan to perform a direct
comparison of the model and data in the visibility plane. Then, I aim to produce 12CO
model maps to estimate the difference in vertical extent between the two observables.
This will allow to quantify precisely the settling efficiency within the disk and to
estimate the potential gas to dust mass ratio in the disk midplane. With these values,
we should be able to predict whether streaming instabilities can be triggered within
the disk or not.
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6
C O N C L U S I O N S A N D P E R S P E C T I V E S

6.1 summary

My PhD work consisted in using multi-wavelength observations to constrain several
evolutionary mechanisms in protoplanetary disks. My main interests are to study
observationally dust radial drift and vertical settling, but I also worked on global disk
dispersion and the formation of cavities in transition disks. I used mostly ALMA
millimeter observations, which I learned to calibrate and analyse during this thesis.
Continuum millimeter observations probe large millimeter grains, which are expected
to be decoupled from the gas. This implies that these grains are predicted to be
less extended both radially and vertically than the gas (see Section 1.3.2). To add
constraints on radial drift and vertical settling, I compared continuum millimeter
observations to gas emission lines (mainly using 12CO) or scattered light observations.
The latter are a proxy for gas observations because scattered light trace small micron
sized grains which are well mixed with the gas.

The first project of my thesis allowed to study the global evolution of disks. In
particular, I analysed the dissipation of disks with time by studying the relatively
old Cha II star-forming region (4± 2 Myr, Chapter 2). I showed that the disk dust
mass, as estimated from continuum millimeter emission, is statistically smaller in
Cha II than in younger associations such as Lupus and Taurus. Conversely, the Cha II
disks are statistically more massive than those of the older Upper Sco region. This
is consistent with a smooth dissipation of the disk with time, as predicted from the
evolution of viscous disks (see Section 1.2.2).

In parallel, I showed that the gas detection rates in disks detected in dust also
decrease with time. This suggests that gas dissipates faster than dust (see also Fedele
et al., 2010), implying that the timescale available for giant planet formation might be
even shorter than the typical dust dissipation timescale (a few Myr, Ribas et al., 2014).

In the second project, I studied a large sample of transition disks observed at
several wavelengths in order to test whether their cavities could be opened by planets (see
Chapter 3). I showed that in 15 out of the 22 disks studied, the cavities could be
explained by a giant planet. For the remaining disks of the sample, the cavity might
be opened by a companion above the planetary mass regime, or by multiple low mass
planets. This result is in agreement with the growing idea that protoplanetary disks
are actually planet-hosting disks.

For all projects of my thesis, I also studied the radial extent of protoplanetary disks. In
agreement with theoretical predictions, I find that both the gas and small micron-sized
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grains are more extended radially than larger millimeter-sized grains. This is the case
for the 12 Cha II disks detected in 12CO emission (Chapter 2), for J1608, the most
resolved disk of Chapter 3 modeled with radiative transfer, as well as for the edge-on
disks presented in Chapter 4. In particular, the 12 Cha II disks show an average gas to
dust ratio in radial extent greater than 3. This large ratio can likely not be reproduced
only by differences in optical depth between the two tracers, so it is highly suggestive
that radial drift and grain growth are happening in the disks.

Additionally, the gas to dust size ratio measured in the Cha II disks is larger than
what is observed in 22 disks of the younger Lupus star-forming region (ratio ∼ 2 in
Lupus, Ansdell et al., 2018). This is likely a direct observation of the combined effects
of inward drift of the millimeter grains and the outward expansion of the gas between
1− 3 Myr (Lupus) and 2− 6 Myr (Cha II), which are predicted from the evolution a
standard viscous disk (see Section 1.2.2) and from the interaction of dust with the
slower gas (see Section 1.3.2).

However, while the drift timescale of millimeter sized grains is predicted to be very
fast (� few Myr), all the disks studied in this thesis where gas is more extended than
dust are relatively large (> several tens of au). This suggests that some mechanisms
are able to slow down radial drift in most disks that I analysed during my PhD.
Following the results from recent high angular resolution surveys (e.g., Andrews
et al., 2018b; Long et al., 2018), there is a growing conviction that substructures, and
rings in particular, are universal in disks. Those are generally associated to pressure
traps, where dust particles accumulate, possibly allowing to solve the radial drift
issue (Pinilla et al., 2012b). However, the origin of these substructures remains unclear.
While planets within the disks are often proposed to explain the substructures, the
question of how such planets could form so early in the disk remains. Alternatively,
other scenario able to create substructures involve for example ice lines (Okuzumi
et al., 2016), MHD-driven winds (e.g., Suzuki et al., 2016; Riols et al., 2020b) or
self-induced dust traps (Gonzalez et al., 2017). Those could be responsible for a first
generation of substructures, allowing to form the first planets, later creating more
substructures.

Finally, my work allowed to add important observational constraints on the vertical
structure of protoplanetary disks. In Chapter 3 and Chapter 4, I compared scattered
light and millimeter images of several disks. Using radiative transfer modeling, I
showed that small micron sized grains are more extended in the vertical direction
than millimeter sized grains, for at least one object studied in Chapter 3 (J1608, at
least a factor 2 in vertical extent). For the edge-on survey, the comparison of the gas
and scattered light vertical extent with that of the millimeter grains leads to similar
conclusions (see Fig. 4.9 and Fig. 5.1), in agreement with efficient vertical settling in a
large number of disks.

In order to quantify the settling efficiency, I worked on some of the first direct
observational constraints on the vertical extent of millimeter dust in protoplanetary
disks. The large inclination of the edge-on disks studied in Chapter 4 indeed offers a
unique perspective to estimate directly their vertical structure. I showed that the most
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resolved disks of the survey are compatible with millimeter vertical ”scale heights” of a
few au at 100 au. This is about a factor 10 smaller than the typical gas scale height (e.g.,
Stapelfeldt et al., 1998) and is consistent with previous observational studies (e.g.,
Pinte et al., 2016). This value indicates that settling is efficient in protoplanetary disks,
leading to a very flat disk of millimeter sized grains where the gas to dust ratio is
smaller than in the ISM. Pinte et al. (2016) showed for example that, at 100 au, a gas
to dust ratio of 1 is reached for 10 cm grains in the similarly flat HL Tau disk (1 au at
100 au for millimeter grains). This gas to dust ratio, likely present in most of the edge-
on disks (since they all appear vertically thin at millimeter wavelengths), is expected
to be low enough to trigger streaming instabilities (Youdin and Goodman, 2005),
which allow grains to form planetesimals in a very short timescale. Additionally, an
increased solid density favors mechanisms such as pebble accretion (Ormel and Klahr,
2010; Lambrechts and Johansen, 2012), which accelerate even further the formation
of planetesimals in disks. If vertical settling is fast enough, it can be a mechanism
helping the formation of planets in the earliest stages of disk evolution.

6.2 perspectives

While disk dissipation, radial drift or the opening mechanisms of transition disks
have been studied in details prior to my PhD work, the analysis of the vertical struc-
ture of protoplanetary disks is relatively new, particularly using the edge-on viewing
angle. Previous observational studies of disk vertical structure have been performed
through the analysis of gas emission lines of relatively low inclination disks (e.g., Dar-
tois et al., 2003; Pinte et al., 2018; Teague et al., 2019) or of inclined systems but with
low angular resolution preventing from resolving their vertical extent (Dutrey et al.,
2017; Teague et al., 2020). The analysis of a large number of edge-on disks presented
in Chapter 4 consisted in one of the first study of vertically resolved observations
of protoplanetary disks at millimeter wavelengths. We showed that the disks are
extremely thin at millimeter wavelengths which indicates that settling is important
and turbulence is low. However, these conclusions have been derived from a detailed
analysis of the millimeter dust emission only, provided that the scattered light images
appear more extended vertically.

A direct extension of this study would be to perform a detailed analysis of the vertical
extent of the gas in edge-on disks. Directly comparing the vertical extent of the gas
and millimeter dust is essential because predictions from settling models constrain
the scale height ratio between dust and gas. Thus, obtaining an observational scale
height ratio is expected to allow to discriminate between the settling models, and
so, might allow to identify the dominant turbulent mechanism in the outer disk
of protoplanetary disks. Currently, theoretical studies have predicted the vertical
extent of disks for various turbulence-driving mechanisms (e.g., ideal-MHD, Fromang
and Nelson 2009, vertical shear instability, Flock et al. 2017, ambipolar diffusion,
Riols and Lesur 2018, gravito-turbulent disks, Riols et al. 2020a). Low turbulence
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able to reproduce the observations seems to occur in disks where non ideal MHD
effects dominate. However, further observational and theoretical studies are needed
to explore other possibilities and improve the comparison with data.

The analysis of the gas seen in edge-on disks will also allow to estimate precisely
their temperature structure (Dutrey et al., 2017; Pinte et al., 2018; Teague et al., 2020,
Flores et al., in prep). This value is extremely important as dust thermal emission and
molecular chemistry depend on the disk temperature. Additionally, the gas pressure
scale height is directly related to the temperature profile of the disk. Being able to
quantify the disk’s temperature should allow to estimate if temperature difference is
at the origin of the variety in vertical extent observed from scattered light and 12CO
observations of edge-on disks (see Chapter 5, and Stapelfeldt et al., 2014).

Along those lines, increasing the number of edge-on disks resolved in the vertical direc-
tion at millimeter wavelengths will enable us to look for correspondence between the
scattered light and millimeter vertical extent, answering the following question: are
vertically thin disks in scattered light also thinner at millimeter wavelength? This
will allow to gain significant insights on the physics governing the vertical extent of
protoplanetary disks.

In order to perform such analysis, note that several disks were resolved in the
vertical direction in the survey presented in Chapter 4 and I also obtained high
angular resolution (∼ 0.02”) observations of Oph 163131 with ALMA (see Chapter 5,
Section 5.2.1). Some preliminary results suggest that indeed thin disks in scattered
light observations are also thin at millimeter wavelengths (and conversely). However,
detailed modeling of these disks and other promising targets should allow to get
precise observational constraints on the vertical structure of several protoplanetary
disks. In particular, the comparison of the vertical extent of Class II targets with that
of younger Class 0 or Class I objects would be highly interesting to look for evolution
of settling with time.

Finally, obtaining vertically resolved observations at several wavelengths for a large
number of edge-on disks is important to constrain the effect of vertical settling on the
different grain sizes. Currently, scattered light (between 0.4 µm and 2.2 µm) and mil-
limeter (2.06 mm and 0.89 mm) observations are available on the edge-on disks of our
sample. This allows to probe large grains in the disk midplane as well as small grains
more mixed with the gas. In the near future, the James Webb Space Telescope (JWST)
will provide images at intermediate wavelengths, from 0.6 to 26 µm, although with a
limited angular resolution (∼ 0.3” at 10 µm). Only the largest disks (e.g., Tau 042021)
are expected to be vertically resolved by JWST observations. For these disks, JWST
will allow to probe intermediate grain sizes, between the micron sized particles stud-
ied with optical/NIR observations and the millimeter grains probed by millimeter
observations. These intermediate grains are likely affected in an intermediate way
by vertical settling, although the impact of settling on these intermediate grains has
not been studied in great details by numerical studies. Comparing these three grain
populations will be important to add constraints on vertical and radial segregation.
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Interestingly, JWST will be very sensitive which also enables it to probe many gas
lines from the surface layers of protoplanetary disks, enabling to study in greater
details the chemistry of protoplanetary disks. Additionally, extending the study of
edge-on disks to larger wavelengths (e.g., centimeter with the VLA, future ALMA
upgrades, and SKA), which are likely optically thinner would allow to get strong
constraints on the vertical extent of protoplanetary disks.

At the same time, ESO is currently building the ELT (Extremely Large Telescope)
on Cerro Armazones in Chile 1. Thanks to its large primary mirror of 39 m of
diameter and the adaptive optics systems associated to each instrument, the ELT
should reach an angular resolution about 5 times smaller than the VLT, and increase
the collecting area by more than one order of magnitude compared to previous
instrumentation. This will allow to detect fainter objects and to study the finest
structures of protoplanetary disks. In particular, the high sensitivity provided by this
telescope should allow to increase the population of known planets around young
stars or even inside protoplanetary disks, which could help to understand better the
origin of the substructures commonly observed in disks. These upcoming facilities
will thus permit to build answers on several remaining questions of this field, such as
the origin of substructures of disks, how turbulence is generated and at what strength,
and finally, how exoplanets planet form.

1. The GMT and TMT are other 30-m class telescopes under-construction.
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ABSTRACT

Context. Characterizing the evolution of protoplanetary disks is necessary to improve our understanding of planet formation. Con-
straints on both dust and gas are needed to determine the dominant disk dissipation mechanisms.
Aims. We aim to measure disk dust masses and gas detection rates in the Chamaeleon II (Cha II) star-forming region. At that age
(∼ 4 ± 2 Myr), disks evolve and dissipate rapidly. We aim to compare Cha II with younger and older regions, in the 1 to 10 Myr age
range.
Methods. We used ALMA to survey 31 sources in Cha II. Continuum data at 1.33 mm is exploited to estimate the dust masses, and
CO isotopologues observations are used to infer the gas detection rate.
Results. We detected 24 sources in the continuum, 12 in 12CO, 3 in 13CO and none in C18O. Most disk dust masses are smaller
than 10 M⊕ under standard assumptions for dust temperatures and opacities. Disk radii measured in dust are ∼3 times smaller than
those of 12CO, which can be explained by a combination of opacity, grain growth and radial drift effects. By comparing consistent
estimations of the distributions of disk-to-stellar-mass ratios with five other star-forming regions in the age range of 1-10 Myr, we find
that disks become less massive with time: the older the region, the smaller the ratio. When compared by pairs, star-forming regions
with large age differences (≥ 3 Myr) have disk-to-stellar mass ratios that are statistically different (i.e., they have evolved). More
closely aged regions have ratios that are not statistically different, although the same trend may be present. Considering gas evolution
by comparing CO detection rates for disks with detected dust, we find that the fraction of disks detectable in gas also decreases with
age, in accordance with disk evolution models. This suggests that either gas dissipates faster than dust, or that older disks have a
reduced CO abundance.

Key words. Protoplanetary disks - Techniques: interferometric - Stars: formation - Stars: circumstellar matter - Stars: variables: T
Tauri

1. Introduction

Planetary systems form from the gas- and dust-rich disks that or-
bit young stars. Currently more than 4100 planets around main
sequence stars are confirmed (exoplanet.eu), revealing a wide
diversity in the architecture of exoplanetary systems (Borucki
et al. 2010; Howard et al. 2010; Mayor et al. 2011). To identify
the origins of such diverse planetary systems, it is essential to
understand how planets form. Current models indicate that the
architectures of planetary systems are dictated by the initial dust
and gas content of protoplanetary disks and their evolution (Ray-
mond et al. 2007; Dawson et al. 2014). A better characterization
of the physical properties and evolutionary mechanisms of proto-

planetary disks is therefore essential towards the understanding
of planet formation.

In a review comparing more than twenty star-forming re-
gions observed at near-infrared (NIR) wavelengths, Mamajek
(2009) showed that the evolution with time of the disk frac-
tion can be described by an exponential with a typical timescale
of 2.5 Myr (see also Ribas et al. 2014). This timescale varies
slightly between low and high mass stars, suggesting that disks
around higher mass stars dissipate faster than around low mass
stars (Ribas et al. 2015; Mamajek 2009). However, NIR emis-
sion probes hot dust in the inner regions of disks. The timescale
for giant planet formation is rather set by the global gas and dust
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mass dissipation rather than the hot dust dissipation timescale
alone.

To test disk evolutionary models and find the dominant mass
dissipation mechanism(s), observational constraints on mass are
needed. Millimeter and submillimeter surveys are particularly
useful to probe the disk’s dust and gas content. Several surveys
of star-forming regions have been conducted at millimeter wave-
lengths, generally focused on 1-3 Myr regions (Andrews et al.
2013; Pascucci et al. 2016; Ansdell et al. 2016; Cazzoletti et al.
2019; van Terwisga et al. 2019). They showed that the disk dust
masses estimated in these young regions is in general smaller
than those measured in the more evolved Upper Sco star-forming
region (5-10 Myr Barenfeld et al. 2016). This suggested the dis-
sipation of the disk dust mass with time. Those surveys also
found a correlation between dust and stellar mass.

In this paper, we extend these studies and present an ALMA
survey of protoplanetary disks located in the intermediate age
Chamaeleon II (Cha II) star-forming region. Cha II is located
∼ 198 ± 6 pc away (Dzib et al. 2018). With an age of 4 ±
2 Myr (Spezzi et al. 2008), this makes it a good choice to study
the decline of gas and dust content. Compared to the σ-Orionis
star-forming region of about the same age, Cha II offers a differ-
ent environment, not influenced by OB stars.

We describe our ALMA observations and data reduction in
Section 2. The continuum and CO line measurements are pre-
sented in Section 3, and properties derived from the data are
given in Section 4. Then, in Section 5, we compare the dust to
stellar mass ratio and gas detection rates for Cha II to other star-
forming regions of different ages. Our results are summarized in
Section 6.

2. Observations and data reduction

2.1. Sample

Cha II contains 63 known young stellar objects (YSOs) includ-
ing 38 Class II sources (Spezzi et al. 2013). We observed 31
members of Cha II with the Atacama Large Millimeter Ar-
ray (ALMA) during Cycle 2. The sample contains mainly classi-
cal T Tauri stars, whose physical parameters are given in Table 1.
Two objects in the sample have been classified as binary systems
previously, namely Sz 59 (also called BK Cha) and Sz 62 (Cor-
reia et al. 2006; Geoffray & Monin 2001). The sample includes
one Class I source, one "flat spectrum" source and 27 Class II
sources; two secondary sources (around Hn 24 and Sz 59) were
also detected.

The targets were selected because they show an infrared (IR)
excess at 70 µm, as observed by Herschel (Spezzi et al. 2013).
The remaining eleven unobserved Class II systems of Cha II
have stellar masses in the range from 0.1 to 0.6 M� (Fig. 1).
Except for one source, they are not detected at 70 µm by Her-
schel. Comparing their IR properties with those of the unde-
tected sources in our ALMA sample, it is most likely that they
would not have been detected with ALMA either, given our ob-
servation set-up. Thus although we observed only 70% of the
known Class II objects, our survey is probably complete for the
brightest Class II disks of Cha II.

2.2. ALMA observations

Our ALMA Cycle 2 observations (Project 2013.1.00708.S,
PI: Ménard) were obtained on 2015 August 27, with an array
configuration made of 40 antennas with baselines ranging from
26 to 1170 m.

Fig. 1. Distribution of stellar masses for the Cha II members of Class II.
The full sample from Spezzi et al. (2013, in blue) and our ALMA sam-
ple (in green) are compared.

The continuum spectral windows were centered on 234.2
and 217.2 GHz, giving a mean continuum frequency
of 225.7 GHz (1.33 mm). The other two spectral windows
were set-up to include 3 CO isotopologue lines. They covered
the 12CO, 13CO, and C18O J = 2− 1 transitions at 230.538 GHz,
220.399 GHz and 219.56 GHz. Each spectral window had 152-
160 km s−1 velocity bandwidth and 0.33 km s−1 velocity
resolution. Integration time was 2.5 min "on-source" per target
giving an average continuum RMS of 0.17 mJy beam−1. The raw
data were calibrated using the CASA package (version 4.3.1).

We extracted the continuum images from the calibrated visi-
bilities over the continuum channels by using the CASA clean
function with a Briggs robust weighting parameter of +0.5. To
maximize the dynamic range of the brightest sources, we per-
formed a phase-only self-calibration on CM Cha, Hn 22, Hn 23,
IRAS12500-7658, Sz 58 and Sz 61. In the case of the brightest
target, IRAS12496-7650 (also called DK Cha), phase and ampli-
tude self-calibration were performed. This improved the signal-
to-noise ratio by more than 30%. We present the continuum
images in Fig 2. They achieve an averaged angular resolution
of 0.48′′×0.25′′.

We extracted 12CO, 13CO and C18O channel maps from the
calibrated visibilities by subtracting the continuum from the
spectral windows containing line emission using the uvcontsub
routine in CASA. For the brightest sources, we also applied
the continuum selfcalibration solution to the gas line data. We
cleaned the sources with velocity channels of 0.35 km s−1, and
with a Briggs robust weighting parameter of 0, providing a good
compromise between spatial resolution and sensitivity. We ob-
tain an average angular resolution of 0.51′′×0.28′′ for the CO
lines.

For the detected sources, from the CO channel maps of each
isotopologue, we created moment 0 showing the integrated line
emission (see Fig. 3 for the sources detected in 12CO). The maps
were obtained by using the channels where the source was de-
tected. For each source, we also generated line profiles from
the CO channel maps, over a range from -10 to +15 km s−1. The
spatial range used to generate each line profile varied according
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Table 1. Observed Cha II ALMA sample.

Source RA (h.m.s) Dec (deg.m.s) SpTa Classa M?/M� b

J13022287-7734494 13 02 22.9 -77 34 49.4 M5 II 0.16
J13071806-7740529 13 07 18.1 -77 40 52.9 M4.5 II 0.20
J13082714-7743232 13 08 27.1 -77 43 23.3 M4.5 II 0.20
CM Cha 13 02 13.6 -76 37 57.8 K7 II 0.63
Hn 22 13 04 22.9 -76 50 05.5 M2 II 0.40
Hn 23 13 04 24.1 -76 50 01.2 K5 II 0.97
Hn 24 A 13 04 55.7 -77 39 49.6 M0 II 0.52
Hn 24 B∗ 13 04 55.6 -77 39 51.0 - - -
Hn 25 13 05 08.6 -77 33 42.6 M2.5 II 0.34
Hn 26 13 07 48.5 -77 41 21.4 M2 II 0.41
IRAS12496-7650 12 53 17.2 -77 07 10.6 F0 II >1.4
IRAS12500-7658 12 53 42.9 -77 15 11.5 K5 I 0.06
IRAS12535-7623 12 57 11.7 -76 40 11.1 M0 II 0.49
ISO-CHAII 13 12 58 06.8 -77 09 09.5 M7 II 0.07
J130059.3-771403 13 00 59.3 -77 14 02.7 K3 II -
J130521.7-773810 13 05 21.7 -77 38 10.3 - F -
J130529.0-774140 13 05 29.0 -77 41 40.1 - II -
Sz 46 12 56 33.7 -76 45 45.4 M1 II 0.49
Sz 49 13 00 53.2 -76 54 15.2 M0.5 II 0.56
Sz 50 13 00 55.3 -77 10 22.2 M3 II 0.32
Sz 51 13 01 58.9 -77 51 21.9 K8.5 II 0.63
Sz 52 13 04 24.9 -77 52 30.3 M2.5 II 0.35
Sz 53 13 05 12.7 -77 30 52.6 M1 II 0.49
Sz 54 13 05 20.7 -77 39 01.6 K5 II 0.86
Sz 56 13 06 38.8 -77 30 35.3 M4 II 0.23
Sz 58 13 06 57.5 -77 23 41.6 K5 II 1.03
Sz 59 A 13 07 09.2 -77 30 30.5 K7 II 0.69
Sz 59 B∗ 13 07 09.7 -77 30 30.2 - - -
Sz 61 13 08 06.3 -77 55 05.2 K5 II 0.89
Sz 62 13 09 50.4 -77 57 24.0 M2.5 II 0.27
Sz 63 13 10 04.2 -77 10 44.8 M3 II 0.28

Notes. Coordinates are from the SIMBAD database except for the secondary of the Hn 24 and Sz 59 binaries. These two were estimated from our
images (marked by ∗).

References. (a) Spezzi et al. (2013), (b) This work. Stellar masses are calculated from the PMS tracks by Baraffe et al. (2015), using luminosities
and temperatures from Spezzi et al. (2008) rescaled using individual distances from Gaia DR2 (Gaia Collaboration et al. 2018), see Section 5.1.

to the detectability of the source. When the sources were de-
tected in the molecule, line profiles were produced on the pixels
detected by more than 3σ. When sources were not detected in
CO, we also generated line profiles in order to get a consistent
method to evaluate the RMS. We used a square of size 1′′×1′′
(close to the mean size of the detected sources), centered near
the phase center to extract the spectrum and calculate the RMS.
12CO and 13CO line profiles are shown on the left panels of Fig. 3
for the sources that were detected in 12CO.

3. ALMA results

3.1. Continuum emission

We measure the continuum emission by fitting an ellipti-
cal Gaussian model to the visibility data, using the CASA
uvmodelfit task. This model has six free parameters: inte-
grated flux density (F1.3mm), full width half maximum (hereafter
FWHM) along the major axis (R50%, 1.3mm), aspect ratio of the
axes (r such that Minor axis fwhm = R50%, 1.3mm×r ), position an-
gle (PA), right ascension and declination of the phase center. For
the sources where the Gaussian model did not converge, we fitted
the visibilities with a point source model with only three free pa-

rameters (Fcont, ∆α, ∆δ). Table 2 gives the measured 1.3 mm con-
tinuum fluxes, major and minor axis, and position angles along
with their associated uncertainties. Right ascensions and decli-
nations obtained from the fits are consistent with the SIMBAD
coordinates within a few tenths of arcsec.

Out of the 31 sample sources, 24 are detected above a 3σ
significance threshold and 14 of them are resolved. Continuum
images are presented in Fig 2. In this figure, binaries in the fields
of Sz 59 and Hn 24 are visible. We measure a separation of 0.70′′
and PA of -25◦ for Sz 59 from the continuum fits, which is con-
sistent with the measurement by Geoffray & Monin (2001). In
the field of Sz 59, the companions have similar continuum fluxes
and sizes. In addition, we discover a new visual binary, as Hn
24 B is not referenced in the literature. From the continuum
uv-plane fit, we derive the components’ locations (Table 1). We
measure a separation of 1.67′′, a PA of 0◦ and a flux ratio in
the continuum of 2. At 1.3 mm, the secondary is unresolved, and
smaller than the (resolved) primary.
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Fig. 2. Continuum images ordered by decreasing fluxes. Images are 2.4′′×2.4′′ except for Hn 24 where we use 4.8′′×4.8′′ to show the secondary
source. The beam is shown in the lower left corner of each panel. 3 σ and 15 σ contours are shown in dashed and solid lines, respectively. The
colormap is chosen to go from from -3 σ to the maximum intensity of each image.
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Fig. 3. Line profiles (left panels), 12CO normalized moment 0 maps (middle panels) and 13CO normalized moment 0 maps (right panels) for the
sources detected in 12CO. For each source, we display the continuum contours at 50% of the continuum peak (white line) and the CO contours at
50% of the CO peak (black line) on the CO moment 0 maps. The beam size is shown in the bottom left corner of each panel, along with a white
line representing a 0.5′′scale. On the line profiles plots (left panels), we also show a green vertical line at 3 km s−1, where the cloud absorption is
estimated, and the size of the integration range to estimate the 12CO and 13CO fluxes reported in Table 3. The maximum fluxes of each line profile
is displayed in the top left side of the panels, colored in blue for 12CO and in red for 13CO.
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Table 2. 1.3 mm continuum properties.

Source F1.3mm R50%, 1.3mm Minor axis fwhm PA Mdust
(mJy) (mas) (mas) (deg) (M⊕)

J13022287-7734494 0.87 ± 0.15 < < 1.84 ± 0.32
J13071806-7740529 < 0.51 < 0.93
J13082714-7743232 < 0.51 < 1.19
CM Cha 38.76 ± 0.23 315 ± 5 315 ± 9 35 ± 57 34.08 ± 0.20
Hn 22 21.81 ± 0.17 175 ± 6 110 ± 12 −51 ± 4 28.47 ± 0.22
Hn 23 20.75 ± 0.19 190 ± 4 190 ± 13 158 ± 57 17.95 ± 0.16
Hn 24 A 10.52 ± 0.19 193 ± 15 193 ± 33 67 ± 57 8.44 ± 0.15
Hn 24 B 5.05 ± 0.16 < < 5.85 ± 0.18
Hn 25 5.38 ± 0.18 195 ± 25 < 6.21 ± 0.19
Hn 26 < 0.51 < 0.64
IRAS12496-7650 708.60 ± 0.27 354 ± 1 321 ± 1 125 ± 1 247.80 ± 0.09
IRAS12500-7658 49.60 ± 0.26 258 ± 5 258 ± 11 −84 ± 57 266.50 ± 1.40
IRAS12535-7623 1.09 ± 0.18 0.60 ± 0.10
ISO-CHAII 13 < 0.51 < 2.28
J130059.3-771403 5.68 ± 0.19 188 ± 15 4 ± 9 6.57 ± 0.22
J130521.7-773810 < 0.51 < 0.61
J130529.0-774140 < 0.51 < 0.59
Sz 46 3.73 ± 0.20 221 ± 49 4.26 ± 0.23
Sz 49 10.92 ± 0.26 401 ± 14 311 ± 31 −1 ± 7 14.61 ± 0.35
Sz 50 10.96 ± 0.20 169 ± 15 169 ± 33 64 ± 57 5.71 ± 0.19
Sz 51 4.30 ± 0.18 249 ± 33 133 ± 49 −70 ± 10 4.58 ± 0.19
Sz 52 1.16 ± 0.24 461 ± 131 1.72 ± 0.35
Sz 53 4.81 ± 0.20 307 ± 32 168 ± 44 65 ± 8 5.59 ± 0.35
Sz 54 10.54 ± 0.18 586 ± 9 131 ± 28 12 ± 6 7.01 ± 0.12
Sz 56 1.00 ± 0.15 1.09 ± 0.16
Sz 58 60.72 ± 0.30 699 ± 5 347 ± 39 61 ± 1 51.12 ± 0.25
Sz 59 A 4.99 ± 0.16 114 ± 37 4.23 ± 0.13
Sz 59 B 4.29 ± 0.16 97 ± 22 4.98 ± 0.19
Sz 61 41.32 ± 0.23 310 ± 3 310 ± 9 −11 ± 57 33.05 ± 0.17
Sz 62 < 0.51 < 0.65
Sz 63 19.79 ± 0.21 369 ± 9 183 ± 11 83 ± 1 26.56 ± 0.28

Notes. Gaussian (point source) models were fitted in the uv plane for detected (undetected) sources. We report the continuum fluxes (F1.3mm), the
resolved major and minor axis FWHM (respectively R50%, 1.3mm and minor axis fwhm), the position angles (PA) and the estimated dust masses.
Some sources are only resolved in the major axis direction, for these sources we do not report any size in the minor axis.

3.2. CO Line Emission

We measure the line fluxes by integrating the line profile over
a spectral range which we determined by visual inspection of
the channel maps. For the detected sources, the mean line width
is ∼6.3 km s−1. We represent the line width by horizontal lines
at the bottom of each (left) panels of Fig. 3. For the detected
sources, the flux error corresponds to the RMS of the line profile
integrated over the width of the emission. On the other hand, we
report upper limits for the non-detections. They correspond to 3
times the RMS of the line profile, integrated over a line width
of 6.3 km s−1. We present the integrated fluxes and uncertainties
for the three isotopologues in Table 3. Additionally, we estimate
the 12CO emission size of the resolved sources by fitting an el-
liptical Gaussian to the moment 0 maps. We report the major
axis FWHM of 12CO emission (R50%,12CO) in the second to last
column of Table 3.

Out of 31 targets observed, 12 are detected in 12CO,
3 in 13CO and none in C18O. All the sources detected in 13CO
are also detected in 12CO, and all the sources detected in 12CO
are detected in the continuum. Each source detected in a CO
isotopologue is also resolved. Hn 24 is the only continuum bi-
nary with both components detected in the 12CO line. In contrast
with the continuum fluxes, where Hn 24 A and Hn 24 B have a

factor of two difference in flux, the 12CO fluxes are similar for
both sources. This is expected if the two disks have different dust
masses (as indicated by their difference in continuum emission,
assuming it is optically thin), but similar sizes and temperatures,
that would lead to similar line fluxes in the optically thick 12CO.
From the line profiles (Fig. 3), we observe an apparent velocity
difference of about 4 km s−1, not inconsistent with them being a
bound binary.

However, we caution for the presence of significant fore-
ground absorption for all sources. From the moment 0 maps dis-
played in Fig. 3, we see that for some sources the line emission
is not centered on the continuum (e.g., Sz 61), which suggests
that we are missing part of the emission for each of them. Fur-
thermore, some line profiles are also asymmetric (e.g., CM Cha)
and/or have minima (absorption) that go down to the continuum
level (e.g., IRAS12500-7658). This is not compatible with a Ke-
plerian profile without absorption. The large cloud absorption
is located around 3 km s−1 (green line on Fig. 3). It is compati-
ble with Mizuno et al. (2001) study, which gave estimations of
+2.9 ± 2.8 km s−1. Thus, even for the detected sources, the CO
fluxes and sizes are likely lower limits only.
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Table 3. Integrated fluxes for the CO isotopologues derived from the line profiles and 12CO size of the detected sources.

Source F 12CO F 13CO F C18O R50%,12CO R50%,12CO / R50%, 1.3mm
(Jy km s−1) (Jy km s−1) (Jy km s−1) (mas)

J13022287-7734494 < 0.14 < 0.14 < 0.12
J13071806-7740529 < 0.15 < 0.14 < 0.10
J13082714-7743232 < 0.11 < 0.16 < 0.10
CM Cha 0.67 ± 0.04 < 0.19 < 0.09 680 ± 100 2.2 ± 0.3
Hn 22 < 0.13 < 0.15 < 0.10
Hn 23 < 0.13 < 0.14 < 0.10
Hn 24 A 0.35 ± 0.04 < 0.15 < 0.11 540 ± 160 2.8 ± 0.9
Hn 24 B 0.33 ± 0.04 < 0.15 < 0.11 950 ± 400
Hn 25 < 0.15 < 0.14 < 0.11
Hn 26 < 0.13 < 0.13 < 0.12
IRAS12496-7650 20.58 ± 1.66 5.26 ± 0.33 < 0.16 1520 ± 110 4.3 ± 0.3
IRAS12500-7658 2.93 ± 0.22 0.60 ± 0.06 < 0.14 840 ± 100 3.3 ± 0.4
IRAS12535-7623 < 0.15 < 0.15 < 0.10
ISO-CHAII 13 < 0.14 < 0.15 < 0.09
J130059.3-771403 < 0.15 < 0.16 < 0.11
J130521.7-773810 < 0.16 < 0.14 < 0.10
J130529.0-774140 < 0.13 < 0.14 < 0.11
Sz 46 0.12 ± 0.01 < 0.13 < 0.11 1020 ± 270 4.6 ± 1.6
Sz 49 0.61 ± 0.04 < 0.17 < 0.10 1360 ± 280 3.4 ± 0.7
Sz 50 < 0.17 < 0.17 < 0.13
Sz 51 < 0.14 < 0.15 < 0.09
Sz 52 < 0.13 < 0.16 < 0.12
Sz 53 0.84 ± 0.06 < 0.15 < 0.10 1370 ± 220 4.5 ± 0.9
Sz 54 < 0.14 < 0.12 < 0.11
Sz 56 < 0.11 < 0.13 < 0.09
Sz 58 4.01 ± 0.24 < 0.15 < 0.11 1990 ± 220 2.8 ± 0.3
Sz 59 A < 0.16 < 0.14 < 0.11
Sz 59 B 1.14 ± 0.09 < 0.14 < 0.11 780 ± 130 8.0 ± 2.3
Sz 61 1.31 ± 0.08 < 0.16 < 0.11 1020 ± 150 3.3 ± 0.5
Sz 62 < 0.14 < 0.14 < 0.11
Sz 63 1.04 ± 0.07 0.21 ± 0.03 < 0.12 1190 ± 150 3.2 ± 0.4

1

4. Disk sizes and masses

4.1. Continuum vs CO sizes

Measuring and comparing disk sizes as seen in dust and gas
tracers is particularly important to constrain evolutionary mech-
anisms. In Section 3.1 and Section 3.2, we estimated the ma-
jor axis sizes (FWHM) of the continuum and 12CO emission
line. Those are reported in Table 2 and Table 3. Additionally,
we present the gas to continuum size ratio in the last column of
Table 3. We find that the 12CO emission is systematically larger
than its continuum counterpart, with a median size ratio of 3.3.

Before discussing the implications of these results, we note
that the sizes were measured by fitting an elliptical Gaussian to
each source, respectively in the uv-plane for the continuum and
in the image plane for the gas, which might lead to systematic
differences in the size estimation. To quantify the impact of us-
ing different measurement methods, we compared the size esti-
mates obtained using Gaussian fits either in the image- or in the
uv-plane for 10 objects. We calculated a mean discrepancy ra-
tio for the major axis sizes of ∼1.1 between the two techniques,
the image plane estimation, deconvolved from the beam, giving
larger values than those found in the uv-plane. However, the CO
to continuum size ratios estimated in this work (see Table 3) are
significantly larger than this size difference. This implies that
the differences measured are not an artifact of the measurement
method.

Previous studies have reported similarly large size differ-
ences between gas and continuum measurements, both for in-
dividual Herbig AeBe and for T Tauri stars (e.g., Facchini et al.
2019; van der Plas et al. 2017). It can have several explanations.
Indeed, the 12CO emission is optically thick while the dust con-
tinuum is optically thinner, making the CO disk easier to detect
at large distances even is the solids are distributed as far outside
as the gas (e.g., Woitke et al. 2016). Additionally, protoplane-
tary disks are also accreting onto the central star and angular
momentum conservation implies that beyond a certain radius,
the gas disk has to expand outward. Conversely, millimeter-sized
grains can drift inward rapidly, making the continuum disk look
smaller, with a sharp outer edge at millimeter wavelengths.

Using thermochemical models, Trapman et al. (2019) find
that a ratio R90%,12CO/R90%, 1.3mm ≥ 4 requires dust evolution and
radial drift. In this study, we compare the FWHM of the gas with
that of the continuum rather than the radius which encompass
90% of the flux of both tracers as in done by Trapman et al.
(2019). When applying their results to our Cha II sample, we
find that grain growth and radial drift are needed to reproduce
the high values of gas to dust size ratio observed in several disks.
Additionally, we observe that the average size difference is lower
in the 2 ± 1 Myr old Lupus star-forming region (Ansdell et al.
2018) than in the 4 ± 2 Myr old Cha II. Indeed, Ansdell et al.
(2018) estimate an average gas to dust size ratio of about 2 for
22 disks in the younger Lupus star-forming region (2 ± 1 Myr).
This is consistent with disk evolution. The millimeter dust grains
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Fig. 4. Dust masses for the 31 sources in our Cha II sample expressed in Earth masses, ordered by increasing dust mass (Table 2). Black and red
squares correspond to 12CO and 13CO detected sources, respectively. Round symbols show continuum only detected sources and the downward-
facing triangles correspond to 3 σ upper limits for non detections.

are expected to drift inward with time while the gas spread to
larger radius, which leads to an increase of R12CO/R1.3mm with
time.

4.2. Dust Masses

Assuming that the continuum emission is optically thin
at 1.3 mm, it is possible to infer the disk dust mass (Mdust) from
the continuum millimetric flux (Fν) at a given wavelength (e.g.,
Hildebrand 1983):

Mdust =
Fνd2

κνBν(Tdust)
(1)

We take a grain opacity κν of 2.3 cm2.g−1 at 230 GHz (Beck-
with et al. 1990), with κν ∝ ν0.4 (as other studies and consis-
tently with recent integrated spectral index measurements An-
drews et al. 2013; Ribas et al. 2017). We use individual distances
from Gaia DR2 (Gaia Collaboration et al. 2018) for sources
that have an error on the distance smaller than 15 pc. When
the error is larger than 15 pc, we adopt the weighted mean dis-
tance of the well characterized objects: 198 pc (Dzib et al. 2018).
We adopt the relationship of Tdust with L? from Andrews et al.
(2013), inferred with a grid of radiative transfer models: Tdust =
25K (L?/L�)1/4. We used the luminosities determined by Spezzi
et al. (2008), rescaled to the Gaia DR2 distances. For the sources
that were not characterized spectrally, we applied a character-
istic dust temperature of Tdust = 20 K, the median temperature
for Taurus disks (Andrews & Williams 2005). Fig. 4 shows the
detections and upper limits of our dust mass estimates. The val-
ues are given in Table 2. They range from ∼0.6 (IRAS12535-
7623) to ∼266.5 M⊕ (IRAS12500-7658). We note however, that

the scaling relation between Tdust and L? was calibrated for lu-
minosities larger than 0.1 L�. In our sample, 5 objects have lu-
minosities smaller than this value, including IRAS12500-7658
and ISO-CHAII 13 that have luminosities close to 0.01 L�. For
these two sources, the estimation of the mass is probably over-
estimated by a factor ∼2 (van der Plas et al. 2017).

5. Discussion - Comparison with other regions

5.1. Luminosity functions

Over the last years, observations of nearby star-forming regions
have shown a tendency for disk dust mass to decrease with age,
which can be a sign for disk dissipation (e.g., Ansdell et al.
2016). This evidence was mostly driven by the comparison of
young star-forming regions (1 − 3 Myr, e.g., Lupus) with the
older Upper Sco (5-10 Myr) but a small number studied inter-
mediately aged regions (e.g., Ansdell et al. 2017). In this section,
we expand the study of cumulative dust mass distribution to the
intermediately aged 4±2 Myr Cha II star-forming region, aiming
to add constraints on the evolution of dust mass with time.

Additionally, these studies revealed a correlation between
Mdust and M? (e.g., Andrews et al. 2013; Pascucci et al. 2016).
Although this relation might evolve with time, when assuming a
dust temperature scaling with luminosity in Eq. (1), they showed
that the dust mass is about proportional to the stellar mass2:
Mdust ∝ M?. Because of this relation, lower stellar masses are
expected to lead to lower dust masses. Then, comparing the dust
mass distributions of star-forming regions with different stellar

2 When taking a constant Tdust = 20 K, those studies usually find
Mdust ∝ M2

? (e.g., Ansdell et al. 2017).
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mass distributions might lead to inadequate conclusions. In this
context, our analysis consists in comparing millimeter luminos-
ity functions, i.e., cumulative disk dust mass distributions, as
well as dust-to-stellar mass ratio distributions for different star-
forming regions. Using this ratio allows us to reduce the impact
of potentially different M? distributions and, to the first order, to
study the evolution of Mdust with M? as a function of time.

Methods. In this analysis, we consider 7 star-forming regions
observed at millimeter wavelengths, and for which stellar masses
can be well estimated. Those are Upper Sco (Barenfeld et al.
2016), Cha II (this study), IC 348 (Ruíz-Rodríguez et al. 2018),
Cha I (Pascucci et al. 2016), Lupus (both band 7 and band 6
surveys, Ansdell et al. 2016, 2018) and Taurus (Andrews et al.
2013). We show the main characteristics of all regions (age, av-
erage distance, observed frequency and smallest detected dust
mass) in Table 4. We note that because objects of different
SED classes are most likely in a different evolutionary stage,
we selected only the Class II objects from all studies. For Up-
per Sco, they are the objects classified as ’Full’, ’Transitional’
and ’Evolved’ in Table 1 of Barenfeld et al. (2016). We note that
we did not include several millimeter surveys in this analysis,
either because lack of stellar masses (e.g., σ-Orionis, Ophiuchus
or OMC-2, respectively in Ansdell et al. 2017; Cieza et al. 2018;
van Terwisga et al. 2019), or because not all Class II of the region
were observed (e.g., Serpens, CrA, Law et al. 2017; Cazzoletti
et al. 2019). For example, we note that analysing Gaia DR2 data,
Galli et al. (2020) identified 28 new Class II were identified since
the ALMA survey of CrA (probing 43 Class II sources, Cazzo-
letti et al. 2019).

In order to provide a meaningful comparison of all regions,
we recalculated both the dust and stellar masses in a coher-
ent and homogeneous manner. Additionally, we use individual
stellar distances for the first time. Whenever errors are smaller
than 15 pc, we assign the latest distance of the source from the
Gaia DR2 catalog (Gaia Collaboration et al. 2018), while for
sources with larger errors or that are not in the catalog, we used
the weighted averaged distance of the association (see Table 4).

We determine stellar masses using isochrones from Baraffe
et al. (2015), in the range 0.5 to 50 Myr. The tracks were inter-
polated to probe the mass range from 0.05 to 1.4 M�, by steps of
0.01 M�. We adopt the Bayesian method described in Andrews
et al. (2013) and Pascucci et al. (2016) to assign a stellar mass
and an age by minimizing a likelihood function. The assumed
uncertainties in log(L?/L�) and log(T?) are 0.1 and 0.02 respec-
tively, which correspond to the upper values for uncertainties
in Spezzi et al. (2008). We use stellar luminosities and temper-
atures from Andrews et al. (2013), Alcala et al. (2017), Manara
et al. (2017) and Luhman (2007), Ruíz-Rodríguez et al. (2018)
and Barenfeld et al. (2016) for Taurus, Lupus, Cha I„ IC 348 and
Upper Sco respectively. We note that, before estimating the stel-
lar masses, we rescaled the luminosities to each individual stellar
distance.

We also recalculated dust masses in an homogeneous way
from millimeter or sub-millimetrer fluxes using Eq. (1) from
Sect. 4.2. We use the same temperature-luminosity relation and
grain opacity as previously, and adopt the most recent distances.
We note that that using the simplifying assumption of Tdust =
20 K does not change the statistical results presented in this sec-
tion. Also, it should be noticed that our analysis includes surveys
of star-forming regions observed at different frequencies (see Ta-
ble 4).
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Fig. 5. Top: Cumulative distribution of the dust mass, generated by
the Kaplan-Meier estimator and normalized by the fraction of detected
sources in each star-forming regions. Bottom: Cumulative distribution
of the dust to stellar mass ratio generated by the Kaplan-Meier estima-
tor. We indicate 1σ confidence intervals.

Because most of the samples used are only complete down
to the brown dwarf limit, we considered only stars with derived
masses above 0.1 M�. Moreover, as Baraffe et al. (2015) tracks
stop at M?=1.4 M�, we decided not to include stars where the
fit of isochrone produces this value. We present the number of
sources considered in this study in Table 4, along with the num-
ber of detected sources. All regions show comparable stellar
mass distributions, except IC 348 which contain no stars between
0.9 and 1.4 M�.

Cumulative distributions. In order to compare all star-forming
regions together, we generate two families of cumulative dis-
tributions. We used the Kaplan-Meier estimator in the lifelines
package in Python3, which takes into account upper limits and
was used in previous studies (e.g., Ansdell et al. 2016; Law et al.
2017).

First, as in previous studies, we estimate the cumulative dis-
tributions of Mdust. They are shown in the top panel of Fig. 5, and
scaled so that the maximum of each distribution corresponds to
the fraction of detected sources in each sample. We find that most

3 See documentation at http://lifelines.readthedocs.io/
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Table 4. Parameters of star-forming regions.

Region Published age Distance Obs freq Mdust,min Detections/ Median Mdust Median Mdust/M?

(Myr) (pc) (GHz) (M�) Total sources (M⊕) (10−5)
Upper Sco 5 − 111,2 145 ± 10 341.1 0.17 53/75 0.6 ± 0.2 1.6 ± 0.3
Cha II 2 − 63 198 ± 69 225.7 0.60 19/23 5.6 ± 1.0 4.9 ± 1.4
IC 348 2 − 34 310 ± 2010 225.7 0.52 33/67 ∼ 1.5 5.4 ± 0.7
Cha I 2 − 45,6 192 ± 69 338.0 0.54 60/76 3.5 ± 1.0 5.9 ± 1.2
Lupus 1 − 37 160 ± 49,∗ 335.8 0.16 51/57 5.3 ± 1.6 6.4 ± 1.4
Lupus 225.5 0.60 62/66 5.4 ± 1.7 5.8 ± 1.1
Taurus 1 − 28 141 ± 711 225.0 1.08 92/164 3.3 ± 0.8 15.2 ± 3.1

Notes. Sensitivity limits correspond to the reported rms for each study scaled to the distance of Cha II. In Cha I and Lupus, samples were separated
in two subsamples leading to two values for the rms. For Taurus, we report the range of rms values presented in the original study. In the third
column, we show the mean distance of each region.

References. 1/ Pecaut et al. (2012), 2/ Herczeg & Hillenbrand (2015), 3/ Spezzi et al. (2008), 4/ Ruíz-Rodríguez et al. (2018), 5/ Pascucci et al.
(2016), 6/ Luhman (2007), 7/ Ansdell et al. (2016), 8/ Andrews et al. (2013), 9/ Dzib et al. (2018) 10/ Ortiz Leon 2018, (∗): we used the average
distance of the lupus cloud for the least characterized sources 11/ Zucker, Speagle, Schafly 2019

distributions, including that of Cha II, have similar medians and
shapes, but Upper Sco and IC 348 show a noticeable difference
compared with the others, with median dust masses about an
order of magnitude smaller than in other regions (see before last
column of Table 4). This might be related to different effects such
as differences in stellar populations with other regions (e.g., no
stars between 0.9 and 1.4 M� in IC 348) or to the scaling factor
used for the Mdust distribution, which might have to be modified
if the samples are found not to be complete.For comparison, we
note that the median mass of the Class II objects studied in this
work is found to be at least a factor of 5 smaller than masses of
Class 0 and Class I objects in Orion star-forming region, as can
be seen in Figure 15 of Tobin et al. (2020). This suggests that
Class II objects have evolved and lost dust mass since the first
stages of their evolution.

Additionally, in order to limit the effect of different stel-
lar population, we estimate cumulative distributions of dust-to-
stellar mass ratio, which are shown in the bottom panel of Fig. 5.
As highlighted by the position of the 25%, 50% and 75% levels,
we find that most regions appear to have similar shapes. Only
Taurus shows a different shape than in the plot of Mdust, break-
ing away from the other curves, mostly because a large fraction
of the non-detections are around low mass stars, which corre-
spond to a large Mdust/M? ratio. Additionally, except for CrA
which is likely a young region, we find that the distributions ap-
pear shifted to progressively lower mass ratios as the age of the
region increases (see median ratio in Table 4). In the following
subsection, we aim to estimate statistically whether all distri-
butions of Mdust/M? are similar or not, looking for a potential
evolutionary trend.

Statistical test. The observed ranking of the disk-to-star mass
ratios is suggestive of an evolution of the disk properties with
time. To test the significance of the observed shift in the mass
ratio functions, we performed a statistical test on all star-forming
regions. We use the logrank test, a non parametric method that
compares the survival distributions of two samples, taking into
account non-detections. The null hypothesis is that distributions
of all regions are equal at all mass ratio. We performed one-
by-one comparisons, and present them in Table 5. P-values are
shown in the bottom-left part of the table, while their interpre-
tations are shown in the top-right side of the table. Regions that
are statistically distinct (i.e., with P-values ≤ 0.001) are charac-

terized by the symbol ’***’. The symbols ’**’ and ’*’ are used
for P-values between 0.001-0.05 and 0.05-0.1 corresponding to
regions that are gradually less statistically different. Regions that
are statistically indistinguishable (P-values > 0.1) are shown by
the symbol ’-’.

Using the Mdust/M? ratio, we find that Upper Sco is statisti-
cally different from all other star-forming regions. Taurus is also
statistically different from Cha II and marginally from IC 348
and Cha I. Although we see a progressive decline of the median
of ratio with increasing age, these shifts are not significant at the
3σ level when the age difference is too small (≤ factor of 2).
Larger samples would be needed to confirm the observed trend.
However, when larger time baselines are considered (≥ factor of
3), the evolution of the luminosity function becomes significant.
This result strongly suggests the fact that disks evolve gradually
with time, with a decrease of the relative mass of their millimet-
ric dust grains compared with the star. This could be explained
by accretion of those grains on the central star, formation into
planets, or because, as grains grow bigger with time, a decrease
in the millimeter wavelength opacity. The lack of 3-sigma sig-
nificance for small age differences may be corrected when more
sensitive surveys are performed, larger samples are observed, or
more accurate ages are available.

In parallel to the decrease of the median dust-to-stellar mass
ratio with time (Table 4), a change in the detected disk fraction
is observed in IR studies (Ribas et al. 2014). This indicates that
not only the number of disks detected is declining with time, but
also that the remaining disks have a lower mass. The global dust
content of the disk seems to decrease with time.

Possible limitations

Binary systems were no filtered out from the samples, all more
so for unresolved binaries. However, binary systems have been
shown to disperse their disk faster than single star systems (Cieza
et al. 2009). Studying binaries in Taurus, Kraus et al. (2012)
showed that this is particularly true for close binaries, with sep-
arations smaller than 40 au. At larger separation, disks around
binaries are detected with similar occurrence than around single
stars. In Ophiuchus, Cox et al. (2017) showed that the median
flux around binaries is systematically 60% the flux around sin-
gle stars. In this study, we found that 5%, 12.5%, 40%, 10% and
32% of the sources used in the respective distributions of Up-
per Sco, Cha II, Cha I, Lupus and Taurus are known as binaries
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Table 5. Results of pair comparisons with the logrank test applied on the ratio Mdust/M?.

Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus
Upper Sco ** *** *** *** *** ***

Cha II 0.01 - - ** * ***
IC348 9e-7 0.3 - - - **
Cha I < 1e-7 0.2 0.6 - - **

Lupus B7 < 1e-7 0.04 0.5 0.8 - -
Lupus B6 < 1e-7 0.06 0.8 0.9 0.4 *

Taurus < 1e-7 3e-4 0.02 0.04 0.2 0.07

Notes. The lower left half of the table represents P-values for pairs comparisons, and the upper right half corresponds to the interpretation of the
test. A P-value lower than 0.001 (***) corresponds to regions statistically distinct, P-values higher than 0.1 (-) to regions statistically similar, and
P-values between 0.001 and 0.05 (**), and between 0.05 and 0.1 (*) to regions that are marginally different.

stars. Only one disk (non-detected) of IC 348 is a binary, of sep-
aration larger that 80 au (Ruíz-Rodríguez et al. 2018). However,
a very limited fraction are known close binaries (r < 40 au): less
than 1% of the considered stars in Upper Sco, Cha II and Lu-
pus, and ∼ 8% in Cha I and Taurus. Therefore, binaries are not
expected to modify the distributions significantly.

Comparison between inhomogenous samples requires care.
Here, all samples were observed with close but yet different sen-
sitivities. The cumulative distributions were generated using the
Kaplan-Meier estimator that considers the upper limits of non-
detections. In Appendix A, we performed the analysis consider-
ing this time that each distribution had a similar disk mass detec-
tion limit. The results are similar to those presented above in this
section. Thus, by re-observing the same samples with higher sen-
sitivities, and possibly with an homogeneous angular resolution,
we do not expect significant changes in the results, in particular
in that of Mdust.

To convert the observed fluxes into dust masses, we also as-
sumed that disks were always optically thin. This assumption
should be generally verified given the observed fluxes. We also
used a scaling relation between Tdust and L? in the conversion
process. This relationship was proposed and tested by Andrews
et al. (2013) using radiative transfer models with a fixed outer ra-
dius (rout = 200 au) and for a range of luminosity between 0.1 and
100 L�. Using this equation for smaller disks or less luminous
stars is expected to lead to overestimations of the dust mass (see
van der Plas et al. 2016). However, we find that average disk
outer radii and the fraction of sources with lower luminosity are
about similar in each study, which should affect all distributions
in a similar way. To ease the comparison with other studies, we
have used the prescription from Andrews et al. (2013) through-
out.

Finally, the interpretation of the distribution functions pre-
sented here relies on the age of each individual region based on
previous studies, in most cases anterior to Gaia. The Gaia DR2
data release now provides individual distances for most stars. Al-
though we have used the new distances to re-evaluate the stellar
luminosities (and therefore masses) for each star, we have not
re-assessed the age of each association. Additionally, the cumu-
lative mass ratio distribution function is probably also affected
by the stellar environment. Thus, we have not included regions
like Sigma Orionis.

5.2. Gas detection rates

The above subsection only applies to the evolution of dust mass,
which we probe with continuum emission. However the disk
mass is dominated by gas. Measuring the gas mass in protoplan-

Table 6. Detection rates of CO isotopologues for sources detected in
dust, ordered by decreasing age of the system separated accordingly to
the transition observed.

Transition 12CO 13CO C18O
(%) (%) (%)

Upper Sco1 3-2 47
Cha I2,3 3-2 > 26 26 2
Lupus4 3-2 > 58 58 18
Cha II 2-1 52 9 0
Lupus5 2-1 68 28 11
Taurus6,7 2-1 > 89 89

Notes. According to the isotopologue ratio, we expect to detect more
sources in 12CO than in 13CO. This is indicated through lower limits
in Cha I, Lupus and Taurus, where no 12CO study are available. The
Taurus survey in 13CO is also not complete.

References. 1/ Barenfeld et al. (2016), 2/ Pascucci et al. (2016), 3/ Long
et al. (2017), 4/ Ansdell et al. (2016), 5/ Ansdell et al. (2018), 6/Andrews
et al. (2013), 7/ Guilloteau et al. (2013)

etary disks is notably difficult (see for example Williams & Best
2014; Kamp et al. 2011). Instead, here we will focus on the gas
detection rates with the aim of comparing the respective detec-
tion rates of CO gas and dust continuum from disks of different
ages. To do so, we gathered ALMA and SMA millimetric mea-
surements to characterize the cold disk regions (continuum and
CO isotopologues rotational lines), in the same regions as in the
previous section. Samples are complete in the sense of ALMA
capability in snapshot surveys, except for Taurus star-forming re-
gion where only a limited number of sources was observed (only
in 13CO) using IRAM interferometer, leading to an incomplete
survey.

In order to compare the different star-forming regions with
each other, we selected subsamples of disks with similar spectral
type distributions (K & M stars). This made necessary to remove
the F0 disk (IRAS12496-7650) from our Cha II study. Then,
only stars with disks detected in cold dust are considered, so
that we compare gas detections in systems that posses a dusty
disk with comparable mass limit.

Table 6 shows the detection rates CO isotopologues for dusty
disks in star-forming regions of different ages. For the two tran-
sitions traced, in the three probed isotopologues, a larger fraction
of disks is detected in young regions than in older ones. This in-
dicates that for young star-forming regions most of the disks that
are detected in dust are also detected in 12CO-13CO, while for
older regions the fraction of targets with detected dust and gas is
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lower. This decrease in detection rates from younger to older re-
gions shows that CO emission is reduced with time. Moreover, as
all of our targets are selected to be detected in dust with a similar
mass limit, the apparent decrease of gas detection fraction sug-
gests that CO dissipates faster than dust. This would imply either
a decreasing gas to dust ratio or a decreasing abundance of these
species, for example by change of state from gas to ice or by
photo-dissociation as the 12CO becomes progressively optically
thinner and less self-shielded. The small size of our samples and
the fact that surveys were likely not performed with the exact
same setup prevent from drawing definitive conclusions but the
tentative evidence for a different evolutionary timescale for gas
versus dust has potential interesting consequences.

Compiling results from Herschel Space Observatory using
the [OI] 63 µm line, on disks detected in dust in Upper Sco,
Cha II and Taurus (Mathews et al. 2013; Riviere-Marichalar et al.
2015; Howard et al. 2013), we find a similar trend. Gas in disks
located in young regions is more often detected (91% in Taurus)
that for disks in older regions (43% in Cha II and 17% in Up-
per Sco). In the context of photoevaporation models (e.g., Owen
et al. 2011; Alexander et al. 2014), individual disks are thought
to dissipate slowly in the first million years, while a photoevap-
orative flow removes gas from the disk. In this scenario, dust is
not affected by the photoevaporative flow. This could explain our
observations, where, as the age of the region increases, fewer of
the disks detectable in dust are detectable in gas.

6. Conclusions

We have used ALMA to conduct a high-sensitivity millimetric
survey of 31 protoplanetary disks in the Cha II star-forming re-
gion. This region is particularly interesting to study disk evolu-
tion as its intermediate age of 4 ± 2 Myr is comparable to the
median disk lifetime.

1. Our ALMA observations cover the 1.3 mm continuum as
well as the 12CO, 13CO and C18O J = 2 − 1 lines. Out of
31 sources, 24 were detected in the continuum, 12 were de-
tected in 12CO, 3 in 13CO and none in C18O. Measured dust
masses ranged from 270 down to 0.6 M⊕.

2. CO disk sizes are found to be on average more than 3 times
larger than 1.3 mm continuum disk sizes. This can not be ex-
plained by optical depth effect only: grain growth and radial
drift are needed to reproduce such difference in size.

3. A comparison of cumulative distributions between Cha II
and 5 other star-forming regions shows that the dust mass
to stellar mass ratio declines with time.

4. We suggest a steady evolution with age. This trend is statis-
tically significant when the age difference is large. However,
the ranking of the disk to stellar mass ratio distribution also
holds for associations with small age differences. The correct
ranking of the 6 distributions (or of their medians) is sugges-
tive of a global evolutionary trend, although the significance
between 2 adjacent curves remains at a statistical level < 3σ
for now. Further surveys will clarify that claim.

5. For disks detected in dust in five star-forming regions, we
compared gas detection rates. We find that gas is less likely
to be detected in older regions than in younger ones. This
suggests that either gas dissipates faster than dust, or that
disks have a reduced gas to dust ratio (or CO abundance)
when their age increases. However, the limited sample size
and observational setups prevent us to draw definitive con-
clusions.

Acknowledgements. This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2013.1.00708.S. ALMA is a partnership of ESO (represent-
ing its member states), NSF (USA), and NINS (Japan), together with NRC
(Canada), NSC and ASIAA (Taiwan), and KASI (Republic of Korea), in co-
operation with the Republic of Chile. The Joint ALMA Observatory is oper-
ated by ESO, AUI/NRAO, and NAOJ. The National Radio Astronomy Obser-
vatory is a facility of the National Science Foundation operated under coopera-
tive agreement by Associated Universities, Inc. CC acknowledges support from
project CONICYT PAI/Concurso Nacional Insercion en la Academia, convoca-
toria 2015, folio 79150049, and support from ICM Núcleo Milenio de Formación
Planetaria, NPF. The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by Associ-
ated Universities, Inc. L.C. acknowledges support from CONICYT FONDECYT
grant 1171246. MV, FM, MB and GvdP acknowledge funding from ANR of
France under contract number ANR-16-CE31-0013 (Planet Forming Disks). CP
acknowledges funding from the Australian Research Council via FT170100040
and DP180104235.

References
Alcala, J. M., Manara, C. F., Natta, A., et al. 2017, A&A, 600, A20
Alexander, R., Pascucci, I., Andrews, S., Armitage, P., & Cieza, L. 2014, Proto-

stars and Protoplanets VI, 475
Andrews, S. & Williams, J. P. 2005, ApJ
Andrews, S. M., Rosenfeld, K. A., Kraus, A. L., & Wilner, D. J. 2013, AJ, 771
Ansdell, M., Williams, J. P., Manara, C. F., et al. 2017, AJ, 153
Ansdell, M., Williams, J. P., Trapman, L., et al. 2018, ApJ
Ansdell, M., Williams, J. P., van der Marel, N., et al. 2016, AJ, 828
Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42
Barenfeld, S. A., Carpenter, J. M., Ricci, L., & Isella, A. 2016, AJ, 827
Beckwith, S., Sargent, A. I., Chini, R., & Gusten, R. 1990, ApJ, 99
Borucki, W. J., Koch, D., Basri, G., & Team, K. S. 2010, Nat
Cazzoletti, P., Manara, C. F., Baobab Liu, H., et al. 2019, A&A, 626, A11
Cieza, L. A., Padgett, D. L., Allen, L. E., et al. 2009, ApJ, 696, L84
Cieza, L. A., Ruíz-Rodríguez, D., Hales, A., et al. 2018, MNRAS, 2538
Correia, S., Zinnecker, H., Ratzka, T., & Sterzik, M. 2006, A&A, 459, 909
Cox, E. G., Harris, R. J., Looney, L. W., et al. 2017, ApJ
Dawson, R. I., Murray-Clay, R. A., & Johnson, J. A. 2014, ApJ, 798, 66
Dzib, S. A., Loinard, L., Ortiz-León, G. N., Rodríguez, L. F., & Galli, P. A. B.

2018, ApJ, 867, 151
Facchini, S., van Dishoeck, E. F., Manara, C. F., et al. 2019, A&A, 626, L2
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A
Galli, P. A. B., Bouy, H., Olivares, J., et al. 2020, A&A, 634, A98
Geoffray, H. & Monin, J.-L. 2001, A&A, 369
Guilloteau, S., Folco, E. D., Dutrey, A., et al. 2013, A&A, 549
Herczeg, G. J. & Hillenbrand, L. A. 2015, 808, 23
Hildebrand, R. H. 1983, QJRAS
Howard, A. W., Marcy, G. W., Johnson, J. A., et al. 2010, Sci
Howard, C. D., Sandell, G., D.Vacca, W., et al. 2013, AJ, 776
Kamp, I., Woitke, P., Pinte, C., et al. 2011, A&A, 532
Kraus, A. L., Ireland, M. J., Hillenbrand, L. A., & Martinache, F. 2012, ApJ, 745,

19
Law, C. J., Ricci, L., Andrews, S. M., Wilner, D. J., & Qi, C. 2017, AJ
Long, F., Herczeg, G. J., Pascucci, I., et al. 2017, ApJ, 844, 99
Luhman, K. L. 2007, ApJ SS, 173, 104
Mamajek, E. E. 2009, in American Institute of Physics Conference Series, ed.

T. Usuda, M. Tamura, & M. Ishii, Vol. 1158, 3–10
Manara, C. F., Testi, L., Herczeg, G. J., et al. 2017, A&A, 604, A127
Mathews, G. S., Pinte, C., Duchene, G., Williams, J. P., & Menard, F. 2013,

A&A, 558
Mayor, M., Marmier, M., Lovis, C., et al. 2011, ArXiv e-prints, arXiv:1109.2497
Mizuno, A., Yamaguchi, R., Tachihara, K., et al. 2001, PASJ, 53
Owen, J. E., Clarke, C. J., & Ercolano, B. 2011, MNRAS
Pascucci, I., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831, 125
Pecaut, M. J., Mamajek, E. E., & Bubar, E. J. 2012, ApJ, 746
Raymond, S. N., Scalo, J., & Meadows, V. 2007, ApJ, 669, 606
Ribas, A., Bouy, H., & Merín, B. 2015, A&A, 576, A52
Ribas, Á., Espaillat, C. C., Macías, E., et al. 2017, ApJ, 849, 63
Ribas, A., Merín, B., Bouy, H., & Maud, L. T. 2014, 561, A54
Riviere-Marichalar, P., Bayo, A., Kamp, I., et al. 2015, A&A, 575
Ruíz-Rodríguez, D., Cieza, L. A., Williams, J. P., et al. 2018, MNRAS, 478, 3674
Spezzi, L., Alcalá, J. M., Covino, E., et al. 2008, AJ
Spezzi, L., Cox, N., Prusti, T., et al. 2013, A&A
Tobin, J. J., Sheehan, P., Megeath, S. T., et al. 2020, arXiv e-prints,

arXiv:2001.04468
Trapman, L., Facchini, S., Hogerheijde, M. R., van Dishoeck, E. F., & Bruderer,

S. 2019, A&A, 629, A79
van der Plas, G., Menard, F., Canovas, H., et al. 2017, A&A
van der Plas, G., Menard, F., Ward-Duong, K., et al. 2016, ApJ, 819
van Terwisga, S. E., Hacar, A., & van Dishoeck, E. F. 2019, A&A, 628, A85
Williams, J. P. & Best, W. M. J. 2014, ApJ
Woitke, P., Min, M., Pinte, C., et al. 2016, A&A, 586, A103

Article number, page 12 of 14



M. Villenave et al.: Probing protoplanetary disk evolution in the Chamaeleon II region

0.1 1 10 100
Mdust[M ]

0.00

0.25

0.50

0.75

1.00

Cu
m

ul
at

iv
e 

fra
ct

io
n 

(P
M

du
st

)

Taurus
Lupus b6
Lupus b7
Cha I
IC 348
Cha II
Upper Sco

10 6 10 5 10 4 10 3

Mdust/M

0.00

0.25

0.50

0.75

1.00

Cu
m

ul
at

iv
e 

fra
ct

io
n 

(P
M

du
st

/M
) Upper Sco

Cha II
IC348
Cha I 
Lupus b7
Lupus b6
Taurus

Fig. A.1. Cumulative distributions as in Fig. 5 considering disks with
smaller masses than 1.08M⊕ as non-detections.

Appendix A: Cumulative distributions curves

Even though the Kaplan-Meier estimator and the logrank test
take into account the non-detections, we performed the analysis
considering a common dust mass limit. On Fig A.1, we show
the distributions functions of Mdust and Mdust/M? when consid-
ering all systems with disk masses smaller than 1.08 · M⊕ (the
lowest mass detected in Taurus) as non detections. The results of
the logrank test are also presented in Table A.1. As in Sect. 5.1,
regions with an important difference in age are statistically dif-
ferent. However, it is harder to say that older regions such as
Upper Sco and Cha II have lower dust to stellar mass ratio than
older regions, the main difference between the curves being their
shapes.
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Table A.1. Results of pair comparisons with the logrank test applied on the ratio Mdust/M?.

Mlim = 1.08Mearth Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus
Upper Sco - * ** *** *** ***

Cha II 0.4 - - ** ** ***
IC348 0.07 0.4 - - - **
Cha I 0.004 0.1 0.4 - - -

Lupus B7 0.0007 0.02 0.2 0.7 - -
Lupus B6 0.001 0.03 0.4 0.97 0.4 -

Taurus 1e-7 0.0006 0.02 0.1 0.4 0.2

Notes. The lower left half of the table represents P-values for pairs comparisons, and the upper right half corresponds to the interpretation of the
test. A P-value lower than 0.001 (***) corresponds to regions statistically distinct, P-values higher than 0.1 (-) to regions statistically similar, and
P-values between 0.001 and 0.05 (**), and between 0.05 and 0.1 (*) to regions that are marginally different.
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ABSTRACT

Aims. We aim to study vertical settling and radial drift of dust in protoplanetary disks from a different perspective: an
edge-on view. An estimation of the amplitude of settling and drift is highly relevant to understanding planet formation.
Methods. We analyze a sample of 12 HST-selected edge-on protoplanetary disks (i.e., seen with high inclinations) for
which the vertical extent of the emission layers can be constrained directly. We present ALMA high angular resolution
continuum images (∼0.1′′) of these disks at two wavelengths, 0.89mm and 2.06mm (respectively ALMA bands 7 and 4),
supplemented with archival band 6 data (1.33mm) where available.
Results. Several sources show constant brightness profiles along their major axis with a steep drop at the outer edges.
Two disks have central holes with additional compact continuum emission at the location of the central star. For most
sources, the millimeter continuum emission is more compact than the scattered light, both in the vertical and radial
directions. Six sources are resolved along their minor axis in at least one millimeter band, providing direct information
on the vertical distribution of the millimeter grains. For the second largest disk of the sample, Tau 042021, the significant
difference in vertical extent between band 7 and band 4 suggests efficient size-selective vertical settling of large grains.
Furthermore, the only Class I object in our sample shows evidence of flaring in the millimeter. Along the major axis,
all disks are well resolved. Four of them are larger in band 7 than in band 4 in the radial direction, and three have
a similar radial extent in all bands. These three disks are also the ones with the sharpest apparent edges (between
80% and 20% of the peak flux, ∆r/r ∼ 0.3), and two of them are binaries. For all disks, we also derive the millimeter
brightness temperature and spectral index maps. We find that all edge-on disks in our sample are likely optically thick
and that the dust emission reveals low brightness temperatures in most cases (brightness temperatures ≤ 10K). The
integrated spectral indices are similar to those of disks at lower inclination.
Conclusions. The comparison of a generic radiative transfer disk model with our data shows that at least three disks are
consistent with a small millimeter dust scale height, of a few au (measured at r=100 au). This is in contrast with the more
classical value of hg ∼10 au derived from scattered light images and from gas line measurements. These results confirm,
by direct observations, that large (millimeter) grains are subject to significant vertical settling in protoplanetary disks.

Key words. Protoplanetary disks – Stars: formation – Stars: circumstellar matter – Stars: variables: T Tauri

1. Introduction

The process of planet formation requires small submicron-
sized particles to grow up to large pebbles and boulders that
will eventually aggregate to form planetesimals and plan-
ets. Given the short lifetimes of disks, such efficient growth

has to occur in the highest density regions of protoplane-
tary disks, that is to say, the inner regions and/or the disk
midplane. Gas drag, the interaction of dust (in Keplerian
rotation) with the gas orbiting around the central star at
slower (sub-Keplerian) velocities, is at the origin of the ver-
tical settling to the midplane and of the inward radial drift
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of large (e.g., millimeter-sized) dust grains (Weidenschilling
1977; Barrière-Fouchet et al. 2005). Unlike the larger grains,
micron-sized particles are well coupled to the gas and are lo-
cated in similar regions, well-mixed with the gas. The char-
acteristic timescale of radial drift is predicted to be about
a hundred times longer than that of vertical settling (Laibe
et al. 2014). However, the strength of these effects is not yet
well constrained and depends in particular on the disk vis-
cosity and/or turbulence, on the gas-to-dust ratio, and on
the initial grain size distribution (Fromang & Papaloizou
2006; Dullemond & Dominik 2004; Mulders & Dominik
2012). The comparison of observations at widely differ-
ent wavelengths, for example optical-NIR (near-infrared)
and (sub)millimeter, can help to constrain the settling in-
tensity and radial drift of dust grains. Moreover, by per-
forming multi-wavelength observations in the millimeter,
one can achieve spectral index measurements and, assum-
ing optically thin emission, interpret the findings in terms
of grain growth (e.g., Guilloteau et al. 2011; Pérez et al.
2012).

Up to now, most studies of protoplanetary disks have
focused on radial features, such as rings, gaps, and spirals,
which naturally led to observations of low inclination sys-
tems (≤ 70◦), where they are more readily visible. Some of
these studies showed that the gas is often more radially ex-
tended than the millimeter-sized dust (Ansdell et al. 2018;
Facchini et al. 2019), which is likely a combined effect of
optical depth and dust radial drift (Facchini et al. 2017).
However, though it is important to constrain radial drift,
dedicated comparisons of the radial distribution of different
dust grains sizes remain sparse (see e.g., Pinilla et al. 2015;
Long et al. 2018).

For relatively face-on disks, it is difficult to estimate the
difference in vertical extent between gas and dust grains.
Detailed modeling of ring and gap features is required (e.g.,
Pinte et al. 2016). On the other hand, edge-on disks offer
a unique perspective, as they allow us to directly observe
their vertical structure. Previous studies of edge-on disks at
different wavelengths indicate that the grains are stratified,
with larger dust closer to the disk midplane (Glauser et al.
2008; Duchêne et al. 2003, 2010; Villenave et al. 2019), as
predicted by models. However, even for these very inclined
systems, the vertical extent of the midplane remains poorly
constrained in early studies, limited by the resolution of the
observations.

In this work, we present a survey of edge-on disks ob-
served with the Atacama Large Millimeter Array (ALMA)
at high angular resolution (∼0.1′′). The sample was selected
based on Hubble Space Telescope (HST) images and most
of the targets were observed at multiple millimeter bands.
After describing the sample and the data reduction in Sec-
tion 2, we present the fluxes, brightness temperatures, spec-
tral indices, and the radial and vertical extents of all disks in
Section 3. Section 4 compares our results with a toy model.
We focus on the vertical and radial extent of the disks,
and investigate optical depth in the disks by studying the
brightness temperature and spectral indices of the sources.
Finally, we summarize our conclusions in Section 5.

2. Observations and data reduction

2.1. Target selection

In this study, we selected a sample of twelve highly in-
clined disks. All sources were identified as candidates from
their Spectral Energy Distribution (SED, see Stapelfeldt
et al. 2014, and Stapelfeldt et al., in prep) and confirmed
as edge-on disks (hereafter EOD) according to their optical
or near-infrared HST scattered-light images. At these wave-
lengths, edge-on disks are inclined enough so that the star
is not in direct view of the observer. The ALMA observa-
tions targeted 8 sources located in the Taurus star-forming
region, 3 in Chamaeleon I, and 1 in Ophiuchus. Most of
the observations presented in this work were part of our cy-
cle 4 and 5 survey of edge-on disks (Project 2016.1.00460.S,
PI: Ménard), but we also included complementary obser-
vations of Tau 042021, HH30, and Oph 163131 from previ-
ous programs (Projects 2013.1.01175.S, 2016.1.01505.S, and
2016.1.00771.S, PIs: Dougados, Louvet, and Duchêne).

We report the coordinates, spectral types, and stellar
masses of the sources in Table 1. As the spectral features
associated with the central source are still visible for edge-
on disks through the scattered light (Appenzeller et al.
2005), the spectral types could be determined from spec-
troscopy (Luhman 2007; Luhman et al. 2010, Flores et al.,
in prep). However, the edge-on configuration does not allow
a direct estimate of the stellar luminosity. Thus, we report
dynamical stellar masses estimated from CO emission.

At optical and NIR wavelengths, edge-on disk systems
highlight extended nebulosities on both sides of a dark lane,
tracing the disk midplane. Because of severe extinction in
the dark lane, the central star is usually undetected at
optical-NIR wavelengths, also resulting in fainter systems
for a given spectral type and distance. In a few cases, the
brightness distribution of the nebulosities has also been ob-
served to vary significantly (Stapelfeldt et al. 1999). These
facts combine to render parallax measurements difficult and
the distances determined by gaia can be plagued by large
errors. For our targets, we decided to adopt the average dis-
tance of the parent star-forming regions instead; 140 pc for
the sources in Taurus and Ophiuchus (Kenyon et al. 2008;
Ortiz-León et al. 2018; Cánovas et al. 2019) and 192 pc for
those in Chamaeleon I (Dzib et al. 2018).

Four of the observed disks are part of mul-
tiple systems: HKTauB, HVTauC, Haro 6-5B,
and HH48NE (Stapelfeldt et al. 1998, 2003; Krist
et al. 1998; Haisch et al. 2004) with apparent companion
separations larger than 2.4′′. While HH30 has been
suggested to be a binary on the basis of jet wiggles and
a disk central hole in lower resolution and signal-to-noise
ratio millimeter continuum maps (Guilloteau et al. 2008),
higher resolution ALMA observations do not confirm the
central hole (Louvet et al. 2018). Neither do they exclude
the possibility of spectroscopic binary. The other targets
in the sample are not known to be in multiple systems.

2.2. ALMA edge-on survey

Our ALMA cycle 4 and 5 observations (Project
2016.1.00460.S, PI: Ménard) were divided into two groups,
targeting respectively seven sources located in Taurus and
three in Chameleon I. The observations were performed in
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Table 1. Stellar parameters.

Full name Adopted name RA (h m s) Dec (◦ ′ ′′) SFR SpTa,b M c
? (M�)

2MASS J04202144+2813491 Tau 042021 04 20 21.4 +28 13 49.2 Taurus M1
HH30 HH30 04 31 37.5 +18 12 24.5 Taurus M0
IRAS04302+2247 IRAS 04302 04 33 16.5 +22 53 20.4 Taurus K6-M3.5 1.3− 1.7
HKTauB HKTauB 04 31 50.6 +24 24 16.4 Taurus M0.5 0.89± 0.04
HVTauC HVTauC 04 38 35.5 +26 10 41.3 Taurus K6 1.33± 0.04
IRAS 04200+2759 IRAS 04200 04 23 07.8 +28 05 57.5 Taurus M3.5-M6 0.52± 0.04
FSTauB Haro 6-5B 04 22 00.7 +26 57 32.5 Taurus K5
IRAS04158+2805 IRAS 04158 04 18 58.1 +28 12 23.4 Taurus M5.25
2MASS J16313124-2426281 Oph 163131 16 31 31.3 -24 26 28.5 Ophiuchus K4-K5d 1.2± 0.2d

ESO-Hα 569 ESO-Hα 569 11 11 10.8 -76 41 57.4 Cha I M2.5
ESO-Hα 574 ESO-Hα 574 11 16 02.8 -76 24 53.2 Cha I K8
HH48NE HH48NE 11 04 22.8 -77 18 08.0 Cha I K7

Notes. Coordinates are J2000. SFR: Star-forming region, SpT: Spectral type, M?: Stellar masses, from dynamical estimates based
on gas emission.

References. (a) Luhman (2007), (b) Luhman et al. (2010), (c) Simon et al. (2019), (d) Flores et al. (in prep)

band 7 (0.89mm) and in band 4 (2.06mm). We present the
different setups in the following section.

2.2.1. Band 7 survey

The band 7 observations of the Taurus sources (Tau 042021,
IRAS 04302, HKTauB, HVTauC, IRAS 04200, Haro 6-5B,
and IRAS04158) were performed with both a compact
and an extended array configuration. For the Chamaeleon
sources (ESO-Hα 569, ESO-Hα 574, and HH48NE), only
the compact configuration was observed. The observational
setup is summarized in Table 2. The spectral setup was
divided into three continuum spectral windows, with dual
polarization, 2 GHz bandwidth spectral windows centered
at 344.5, 334.0, and 332.0GHz, and one spectral window
set to observe the 12CO J=3−2 transition at 345.796GHz.
In this paper, we focus on the continuum data which has
a geometric mean frequency of 336.8GHz (0.89mm). The
reduction and analysis of the CO data will be presented in
a separate study. Because the observations were performed
over two cycles, different versions of CASA have been used
for the calibration.

We calibrated the raw data of the compact array exe-
cutions using the pipeline from CASA package version 4.7.
The raw data of the extended configuration observations of
the Taurus sources was manually calibrated, using CASA
version 5.1. Whenever possible we used the supplied ALMA
phase calibrator in the dataset (for Tau 042021, Haro 6-5B,
IRAS 04158). However, for four targets (namely HKTauB,
HVTauC, IRAS04200, and IRAS 04302), the spectral win-
dow setup used for the supplied phase calibrator was dif-
ferent from that of the science target. These data could not
be reduced using the standard pipeline. For HVTauC and
IRAS04200, it was possible to use the check source as a
phase calibrator, and for HKTauB, the more distant band-
pass calibrator could be used. In these cases, the calibrator
was only observed once before each of the science targets
(rather than bracketing it in time); this increased the phase
calibration uncertainties for these objects. IRAS 04302 did
not have a usable phase calibrator. However, this source
is bright and extended, and self-calibration using the aver-

age of all spectral windows could be performed without an
initial phase reference. Consequently for this target, there
was no absolute astrometric solution in the extended con-
figuration data; also the achievable angular resolution was
somewhat worse than the other sources of the sample.

2.2.2. Band 4 survey

The band 4 observations of the edge-on survey were only
performed for the sources located in Taurus (Tau 042021,
IRAS 04302, HKTauB, HVTauC, IRAS 04200, Haro 6-5B,
and IRAS 04158). The continuum spectral windows were
centered on 138, 140, 150, and 152GHz, with a geometric
mean frequency of 145.0GHz (2.06mm). The relevant pa-
rameters of the observations are reported in Table 2. The
raw data were pipeline calibrated using the CASA package,
version 5.1.

2.3. Archival and literature data

2.3.1. ALMA observations of HH30

We include multi-wavelength, band 4, 6, and 7, observa-
tions of HH30 in the present study. The observational
setup and data reduction of the band 6 observations are
presented in Louvet et al. (2018, Project 2013.1.01175.S,
PI: Dougados). We also use new band 4 and band 7
cycle 4 observations (Project 2016.1.01505.S, PI: Louvet),
and present the data reduction in the following paragraphs.

The band 7 observations of HH 30 were performed with
only one array configuration, in four executions between
October 14 and October 21, 2016 (see Table 2). The dual
polarization spectral setup included two 2 GHz bandwidth
spectral windows for the continuum emission, centered at
331.6 and 344.8 GHz, and two other spectral windows set
to observe the 13CO and C18O J=3-2 emission. Here we
present only the continuum observations. The observations
were calibrated by the ALMA pipeline using CASA 4.7.

The band 4 observations were performed with two con-
figurations: a compact configuration and an extended con-

Article number, page 3 of 24



A&A proofs: manuscript no. edge-on-survey_arxiv

Table 2. ALMA observations.

Source Band Obs. date Config. Baselines Nant tint (min) vCASA Project ID
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Survey Taua 7 24/11/2016 C40-4 15 m−0.7 km 43 1.1 4.7 2016.1.00460.S
18/08/2017 C40-7 21 m−3.6 km 43 3.7 5.1 2016.1.00460.S

4 27/09/2017 C40-8/9 41 m−14.9 km 43 6.7 5.1 2016.1.00460.S
Survey Chab 7 15/11/2016 C40-4/6 15 m−0.9 km 42 1.1 4.7 2016.1.00460.S
HH30 7 14, 15, 21/10/2016 C40-6 19 m−2.5 km 42-46 174 4.7 2016.1.01505.S

6 19, 21/07/2015 C34-6/7 13 m−1.6 km 42 78 4.3 2013.1.01175.S
4 23/10/2016 C40-6 19 m−1.8 km 48 12 4.7 2016.1.01505.S

12/09/2017 C40-8/9 41 m− 9.5 km 44 31 4.7 2016.1.01505.S
Tau 042021 6 05/12/2016 C40-3 15 m− 0.7 km 41 7.5 4.7 2016.1.00771.S

21/10/2016 C40-6 18 m− 1.8 km 44 25 4.7 2016.1.00771.S
Oph 163131 6 25/04/2017 C40-3 15 m−0.5 km 41 8.5 4.7 2016.1.00771.S

07/07/2017 C40-5 17 m− 2.6 km 44 27 4.7 2016.1.00771.S

Notes. Column 1: Target name, Column 2: Observing band, Column 3: Observing date, Column 4: ALMA array configuration,
Column 5: Minimum and maximum baseline range, Column 6: Number of antennas, Column 7: On source integrating time, Column
8: Calibrating CASA version. (a) The Taurus sources included in the survey are Tau 042021, IRAS 04302, HKTauB, HVTauC,
IRAS 04200, Haro 6-5B, and IRAS04158. (b) The Chamaeleon I sources included in the survey are ESO-Hα 569, ESO-Hα 574, and
HH48NE.

figuration (see Table 2). The ALMA correlator was config-
ured to record dual polarization with four separate contin-
uum spectral windows of 2 GHz each centered at 138, 140,
150, and 152GHz. The observations were calibrated by the
pipeline using CASA 4.7.

2.3.2. ALMA observations of Tau 042021 and Oph 163131

We also include band 6 cycle 4 observations
of Tau 042021 and Oph 163131 (Project 2016.1.00771.S,
PI: Duchêne). Although the spectral setup targeted
emission lines of three CO isotopologues, we focus here on
the continuum data. An analysis of the line emission of
Oph 163131 will be presented in a separate study (Flores
et al., in prep).

For both sources, the two continuum spectral windows
were centered on 216.5 and 232.3GHz leading to a geomet-
ric mean frequency of 224.4GHz (1.34mm). The detailed
observational setup is presented in Table 2. Data from both
configurations were reduced using the pipeline from CASA
package version 4.7.

2.4. ALMA imaging

We constructed the images from the calibrated visibilities
with a Briggs robust weighting parameter of 0.5, except
for the band 6 of HH30 for which we used the reduction
presented in Louvet et al. (2018, robust of 0.56). When
the data were taken with several array configurations (see
Table 2), the images were generated by combining the visi-
bilities from the compact and extended configurations. The
only exception is IRAS 04158 for which we show the band 7
compact configuration observations only. We applied self-
calibration on the sources with the highest signal-to-noise
ratio (on at least one array configuration). In band 7 this
corresponds to Tau 042021, IRAS 04302, HKTauB, and
Haro 6-5B, in band 6 to Tau 042021 and Oph 163131, and
to only HH30 in band 4. For the Taurus survey, this leads
to typical beam sizes of about 0.11′′×0.07′′ in band 7 and
about 0.11′′×0.04′′ in band 4. For the other sources, the
beam sizes range from 0.23×0.13′′ to 0.48×0.30′′. The beam

sizes of each observations are reported in Table A.1, and we
present the images in Fig. 1.

Additionally, we also recompute the maps to get a
unique angular resolution for each source observed both
in band 4 and band 7 (except for IRAS 04158, for which
the disk is not detected in band 4). To do so, we first re-
imaged each source using the same uvrange and applying a
uvtaper to limit the effect of flux filtering and of different
uvcoverage. Then, to obtain exactly the same angular res-
olution between both bands, we used the imsmooth CASA
task. The restored beam sizes are reported in the last col-
umn of Table A.1.

2.5. Astrometric accuracy and map registration

ALMAmaps are subject to astrometric uncertainties due to
limited signal-to-noise on the phase calibrator and errors in
the phase referenced observations related to weather or an-
tenna position errors. To compute accurate spectral index
maps (see Section 3.3), the images at the different wave-
lengths have to be accurately aligned. In this section, we
discuss the registration of our images.

For each source and band, we performed simple
Gaussian fits in the image plane to estimate the cen-
troid position. The offsets between band 4 and band 7
ranged from 2mas (milliarcseconds) for Tau 042021 and
IRAS04200, up to 60 - 90mas for HH30, HVTauC, and
IRAS 04302. Most are larger than expected from source
proper motion between the different executions and from
the astrometric accuracy of ALMA (10% of the synthesized
beam, see ALMA Technical Notebook). However, for the
three disks with the largest offsets (HH30, HVTauC,
and IRAS 04302), different phase calibrators were used
between the observations. In addition, the standard phase
calibration could not be performed for the band 7 data of
IRAS 04302 and HVTauC (see above), and the weather
conditions during the band 7 extended configuration
observations were relatively poor, with phase rms of ∼ 64◦

on the longest baselines. This will also deteriorate the
positional accuracy. Overall, the astrometric accuracy of
our observations is not sufficient to confirm any significant
motion or shift of the sources between the two bands.
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Table 3. Millimeter fluxes.

Sources FB7 (mJy) FB6 (mJy) FB4 (mJy)
Tau 042021 124.2± 12.4 47.2± 4.7 15.4± 1.5

HH30 54.5± 5.5 22.3± 0.1a 6.9± 0.7
IRAS 04302 267.5± 26.8 37.2± 3.7
HKTauB 55.6± 5.6 4.4± 0.4
HVTauC 90.6± 9.1 11.6± 1.2
IRAS 04200 65.6± 6.6 11.6± 1.2
Haro 6-5B 340.9± 34.1 35.3± 3.5
IRAS 04158 259.2± 25.9∗ 2.0± 0.2∗

Oph 163131 125.8± 2.4b 44.8± 4.5
ESO-Hα 569 40.2± 4.0
ESO-Hα 574 9.3± 0.9
HH48NE 31.0± 3.1

Notes. Total fluxes are measured using elliptical apertures cen-
tred on the targets. (∗) Band 7: Total flux for the disk and central
binary. Band 4: Only flux from the central binary.

References. (a) Louvet et al. (2018), (b) Cox et al. (2017).

Because models of edge-on disks also show that offsets
between bands should remain minimal compared to the
beam size, we registered our images to a common center in
both bands. We aligned the band 4 and band 7 observations
using the fixplanets task in CASA1.

3. Results

3.1. Continuum emission and brightness temperatures

All millimeter-wavelength continuum images are presented
in Fig. 1. The majority of the disks in our sample show
an elongated emission shape, with large axis ratios and in
several cases roughly constant surface brightness along the
major axis, confirming that they are highly inclined.

Two disks in the sample, however, present a different
shape. Haro 6-5B and IRAS04158 show the presence of a
ring and central emission peak. We evaluate the position
of the rings in Section 3.2.1. As in previous CARMA ob-
servations (Sheehan & Eisner 2017), the band 7 image of
IRAS 04158 reveals a highly asymmetric ring (brighter on
the western side) with a compact source toward the center.
This ring is not detected in our band 4 observations, mostly
due to flux dilution into small beams. However, the band 4
observations clearly resolve the emission at the center of
the ring into two point sources. IRAS 04158 is a binary sys-
tem. A detailed analysis of this source will be presented in
a dedicated study (Ragusa et al., in prep).

The total continuum flux density of each source is
measured by integrating the signal, down to the 3σ noise
level, within elliptical apertures tailored to each source.
The flux densities are reported in Table 3. We use 10%
error values throughout Table 3, which correspond to
the typical flux calibration errors of ALMA (see ALMA
Technical Handbook2). We note that although the phase

1 We note that we set the option fixuvw to True when applying
the fixplanets task, which is similar to using the fixvis task.
2 https://almascience.eso.org/documents-and-
tools/latest/documents-and-tools/cycle8/alma-technical-
handbook

Table 4. Peak brightness temperatures.

Sources B7 (K) B4 (K)
Tau 042021 6.9† 5.3†

HH30 7.2 3.7
IRAS 04302 10.3 6.7†

HKTauB 11.4 5.4†

HVTauC 13.5 6.8
IRAS 04200 9.1† 8.7†

Haro 6-5B 15.8† 9.9†

IRAS 04158 5.2
ESO-Hα 569 6.5
ESO-Hα 574 4.3
HH48NE 4.9

Notes. The uncertainties are limited by errors in flux calibra-
tion and can thus be estimated by 10% of the reported brightness
temperature peak. The reported peak brightness temperatures
were computed using the same beam in both bands (see Ta-
ble A.1). We only report the peak band 7 brightness tempera-
ture of IRAS 04158 because the disk is not detected in band 4.
(†) Well resolved sources in all directions.

calibration method used for the extended configuration ob-
servations in band 7 was non-standard (see Section 2.2.1),
the flux calibration followed the usual procedure and,
accordingly, the flux calibration uncertainty should be
nominal. We checked that the integrated fluxes recovered
using the compact configuration band 7 observations or
both compact and extended configurations jointly are
consistent within 10%.

To further investigate the disk properties, we calculate
the brightness temperature, TB , maps of each source. To
ease the comparison between bands, we estimate the bright-
ness temperatures from the band 7 and band 4 maps com-
puted at the same angular resolution (see Section 2.4). We
do not use the Rayleigh-Jeans approximation. We show the
brightness temperature profiles measured along the major
axis in Fig. B.1 and report the peak brightness tempera-
tures in Table 4.

We note that, even for the most resolved sources (i.e.,
least impacted by beam dilution), the inferred brightness
temperatures are lower or comparable to those required to
be in the Rayleigh-Jeans regime, respectively T> 16.2K for
band 7 and 6.8K for band 4. This strengthens our choice
not to use this approximation. Additionally, we find that
the band 4 brightness temperatures are systematically lower
than the band 7 ones.

3.2. Surface brightness profiles

3.2.1. Radial extent

To characterize the radial extent of the disks, we present
cuts along the major axis of each disk in Fig. 2. The cuts
are normalized to their maximum intensity. For Tau 042021,
IRAS 04302 and HVTauC, for which the band 4 emission
is very noisy, we estimate the normalizing factor as the am-
plitude of the Gaussian best fitting the curves. All sources
are well resolved along their major axis.
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Fig. 1. Images of all sources included in this study normalized to their peak intensity (reported in the bottom right corner of each
image). Each column corresponds to a different band and each line displays two sources, separated by the vertical dashed line. We
show the beam size (ellipse) and a 0.5′′ scale (dark line) in the bottom left corner of each panel.

Morphology. For several sources, the brightness profile is
flat along the major axis direction and drops steeply at
the edges. This is particularly true for HH30, HKTauB,
HVTauC, and HH48NE. The lack of a central bright-
ness peak further supports the idea that these disks are
optically thick and highly inclined, so that we are viewing
only the outer optically-thick edge. Conversely, the disks

of Tau 042021, IRAS 04302, IRAS 04200, ESO-Hα 569, and
ESO-Hα 574 show more centrally peaked emission without
a clear plateau, suggesting that they are optically thinner
and/or viewed with a lower inclination, less edge-on. We
note that the radial brightness profile of HKTauB shows
hints of rising at the edges. While this is a marginal (3σ)
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Fig. 2. Normalized major axis intensity profiles. Data in the three bands are represented by the green (band 4), orange (band 6)
and blue (band 7) lines. The light shading corresponds to the normalized rms in each band. The beam sizes in the direction of
the cut are shown in the left part of each plot as horizontal lines. We indicate the shoulders of Haro 6-5B and Oph 163131 by an
arrow. We smoothed the cuts through Tau 042021 by convolving them by a 1-D Gaussian of the beam width, to reduce the noise
and make the plot clearer.
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Fig. 3. Normalized averaged minor axis intensity profiles. For the most inclined sources (resp. least inclined: IRAS 04200, Haro 6-
5B, and IRAS04158), these were obtained by averaging minor axis intensity cuts over the whole major axis extent of the disk
(resp. over the central 0.3′′). The light shading correspond to the normalized rms in each band. The beam sizes in the direction of
the minor axis are shown as dotted Gaussian of the corresponding color.
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Table 5. Position angle, inclination, major axis sizes, and estimates of the mean deconvolved major axis sharpness of the millimeter
data.

Sources PA iAxisRatio B7 B6 B4 Optical-NIR ∆r/r
(◦) (◦) (′′) (′′) (′′) (′′)

Tau 042021 -16 > 85 4.10± 0.01 3.76± 0.02 3.67± 0.01 5.0 0.6± 0.2
HH30 121 > 85a 1.85± 0.01 1.82± 0.02 1.73± 0.01 3.1 0.2± 0.1

IRAS 04302 175 > 84 3.15± 0.03 2.84± 0.01 0.7± 0.1
HKTauB 41 > 83 0.99± 0.01 0.99± 0.01 1.3 0.2± 0.1
HVTauC 108 > 80 1.20± 0.01 1.18± 0.01 0.8 0.5± 0.2
IRAS 04200 129 69± 2 1.00± 0.01 0.85± 0.01 1.0± 0.4
Haro 6-5B 145 74± 2 2.06± 0.01 1.74± 0.01 2.3 0.8± 0.3†

IRAS 04158 92 62± 3 7.47± 0.03 13.6
Oph 163131 49 > 80 2.50± 0.01 2.6 0.7± 0.2
ESO-Hα 569 144 > 64 1.88± 0.04 2.0 0.9± 0.2
ESO-Hα 574 141 > 69 1.35± 0.04 1.2 0.7± 0.2
HH48NE 75 > 68 1.72± 0.03 1.3 0.4± 0.1

Notes. For each source, the errors in the millimeter sizes correspond to one tenth of the beam width in the major axis direction.
When possible, the ∆r/r ratios correspond to their averaged values between the band 7 and band 4. All are deconvolved by the
beam. We also indicate an estimate of the inclination inferred from the millimetric mean axis ratio. These are lower limits when
the disks are not resolved along their minor axis in all bands by more than 2 beams, or when the measured inclination is too high
not to be influenced by the physical vertical extent of the disk. (†)∆r/r of the band 7 only.

References. (a) Louvet et al. (2018)

feature, this may indicate the presence of a ring (or transi-
tion disk).

Finally, three disks (Haro 6-5B, IRAS 04158, and
Oph 163131) show symmetric shoulders or clear evidence
of ring like features. The main ring of Haro 6-5B peaks
at ∼0.29′′ (41 au) in both bands. Furthermore, a shoulder
seen in band 7 is associated with a peak in the higher-
resolution band 4 cut; this would correspond to a fainter
ring located at ∼0.77′′ (108 au). The brightness asymme-
try of the outer ring in IRAS 04158 is very clear in the
major-axis cut: its western side is about 3 times brighter
than the eastern side. We also note that the ring is slightly
off-centered compared to the central binary. The west-
ern side of the disk peaks at ∼1.71′′ (239 au), while the
eastern side peaks at ∼2.28′′ (319 au) from the center.
We fit Gaussians on each side of the disk in the radial
profile and find that the eastern ring is about 1.7 times
wider than the western ring (with full width half maxi-
mum, FWHM, of 1.98′′ and 1.18′′ respectively). We also find
that Oph 163131 displays a relatively flat profile in the in-
ner 0.5′′, but has a sharp central peak. It has symmetric
shoulders at ∼0.70′′ radius, which suggests that this disk
contains two rings and is viewed slightly away from edge-on.
Further modeling of this source, focusing on dust emission,
will be presented in a separate analysis (Wolff et al., in
prep).

Size estimations. To determine the sizes, we first normal-
ized the major axis cuts presented in Fig. 2, as mentioned
in the beginning of this section. Then, for each source, we
estimate the relevant 3σ noise level in the image with the
worst signal-to-noise ratio, either band 4 or band 7. This 3σ
level is converted into a fraction of the peak, in percent. The
sizes in both bands are then measured at the same level,
which means at the same fraction of the peak. The size of
the disks along their major axis are reported in Table 5.
The errors correspond to a tenth of the beam size along the

major axis direction. We verified that using the FWHM of
the cut profiles instead of the 3σ levels yields similar con-
clusions. This is also the case for the cuts obtained from
the maps computed with a similar uv-coverage.

Along with the major axis size, we also estimate the
apparent sharpness of the disk edges, as measured in
the image plane. To do so, we measure the fractional
range of radius over which the millimeter emission de-
creases from 80% to 20% of the peak emission, called
∆r/r. We define ∆r by ∆r = |r80% − r20%| and the
normalization radius by r = |r80% + r20%|/2. We chose
this flux range because the radial profiles can usually be
well approximated by straight lines in this interval. We
report the values of ∆r/r in the last column of Table 5.
The values are the mean of the estimations in band 4
and band 7, and they are deconvolved by the beam
size. Sharp outer edges have small ∆r and hence small
∆r/r. For example, a typical beam with a FWHM of
0.1′′ would have ∆r/r ' 0.1 when calculated in a small
disk similar to HKTauB (r = 0.5′′), or ∆r/r ' 0.04 in
a disk as large as IRAS04302 (r = 1.2′′). All the disks
in our sample have ∆r/r values larger than 0.2, which
corresponds to shallower outer edges than the typical beam.

We find two different families of objects when compar-
ing the radial extent of the disks in band 4 and band 7. Four
sources (Tau 042021, IRAS 04302, IRAS 04200, and Haro 6-
5B) show a band 7 size more extended than the band 4 by
more than 2 beams. When compared with the same angular
resolution and uv-coverage, these sources have band 7 ma-
jor axis size on average 12% larger than that of the band 4.
As the band 7 shorter wavelength traces smaller particles
than those probed by band 4, the smaller sizes in band 4
suggest that the larger particles have drifted inward relative
to the smaller ones. The outer edges of these four sources
are well resolved and they have an average apparent sharp-
ness of ∆r/r ∼ 0.8, much shallower than the beam.
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For the three remaining sources (HH30, HKTauB,
HVTauC), no difference in radial extent is found between
band 7 and band 4. This might suggest the presence of
dust traps at the outer edges of these disks, which can slow
radial drift and lead particles to stop at particular radial
locations (Powell et al. 2019; Long et al. 2020). Including
HH48NE, these four sources have the sharpest edges, with
∆r/r between 0.2 and 0.5. The edges of these disks are only
marginally shallower than the typical beam. We note that
3 out of these 4 systems are known binaries and dynamical
interactions may also lead to sharp outer edges.

3.2.2. Disk extent perpendicular to the midplane

For the most inclined systems, the brightness maps shown
in Fig. 1 have very elongated, linear shapes rather than
elliptical ones, so we generate the minor axis profiles by
taking the mean of the cuts at all distances along the ma-
jor axis. In that case, the size of the minor axis is dominated
by the vertical extent of the disk perpendicular to the mid-
plane. For the less inclined sources where a clear ellipticity
is visible in the image (namely IRAS04200, Haro 6-5B, and
IRAS 04158), we generate the minor axis profiles by averag-
ing over a restricted range, only ±0.15′′ around the center
of the disk. In that case, the minor axis is dominated by the
projection of the disk radius. We show the averaged bright-
ness profile along the minor axis for all sources in Fig. 3.
Dashed lines trace the Gaussian beam profiles along the cut
direction.

We find that six out of the twelve disks of our sam-
ple are well-resolved along the minor axis, having a width
more than twice the beam width. They are Tau 042021,
IRAS 04200, Haro 6-5B (in both band 7 and band 4),
IRAS 04158 (in band 7), and IRAS04302, HKTauB (in
band 4). Additionally, the minor axis profiles of Haro 6-
5B and IRAS04158 reveal the presence of rings, and we see
a clear asymmetry in the band 7 cut of Haro 6-5B.

We measure the minor axis sizes by fitting Gaussians
to the generated profiles, Gaussians being good first ap-
proximations. For Haro 6-5B and IRAS04158 for which the
cuts show ring features, we estimate the FWHM directly
through the cuts, without fitting a Gaussian. We report
the resulting FWHM in Table 6, where the errors corre-
spond to a tenth of the beam size projected in the direction
of the cut3.

In order to extract the intrinsic vertical extent of the
disks, we also deconvolve the minor axis sizes by the
beam, assuming that both profiles are Gaussian. These
values are presented in the last columns of Table 6. For
the least resolved disks (i.e., for Oph 163131, ESO-Hα 569,
ESO-Hα 574, and HH48NE), we only report upper limits.
We estimate the uncertainties on the deconvolved minor
axis sizes by propagating the errors, assuming that the
error on the beam size is 10% of the beam major axis size.

We also estimate the disk inclinations from the mea-
sured axis ratio in all bands, and report them in Table 5. For

3 We note that even for the most inclined disks, the minor axis
size is related but is not a measurement of an equivalent ”dust
scale height” at a given radius. Indeed, observations are mea-
suring the integrated intensity along the line-of-sight over the
whole disk (i.e., from several radii) and are affected by optical
depth effects.

consistency, we use the FWHM of the major axis sizes (cut
at 50% of the peak flux) to estimate the inclination, as op-
posed to the size at 3σ reported in Table 5. For the sources
that are not resolved in the vertical direction (Oph 163131,
ESO-Hα 569, ESO-Hα 574, HH48NE) and those with the
smallest axis ratio (Tau 042021, IRAS 04302, HKTauB,
HVTauC), we present these values as lower limits. Indeed,
for the most inclined systems (i.e. those with the small-
est axis ratio), the minor axis size might not be dominated
by the inclination but by the actual vertical thickness of
the disks, which leads to lower apparent inclinations based
on the axis ratio only. Except IRAS04200, Haro 6-5B, and
IRAS 04158, all resolved disks have an inclination larger
than 75◦. We note that Tau 042021 is the only highly in-
clined disk resolved along its minor axis in both band 7 and
band 4. For this disk, the band 7 appears about 1.5 times
more extended vertically than the band 4.

3.3. Estimation of spectral indices

The millimeter spectral index, defined as Fν ∝ ναmm , can
be used to study optical depth and grain growth in a
disk (see e.g., review by Williams & Cieza 2011). Indeed, as-
suming scattering is negligible, the millimeter intensity can
be expressed as Iν = Bν(T )(1 − e−τν ), in which Bν(T ) is
the Planck function and τν the dust optical depth (which is
proportional to the dust absorption coefficient, κν ∝ νβ). In
the Rayleigh-Jeans regime and for optically thin emission,
we expect α ≈ 2 + β ≥ 2. Small ISM-like grains have a β
parameter of 1.5-2 (e.g., Li & Draine 2001), while grains of
millimeter or centimeter sizes are expected to have a β pa-
rameter closer to 0 (e.g., Pavlyuchenkov et al. 2019). Low
values of spectral indices (α ≤ 3) are usually interpreted
either in terms of the emission being optically thick or that
the dust grain size distribution has grown significantly to
reach millimeter/centimeter for the maximum sizes (e.g.,
Testi et al. 2014).

Using the continuum fluxes from our survey
and (sub)millimeter fluxes from the literature, we es-
timate the global millimeter spectral index αmm for each
source. We use a least-squares fit of all photometric points
between 800µm and 3.3mm. We find αmm ≤ 3 for all
disks, as can be seen in Table 7.

Global spectral indices do not take into account the spa-
tial distribution of the emission. Thus, for sources with mul-
tiple millimeter images, we computed spectral index maps
using the band 4 and band 7 observations. We generated the
spectral index maps pixel-by-pixel by applying the CASA
task immath on the band 7 and band 4 maps computed to
a unique resolution (see Section 2.4). Finally, to lower the
noise level in the spectral index map, we applied a filter
to keep only the pixels with emission well above the noise
level (5σ) in both the band 4 and the band 7 images. The
final maps and cuts along the major and minor axis are
displayed in Fig. 4.

We find that the spectral index increases with radius for
most sources, albeit with larger uncertainty at larger radii
due to the lower signal-to-noise ratio. Similarly, the spec-
tral index also rises along the minor axis direction for two
disks, Tau 042021 and IRAS04200. Previous studies identi-
fied similar increases in the radial direction in several disks
seen at lower inclinations (e.g., Pinte et al. 2016; Dent et al.
2019). The increases were attributed to changes in the dust
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Table 6. Full width half maximum of the (averaged) minor axis profiles, measured and deconvolved by the beam size.

Sources Minor B7 Minor B6 Minor B4 Deconvolved B7 Deconvolved B6 Deconvolved B4
(′′) (′′) (′′) (′′) (′′) (′′)

Tau 042021 0.32± 0.01† 0.49± 0.03 0.21± 0.01† 0.31± 0.01† 0.37± 0.06 0.20± 0.01†

HH30 0.21± 0.01 0.29± 0.03 0.27± 0.02 0.16± 0.02 0.14± 0.07 0.22± 0.02
IRAS 04302 0.32± 0.02 0.21± 0.01† 0.21± 0.05 0.20± 0.01†

HKTauB 0.13± 0.01 0.10± 0.01† 0.10± 0.01 0.09± 0.01†

HVTauC 0.17± 0.01 0.19± 0.01 0.13± 0.02 0.16± 0.02
IRAS 04200∗ 0.33± 0.01† 0.23± 0.01† 0.31± 0.01† 0.21± 0.01†

Haro 6-5B∗ 0.35± 0.01† 0.35± 0.01† 0.34± 0.01† 0.34± 0.01†

IRAS 04158∗ 2.36± 0.05† 2.31± 0.05†

Oph 163131 0.16± 0.07a 0.23± 0.02 < 0.14
ESO-Hα 569 0.37± 0.03 < 0.13
ESO-Hα 574 0.33± 0.03 < 0.21
HH48NE 0.49± 0.05 < 0.24

Notes. The uncertainties on the measured minor axis sizes correspond to one tenth of the beam size along the cut direction.
(∗) Disks with inclination lower than 75◦. Their minor axis size is likely dominated by the radial extent of the disk over its vertical
extent, as opposed to more inclined disks. (†) Resolved by more than 2 beams in the minor axis direction. These are the ones for
which the deconvolved minor axis size should be the most reliable.
References. (a) Cox et al. (2017)
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Fig. 4. Top row: Spectral index maps, applying a filter to keep only the pixels with more emission than 5σ in both bands. The
beam size is shown in the bottom left corner, along with a dark line representing a 0.5′′ scale. Middle row: Spectral index cuts
along the major axis. Bottom row: Spectral index profiles along the minor axis, averaged as done for Fig. 3 (see text Section 3.2.2).
For all cuts, yellow errors correspond to a flux calibration error of 10% in both bands, while orange errors are estimated from the
signal-to-noise in each band. The x-axis corresponds to the offset to the center of the disk in arcseconds.

size distribution and/or to lower optical depths at large
radii. Very inclined systems on the other hand appear op-
tically thicker than low inclination ones for the same mass.
This is due to projection effects, because the line-of-sight
crosses the disk over a longer distance. This suggests that,
for the most inclined disks of our sample, spectral index
variations are dominated by changes of optical depth in-
side the disk (i.e., opacity effects) rather than by grain
growth (see also our radiative transfer model, Appendix C).

However, at the outer edges (both radially and vertically),
where the disks become optically thinner, spectral index
variations are enhanced by changes in the dust size dis-
tribution (see e.g., Tau 042021, IRAS 04302, IRAS 04200,
and Haro 6-5B, where we found large differences in major
axis sizes between band 7 and band 4). We also note that
HH30, IRAS 04302, HKTauB, and HVTauC show the op-
posite behavior of Tau 042021 and IRAS04200 along the
minor axis, their spectral indices decrease. However, none
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Table 7. Integrated spectral indices.

Sources αmm
Tau 042021 2.5± 0.1

HH30 2.5± 0.1
IRAS 04302 2.3± 0.1
HKTauB 3.0± 0.2
HVTauC 2.2± 0.2
IRAS 04200 2.1± 0.4
Haro 6-5B 2.6± 0.1
IRAS 04158 2.9± 0.6
Oph 163131 2.6± 0.1
ESO-Hα 569 2.3± 0.2

Notes. The millimeter spectral indices were calculated using
the fluxes from Table 3 together with literature measurements
(references for these are reported below). No spectral indices
are reported for ESO-Hα 574 and HH48NE because they were
observed in only one millimeter band.
References. Tau 042021: Andrews et al. (2013), HH30: Lou-
vet et al. (2018), IRAS 04302: Moriarty-Schieven et al. (1994);
Gräfe et al. (2013); Wolf et al. (2003), HKTauB: Duchêne et al.
(2003), HVTauC: Andrews et al. (2013); Duchêne et al. (2010),
IRAS 04200: Andrews et al. (2013), Haro 6-5B: Dutrey et al.
(1996), IRAS 04158: Andrews et al. (2008); Motte & André
(2001), Oph 163131: Cox et al. (2017), ESO-Hα 569: Wolff et al.
(2017)

of them is well resolved along the minor axis at the res-
olution of the restoring beam, so variations can be more
affected by beam dilution and are less reliable.

Finally, we point out that we obtain spectral index val-
ues lower than 2 in the innermost regions of two disks:
namely Tau 042021 and IRAS04200 (see also our radiative
transfer model, Appendix C). Such low values have also
been reported in the inner regions of other disks (e.g.,
Huang et al. 2018a; Dent et al. 2019), and have often
been interpreted as flux calibration errors because in the
Rayleigh-Jeans regime α should not be smaller than 2.
However, considering a 10% flux calibration error (yel-
low shaded regions in Fig. 4), the lowest α values mea-
sured in Tau 042021 and IRAS04200 can not be reconciled
with α = 2. Recent studies showed that low dust tempera-
ture (outside the Rayleigh Jeans regime) or dust scattering
in optically thick regions can reduce significantly the emis-
sion of a disk. In both cases, the spectral index can be even
lower than 2 (e.g., Liu 2019; Zhu et al. 2019). In the context
of highly inclined disks such as Tau 042021 and IRAS04200,
which are optically thick, both explanations are equally
valid to explain low spectral indices observed. Modeling is
needed to determine which one is dominant.

To summarize, because of the high inclination of
our sources, we interpret the observed variation of spec-
tral indices along the major axis as being dominated
by optical depth changes in the disks. Additionally, we
find that the low spectral index values measured in
Tau 042021 and IRAS04200 can either be related to low
dust temperatures or to dust scattering in optically thick
regions.

3.4. Comparison with optical and NIR images

We present overlays of optical and NIR images with our
band 7 observations in Fig. 5. For most disks, we use HST

optical images but prefer (space-based or ground-based)
near-infrared (NIR) images in a handful of cases to re-
duce confusion with extended nebulosity (see references in
Fig. 5). All scattered light images show the same character-
istic features, with two bright reflection nebulae separated
by a dark lane tracing the obscuration of direct starlight by
the edge-on disk. As opposed to the scattered light images,
the millimeter data appear as very flat disks. All sources
are found much less extended vertically in the millimeter
than in scattered light, the result of a combination of opac-
ity effects and vertical settling. Most of them also appear
less extended radially, which can be linked to dust radial
drift or opacity effects.

We estimate the scattered light major axis sizes by fol-
lowing the spine of each nebula (see method in Appendix D)
and report the inferred radial sizes in Table 5. We could
not estimate the scattered light sizes for two disks of the
sample: for IRAS 04302 because we do not see the disk but
the envelope; and for IRAS 04200 because the bright point
source in the northern nebulae prevented the method to
converge. Also, we indicate that our scattered light radial
sizes might be under-estimated because lower illumination
or lower sensitivity in the outer regions might reduce the ap-
parent optical-NIR size (see for example Muro-Arena et al.
2018). A complete analysis will require the use of tracers of
the gas distribution, which we postpone to a future paper.

Despite this, we find that most sources are larger radi-
ally in scattered light than in the millimeter, albeit with
a few exceptions, the most obvious case being HVTauC.
ESO-Hα 574, and HH48NE, although formally more com-
pact in scattered as estimated with our algorithm, have
very similar sizes and will require deeper millimeter data
for confirmation.

The ratios of scattered light over thermal continuum
band 7 sizes are between 0.7 and 2.0. This is in general
consistent with predictions from radial drift theory: the ob-
jects with clear evidence for radial drift being those in which
scattered light disk (small grains) is significantly larger than
the millimeter continuum disk (large grains). While we do
not quantify explicitly the vertical extent of the scattered
light images, Fig. 5 clearly shows that all disks are signif-
icantly more extended vertically in scattered light than at
millimeter wavelengths, which indicates vertical settling has
occurred in each disk.

4. Discussion

In this section, we use the brightness profiles of the highly
inclined disks of our sample to discuss critically the ampli-
tude of vertical dust settling, radial drift, and the effects of
the enhanced optical depth due to projection effects. To this
effect we constructed several toy disk models and performed
radiative transfer with the mcfost code (Pinte et al. 2006,
2009) to produce synthetic images for comparison with the
data. The toy models include a disk without rings or gaps
and have an outer radius of 140 au (1′′). We assume that
the surface density follows a truncated power law. The syn-
thetic images are computed with and without vertical dust
settling.

For the model without settling (NS), the dust is well
mixed with the gas and assumed to have a scale height of
10 au at a radius of 100 au. For the model with dust set-
tling (S), we assume that, as a function of size, dust follows
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Tau 042021 HH 30 IRAS 04302 HK Tau B

HV Tau C IRAS 04200 Haro 6-5B IRAS 04158

Oph 163131 ESO-Hα 569 ESO-Hα 574 HH 48 NE

Fig. 5. Overlay of scattered light (colors, in logarithmic scales) and ALMA band 7 continuum images (5, 10, 20, and 50σ contours)
for all sources in this study, except for Oph 163131 for which we show the band 6 image. The scattered light images are plotted
between 3σ (except for IRAS 04302 and IRAS04158, where we use respectively 60 and 1σ to increase the contrast) and their
maximum brightness (except for IRAS 04158, for which we take a lower value to increase the contrast). The ellipse and horizontal
line in the bottom left corner indicate the beam size of the ALMA image and a 0.5′′scale.

References. Scattered light images, 2.2 µm: HVTauC: Duchêne et al. (2010); 1.9 µm: IRAS 04302: Padgett et al. (1999); 1.6 µm:
Haro 6-5B: Padgett et al. (1999); 0.8 µm: Tau 042021: Duchêne et al. (2014), HH30: Watson & Stapelfeldt (2004), IRAS 04158:
Glauser et al. (2008), ESO-Hα 569: Wolff et al. (2017), HH48NE: Stapelfeldt et al. (2014); 0.6 µm: IRAS 04200: Stapelfeldt et
al. (in prep), Oph 163131: Stapelfeldt et al. (2014), ESO-Hα 574: Stapelfeldt et al. (2014); 0.4 µm: HKTauB: Duchêne et al. (in
prep).

the vertical density profile prescribed by Fromang & Nel-
son (2009). Following the results from Pinte et al. (2016)
for HLTau, a very flat disk when observed with ALMA,
we set the vertical distribution of the millimeter dust (ex-
pressed in terms of a "scale height") to be h1mm = 0.7 au
at 100 au. This corresponds to a disk viscosity coefficient
of α = 3 · 10−4.

The toy model is also calculated for two different dust
masses in order to probe the effect of optical depth. We
consider intermediate to high mass disk models based on
the upper limits on the dust mass derived for our sample
of highly inclined disks (Section 4.3.1). We use Mdust =
1 · 10−3M� for high mass disk models (HM), and Mdust =
5·10−5M� for low mass models (LM). In total four different
sets of images are calculated. We use a distance of 140 pc.

We computed the models at 0.89mm (resp. 2.06mm)
for inclinations between 75◦ and 90◦, and produced syn-

thetic images using the CASA simulator with the same
uv-coverage as our band 7 (resp. band 4) data. The syn-
thetic band 7 images (0.89mm) of each model are presented
in Fig. 6. The band 4 images are qualitatively similar as
those presented in Fig. 6 but slightly less extended in the
vertical direction.

We also generated band 7 and band 4 model images
with a unique angular resolution using a uv-taper. Using
these maps, we computed the brightness temperatures and
spectral index maps of the models, which are presented in
Appendix B and C.

4.1. Constraints from the surface brightness profiles

4.1.1. Vertical extent

For the high and low mass models presented in Fig. 6, we
see that the disks appear less extended in the minor axis di-
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rection when settling is included. For the high mass model
without settling (model NS-HM), we find that as the incli-
nation approaches 90◦, the high optical depth in the mid-
plane results in a clear low intensity lane, separating the
two sides of the disk. On the other hand, at lower inclina-
tions the bottom (far) side of the disk is about 5-6 times
fainter than the top (near) side. This is visible directly in
Fig. 6 and highlighted in a different way by showing cuts
along the minor axis in Fig. 7 for inclinations of 80◦ (fainter
back side) and 90◦ (dark lane). As the angular resolution
is similar and the signal-to-noise is greater than 14 for all
targets included in this study, such an asymmetry would
be detectable easily in our observations. However, neither
the vertical asymmetry nor the dark lane in the midplane
are present in our data. This configuration (NS-HM) can
be ruled out. Interestingly, the features can hardly be seen
in the high mass model which includes settling, nor in any
of the low mass models. If the disks included in our sample
are as massive as the high mass model, this would indicate
that they have a small millimeter dust scale height, closer

to 1 au than to 10 au at a radius of 100 au. This is similar
to the results of Pinte et al. (2016) for the disk of HLTau.

To go further, the deconvolved minor axis sizes of the
models can be compared with the average size obtained for
the most inclined disks of our sample (i.e., with i > 80◦).
For the data, the mean deconvolved minor axis size is about
0.18′′ in band 7 (0.17′′ in band 4, see Table 6). Except
for the high mass model without settling (model NS-HM),
which is more than twice as thick as the observations (de-
convolved minor axis size ∼ 0.4′′ at 80◦ and 90◦), all models
studied in this section are compatible with the vertical ex-
tent measured in the data (in band 7, typical deconvolved
sizes of ∼ 0.2′′ for S-HM, NS-LM at 80◦ and 90◦, and for S-
LM at 80◦, and ∼ 0.1′′ for S-LM at 90◦). Thus, the vertical
extent alone is not sufficient to distinguish whether vertical
settling is required to explain the observations or not.
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Fig. 7. Normalized averaged minor axis profiles for the high and
low mass settling models (solid lines) and No Settling models
(dashed lines) computed at 0.89mm (band 7), at 80◦ (left panel)
and 90◦ (right panel).

4.1.2. Radial brightness profile

We now investigate the effect of inclination on the observed
radial brightness profiles. To do so, we produce major axis
cuts of our radiative transfer models, as in Section 3.2.1,
and present them in Fig. 8. We also estimate the apparent
sharpness between 20% and 80% of the peak flux (∆r/r) for
our models as in Section 3.2.1, and report them in Table 8.

Along the major axis, the effect of inclination on the
shape of the brightness profile is very clear both in the
images (Fig. 6) and in the cuts (Fig. 8). For all models, at
the lowest inclinations, the images and cuts show a steep
increase in intensity at the center, and low apparent edge
sharpness (∆r/r > 1 for i < 80◦). On the contrary, for
the fully edge-on configuration (i = 90◦), the major axis
brightness profile of the high mass models is flat at all
radii and drops steeply (∆r/r ∼ 0.2 at 90◦ for both high
mass models S-HM and NS-HM). Between these extreme
cases, the cuts show a less extended plateau and shallower
outer edges than for the 90◦ case, related to lower optical
depth than in the edge-on case. We note that in the low
mass models, which are optically thinner, the flat plateau
along the major axis direction is never reached and the
apparent disk sharpness is always larger than ∆r/r > 0.6.
Nevertheless, we find that, independently of the dust mass
assumed for the models, the apparent sharpness of the disk
outer edge increases with increasing inclination.

Three disks in our sample show edges as sharp as 0.3.
They are HH30, HKTauB, and HH48NE. The comparison
with models suggests that these disks are the most inclined
of the sample. Additionally, these disks present flat radial
brightness profiles that the low mass models are unable
to reproduce. This indicates that they are optically thicker
than the low mass model, likely because they are more mas-
sive. In Section 4.1.1, we have shown that a more massive
disk, while leading to a flat profile along the major axis
direction also presents a larger vertical extent. Our high
mass model without settling is inconsistent with the obser-
vations (see Fig. 6, NS-HM model). This implies that verti-
cal settling is needed to explain both the flat radial profile
and small apparent vertical extent of these three disks. For
these systems the millimeter scale height would be closer
to 1 au than to 10 au at 100 au, therefore increasing signifi-
cantly the concentration of dust mass in the disk midplane.
Although we can not confirm vertical settling for the other
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Fig. 8. Normalized major axis intensity profiles for the high
mass (left) and low mass (right) models at 0.89mm, for different
inclinations between 75◦ and 90◦.

Table 8. Effect of inclination on the apparent edge sharpness
∆r/r for our radiative transfer models.

Incl (deg) S - HM NS - HM S - LM NS - LM
75 1.7± 0.3 1.7± 0.2 1.5± 0.4 1.5± 0.3
80 1.7± 0.2 1.2± 0.1 1.6± 0.3 1.6± 0.3
85 1.5± 0.1 0.4± 0.1 1.6± 0.2 1.2± 0.1
87.5 0.9± 0.1 0.2± 0.1 1.6± 0.2 1.0± 0.1
90 0.2± 0.1 0.2± 0.1 0.6± 0.1 1.0± 0.1

sources, we believe that their vertical structure is likely sim-
ilar and governed by settling, in particular because of the
large vertical size difference between the scattered light and
thermal emission images.

Vertical settling models show that the turbulence gen-
erated self-consistently by ideal MHD or vertical shear in-
stabilities are likely too strong to lead to millimeter scale
height as small as 1 au at r = 100 au for gas scale heights
of 10 au at 100 au (Flock et al. 2017, 2020). On the other
hand, non-ideal effects such as ohmic resistivity or ambipo-
lar diffusion lead to lower turbulence and thus to very thin
millimeter grain layers (Riols & Lesur 2018). Those mecha-
nisms may well be dominant in the sample of disks analyzed
here. Detailed modeling of each individual object is needed
to obtain a quantitative estimate of the millimeter dust and
gas scale height of the disks.

4.2. Comparison with a radial drift model

Similarly to previous multi-wavelength studies (e.g., Pérez
et al. 2012; Tripathi et al. 2018; Powell et al. 2019), our
observations show that 4 disks have major axis sizes that
decrease with wavelength (namely Tau 042021, IRAS 04302,
IRAS 04200, Haro 6-5B, see Table 5 and the radial variation
of their spectral index in Fig. 4). For these disks, the aver-
age size difference between band 7 and band 4 observations
is about 12%. Estimating the major axis sizes from our ra-
diative transfer models described in Section 4 (which do
not include radial drift), we find that opacity effects alone
predict a difference of only a few percents between bands,
which is not sufficient to reproduce the observations. In
this section, we compare the measured radial differences
with an analytical radial drift model, presented by Birn-
stiel & Andrews (2014). Similarly to other theoretical mod-
els, they showed that inward dust migration of single size
particles spontaneously produces a sharp edge in the dust
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density distribution (Birnstiel & Andrews 2014; Facchini
et al. 2017; Powell et al. 2019). Birnstiel & Andrews (2014)
computed an analytical formula to infer the position of the
disk outer edge in a disk with radial drift only (see their
equation B9). The vertical extent of the grains is not con-
sidered in their model. They assume a smooth tapered-edge
gas surface density profile and parametrize the turbulence
following Shakura & Sunyaev (1973).

Assuming that the band 7 and band 4 emission only
originate from grains of the optimal size (a ≈ λ/2π), the
model by Birnstiel & Andrews (2014) predicts a size dif-
ference in surface density between band 7 and band 4 of
about 25% (after 0.1Myr). While the predicted effect is
marginally too strong, the absolute disk sizes are more
problematic. When grains of 0.1µm detectable in scattered
light are expected to be found up to 135 au after 0.1Myr,
the model predicts that grains emitting most at 0.89mm
should have drifted to 42 au. This corresponds to a mi-
cron/millimeter disk radius ratio greater than 3, which is
more than 1.5 times larger than the largest ratio measured
in our data. Part of these differences might be explained
because the observations are not probing the surface den-
sity of the disk, because several grain sizes (that might have
drifted to different radii) have to be considered rather than
a unique one, or because our disks are older than 0.1Myr so
they might be affected by viscous spreading as well. Besides,
as discussed previously (Section 3.4), we note the scattered
light images might not always trace the whole disks, since
they require illumination (and sufficient optical depth) to
trace the disk all the way to the edge. This can lead to ap-
parent sizes in scattered light that are smaller than the real
radial extent of small grains. However, the small expected
sizes at millimeter wavelengths suggest that this radial drift
model is too efficient to reproduce the observations (see also
Brauer et al. 2007). The existence of pressure fluctuations in
the disks (e.g., rings and gaps tracing pressure bumps and
dust traps) rather than smooth power law surface density
profiles are expected to slow down the drift efficiently (see,
e.g., Gonzalez et al. 2017; Pinilla et al. 2012) and help recon-
cile models with observations. We speculate that the disks
included in our study may have complex radial structures
to slow down the radial migration of dust.

4.3. Effect of inclination on global values

Most Class II disk surveys in close-by star-forming regions
estimate dust masses directly from the measured integrated
fluxes assuming optically thin disks, irrespective of the disk
inclinations (e.g., Andrews et al. 2013; Ansdell et al. 2016;
van der Plas et al. 2016). However, because of the projec-
tion effect, the optical depth along the line-of-sight increases
with inclination and will affect the observed flux. In this
section, we investigate the impact of inclination on inte-
grated fluxes, dust mass estimations, and integrated spec-
tral indices. Finally, we also discuss the measured bright-
ness temperatures obtained for our disks in the context of
optical depth.

4.3.1. Flux density and derived masses

We present the variation of the integrated band 7 and
band 4 fluxes in our high mass radiative transfer mod-
els (with and without settling) as a function of inclination
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Fig. 9. Top: Variation of the band 7 and band 4 integrated
fluxes of the high mass radiative transfer models with settling
(thick lines) and without settling (thin lines) as a function of the
inclination. Bottom: Variation of the integrated spectral index
with inclination for both high and low mass radiative transfer
models, with or without including settling.

in Fig. 9. The effects of dust scattering are fully included
in the radiative transfer calculations. Overall, the emitted
flux density of the disk becomes attenuated by up to an
order of magnitude with increasing inclination. This is due
to a combination of the increasing optical depth, a lower
average dust temperature seen by the observer for high
inclinations, and to geometrical effects (reduced emitting
surface with increasing inclination). In this model, from
∼60◦ to 90◦, the flux density and thus the derived disk
mass would appear significantly smaller than for the same
disk viewed at intermediate inclinations (by up to ∼10
times for the high mass settled model). The amplitude
of the attenuation depends on the parameters of the
model. We note that in Fig. 9, the model without settling
is brighter than the corresponding settled model for all
inclinations. This is due to temperature differences between
the settled and no settling models, to differences in optical
depths and to geometrical effects. Similar behaviors are
seen in the low mass models which are not represented.

This raises the question of the reliability of disk masses
derived purely from millimeter fluxes, in particular for sur-
veys where the disks are not well resolved and inclinations
cannot be estimated. We focus here on the highly inclined
disks of our sample. For a direct comparison with previ-
ous studies, we assume optically thin and isothermal dust
emission at sub-millimeter wavelengths. In that case the
flux (Fν) is directly related to the dust mass following:
Mdust = Fνd

2/κνBν(Tdust), where d is the disk distance
to the Sun, Bν(Tdust) the Planck function evaluated at a
mean representative dust temperature Tdust, and κν the
dust grain opacity. We use typical values of Tdust = 20K
and κν = 3.4 cm2 g−1, as in Ansdell et al. (2016, and refer-
ences therein) to estimate the dust mass of the disks in the
sample, using the band 7 fluxes. For the data, the results
are reported in Table 9. As noted above, these masses are
almost certainly underestimated and so we quote them as
lower limits.
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Table 9. Mass limits.

Sources Mdust B7 (M⊕)
Tau 042021 > 25.5

HH30 > 11.2
IRAS 04302 > 54.8
HKTauB > 11.4
HVTauC > 18.6
IRAS 04200 > 13.4
Haro 6-5B > 69.8
IRAS 04158 > 53.1
Oph 163131 > 25.8
ESO-Hα 569 > 13.6
ESO-Hα 574 > 3.1
HH48NE > 7.1

Notes. Dust masses are estimated from the band 7 fluxes (Ta-
ble 3), assuming optically thin emission, and therefore are lower
limits (see text for details).

By applying the formula directly we find a mean dust
mass of about 25M⊕ for the 6 edge-on disks more inclined
than 75◦. For comparison, at an inclination of 90◦, the es-
timated dust mass of both the high mass and low mass
settled models are more than 3 times lower than the real
dust mass. Without full modeling, it is difficult to find a re-
liable correction factor for individual sources to compensate
the attenuation due to inclination. The disk masses of our
highly inclined sample are probably a few times larger, that
is up to ∼75M⊕ when applying the same factor of 3. This is
on the high end of the dust mass distributions of Taurus or
Lupus star-forming regions (mean of 15M⊕, Ansdell et al.
2016).

This result suggests that our sample of edge-on disks is
biased toward more massive disks. This is a direct conse-
quence of the important attenuation caused by the high in-
clination, making the starlight and the disk emission fainter.
This may also explain, at least partly, why the number of
known edge-on disks with resolved images remains sparse,
even today. A comprehensive study of the biases affecting
the edge-on disk population and their detection will be pre-
sented in Angelo et al. (in prep).

4.3.2. Integrated spectral indices

The median spectral index of the edge-on disks in our study,
ᾱmm = 2.5 ± 0.3, is similar to previous measurements of
intermediate-inclination disks, for example 2.3± 0.1 in the
Lupus and Taurus star-forming regions (Ribas et al. 2017;
Ansdell et al. 2018). At first glance, this is surprising as
edge-on disks are expected to appear more optically thick,
but Sierra & Lizano (2020) showed that the spectral index is
only mildly dependent on inclination based on an extensive
study.

To further understand the integrated αmm for edge-
on disks, we computed them for our radiative transfer
models. The expected values at different inclinations are
shown in the bottom panel of Fig. 9. We find that the
variation of spectral index with inclination is relatively
small (1.9 . αmm . 2.2 for the high mass settled model,
and 2.1 . αmm . 2.5 for the low mass settling model for
inclinations lower than 87◦), in agreement with Sierra &
Lizano (2020). This is because the models are (at least par-

tially) optically thick even at low inclination and because
large grains are included (maximum grain size is 3mm).
The small difference in integrated spectral index observed
between our sample of edge-on disks and disks at lower incli-
nations can be explained if most disks are partially optically
thick at millimeter wavelengths and/or if grains have grown
to millimeter/centimeter sizes. Grain growth is known to
have occurred in class II disks, leading to low spectral in-
dices (Ricci et al. 2010; Testi et al. 2014). Similarly, recent
imaging campaigns have revealed that ring structures are
very common in protoplanetary disks (Huang et al. 2018b)
and generally associated with optically thick regions with
large grains (e.g., Dent et al. 2019). So far, the edge-on disks
in our sample appear similar to the disks observed on other
surveys, except from their viewing angle.

Interestingly, for inclinations greater than 70◦ for the
high mass or 87◦ for the low mass model, we find a clear dif-
ference in the integrated spectral index between the models
with and without settling. While at these inclinations the
spectral index decreases in the models without settling (see
also Galván-Madrid et al. 2018), we find that the integrated
spectral index increases for the settled models, reaching
about 2.2 at 90◦ for the high mass model (2.8 for the low
mass model). This can be explained by the contribution of
the optically thick midplane that decreases for increasing
inclination (as it appears colder) while the contribution of
the upper layers (rich in small grains with higher β values)
increases, leading to higher values of the integrated spectral
indices for the settled model (see, e.g., Fig. C.1). Said dif-
ferently, for very large inclinations several line-of-sights do
not cross the disk midplane containing large grains but only
the high altitude layers above and below it. Since these lay-
ers are optically thinner and contain only small grains, the
spectral index increases. However, further studies are re-
quired to investigate this effect (e.g., Sierra & Lizano 2020)
and its applicability to specific objects.

4.3.3. Brightness temperatures

Assuming that scattering is negligible and that the dust
temperature is high enough (e.g., in the Rayleigh-Jeans
limit) and constant over the emitting region, the bright-
ness temperature of dust emission at frequency ν can be
expressed as TB = ηc Tp (1 − e−τν ), where τν is the
optical depth of the medium, Tp the mean dust physi-
cal temperature (see e.g., Wilson et al. 2009), and ηc the
fraction of beam covered by the source. In the isother-
mal optically thick limit (τν � 1), for a source filling the
beam (but smaller than the largest angular scale of the in-
terferometric observations) the brightness temperature cor-
responds to Tp−2.7K, because the cosmic microwave back-
ground (CMB) is resolved out by the interferometer. For
compact sources, beam dilution would reduce the observed
brightness temperatures below Tp. Scattering is also known
to decrease dust emission from very optically thick regions,
which would also effectively lead to lower observed bright-
ness temperatures (Zhu et al. 2019). The brightness tem-
peratures were estimated in Section 3.1. Major axis cuts
are presented in Fig. B.1 and we report the peak brightness
temperatures in Table 4.

We estimate a mean peak brightness temperature of
10.6K for the three best resolved sources in band 7
(Tau 042021, IRAS 04200, and Haro 6-5B). These values are
particularly low compared to previous estimates on other
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disks around stars of similar spectral types. As an example,
Andrews et al. (2018) derived a mean brightness tempera-
ture peak of 66.5K for the 17 disks of the DSHARP sample
around K&M stars observed in band 6. These disks have
a mean inclination of 42◦, while all disks of our study are
more inclined than 65◦. The brightness temperatures we de-
rive for our disks are also much lower than the traditional
Tdust = 20K assumed in flux-to-mass conversions (see e.g.,
Section 4.3.1).

Although the measured brightness temperatures are in-
tegrated over some vertical extent because of the beam size,
and therefore include a vertical temperature gradient, for
the well-resolved disks TB does provide a reasonable esti-
mate of the temperature of the outer midplane where the
line-of-sight optical depth reaches unity. This is the case
for Tau 042021 for example. The low brightness tempera-
tures measured in these optically-thick edge-on systems is
likely to reflect the midplane temperature in the cold outer
radii of the disks. This in agreement with the idea that the
disks appear optically thick because of projection effect.

4.4. Individual targets

4.4.1. HKTauB: Comparison with a published model

HKTauB is the only Class II disk of the sample which is
resolved by ALMA in the minor axis direction (in band 4)
and for which the scattered light image has been mod-
eled previously. Stapelfeldt et al. (1998) estimated the scale
height of micron-sized grains to be on the order of 3.9 au
at 50 au (8.3 au at 100 au, assuming a flaring exponent of
1.1 as in Stapelfeldt et al. 1998). Aiming for a quantitative
comparison of scale height between millimeter and micron-
sized grains, we computed their best model C at millimeter
wavelengths (at 0.89mm and 2.06mm) using the radiative
transfer code mcfost. The parameters of the model are re-
ported in Table 1 of Stapelfeldt et al. (1998) and the 0.8µm
image of the model can be found in their Fig. 3. Following
the results of Duchêne et al. (2003), we adopt revised opac-
ities in our model, leading to a revised disk dust mass of
5.9×10−5 M� to match the observed millimeter fluxes. We
use silicate dust grains with sizes from 0.01µm to 15 cm
and assume a number density described with a power law
of the grain size dn(a) ∝ a−3.5da. This yields opacities of
4.8 cm2/g and 2.6 cm2/g (per dust mass) respectively at
0.97mm and 2.06mm. Assuming a gas-to-dust mass ratio
of 100, this is comparable to standard assumptions (e.g.,
Beckwith et al. 1990, 0.048 cm2/g and 0.026 cm2/g of gas
and dust, respectively). For a direct comparison, we assume
that grains of all sizes are fully mixed and produce synthetic
images using the CASA simulator with the same uv cover-
age as in our observations. We show the results in Fig. 10.

We find that the model does not reproduce well the
millimeter images of HKTauB. Along the major axis, the
model is too peaked at the center (less flat-topped) and
more extended in the radial direction than the actual mil-
limeter data. As discussed in Section 4.1.2, the more peaked
profile suggests that the observed millimeter disk is more
optically thick than what is predicted by the model. While
the best model of Stapelfeldt et al. (1998) contains a full
disk at an inclination of 85◦, we suggest that a higher incli-
nation, closer to 90◦ (see Section 4.1.2), or the presence of
a large but unresolved inner cavity would reproduce better
the major axis brightness profile.

Along the minor axis, the band 4 cut indicates that the
model is also more extended vertically than the data (see
Fig. 10). As previously proposed by Duchêne et al. (2003)
this hints for vertical segregation of dust grains in this disk,
millimeter grains being located in a vertically thinner layer
than micron-sized grains. However the low signal-to-noise
of the band 4 data and the low angular resolution in band 7
prevent us from a strong conclusion.

4.4.2. Vertical settling in Tau 042021

Tau 042021 is the only edge-on disk clearly resolved verti-
cally in both band 7 and band 4. For this disk, the band 7
appears about 1.5 times more extended vertically than the
band 4 (see Table 6). We note that Tau 042021 is only
marginally resolved in band 6, so the size at this wave-
length is uncertain. For our high mass radiative transfer
model without settling (i.e., including only optical depth
effects), we find a band 7 to band 4 minor axis ratio of
about 1.1 at i = 90◦ (respectively 1.2 for the low mass set-
tled model), significantly smaller than the observed value.
Although this model is not unique, it indicates that opac-
ity effects are not sufficient to produce the large difference
in minor axis size observed, which suggests that grain-size-
dependent vertical settling is occurring in this disk as well.
In this section, we compare the measured minor axis ratio
with predictions from several vertical settling models. We
assume that the disk is perfectly edge-on so that variations
along the minor axis are dominated by differences in ver-
tical extent between bands rather than projections of the
disk radius.

From the minor axis ratio measured in Tau 042021, one
can estimate the scaling of the minor axis size (Sd) with
grain size (a) assuming Sd ∝ a−m. Assuming that most of
the emission comes from grains of the optimal size (a ≈
λ/2π), we obtain: m = − log(Sd,b7/Sd,b4)/ log(ab7/ab4) ∼
0.5.

If we additionally assume that Sd is directly propor-
tional to the dust "scale height" (hd), an exponent of
m = 0.5 has been predicted for large grains in the context
of a 1-D diffusion theory (Dubrulle et al. 1995). Perform-
ing numerical simulations including non-ideal MHD effects
such as ambipolar diffusion, Riols & Lesur (2018) also es-
timated a relationship of dust scale height with grain size
with an exponent of 0.5, valid for large grains (St & 10−2).
For comparison, using the standard disk model presented in
Riols & Lesur (2018, equation 13), at 100 au, grains of the
optimal size emitting in band 7 would have Stokes numbers
larger than 2.5 · 10−2.

On the other hand, Fromang & Nelson (2009) estimated
that in the case of ideal MHD, the dust scale height varies
as: hd ∝ a−0.2. Settling obtained with ideal MHD is ex-
pected to be less efficient than other models previously dis-
cussed. However, we note that this expression was estimated
for small grains (St ≤ 10−2) and might not apply for the
grain sizes that we are probing at millimeter wavelengths.

To summarize, we find that the large minor axis differ-
ence observed in Tau 042021 at different millimeter wave-
lengths has to be associated with strong settling. To com-
pare our observations with settling models, we make the
assumption that the measured minor axis extent is pro-
portional to the real dust scale height. While ideal MHD
simulations predict a settling less efficient than observed, a
simple 1-D diffusion theory (in the case of strong settling,
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Fig. 10. Left panels: ALMA data of HKTauB. In all the figure, top row is band 7 and bottom row is band 4. Middle-left panels:
Millimeter images of the best model C of Stapelfeldt et al. (1998), assuming well mixed grains. They were computed for the same
uv-coverage as in the data. Middle-right panels: Major axis cuts of the model and the data. Right panels: Averaged minor axis cuts
of the data and the models, performed as in Section 3.2.2.

Dubrulle et al. 1995) or numerical simulations including
non-ideal MHD effects (Riols & Lesur 2018) provide for
now the best consistency with the observations.

4.4.3. Radial variation of vertical extent in IRAS 04302

The high resolution band 4 disk image of IRAS 04302 shows
evidence of flaring: the extent perpendicular to the disk
midplane at large radii is broader than at the center (see
Fig. 1). This is in contrast with the other disks in our
survey, which are flatter or unresolved. Fig. 11 compares
the minor axis sizes at different radii in IRAS 04302 with
the other well-resolved edge-on disk with large signal-to-
noise: Tau 042021. In the latter case, the vertical extent
appears quasi constant as a function of radius with only
a slight increase in the outer regions, whereas it is ∼50%
larger in IRAS 04302 at a projected radius of 100 au (0.7′′)
than at the center. This might be related to differences in
optical depth or settling between the disks. Additionally,
IRAS 04302 is the only Class I object in our sample (Gräfe
et al. 2013) and the scattered light image does not show
the flared upper surface of a disk, like in the other ob-
jects (Class II, see Fig. 5), but instead traces an envelope.
Objects like this one, and HH212 a Class 0 (Lee et al. 2017),
open the possibility to do comparative studies of disk evo-
lution in the early phases.

5. Summary and conclusions

We presented high angular resolution ALMA band 7 and
band 4 observations of 12 highly-inclined disks previously
selected from the shape of their scattered light images. All
disks are well resolved along the major axis and 6 are also
resolved in the direction perpendicular to the disk midplane
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Fig. 11. Minor axis size as a function of radius for
IRAS 04302 (band 4) and Tau 042021 (band 7). The errors cor-
respond to the standard deviation of the curves.

in at least one millimeter band. Several disks show flat sur-
face brightness profiles along their major axis with a steep
drop off at their outer edge, indicating their large inclina-
tion and significant optical depth.

Haro 6-5B and IRAS04158 are the least inclined disks
of the sample (less than 75◦) and both show a distinct ring
and an isolated emission peak at the center. At the high-
est angular resolution, the point source at the center of
IRAS 04158 is a binary source.

The analysis of global quantities such as integrated
fluxes, spectral indices, and brightness temperatures shows
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that the highly inclined disks of our sample have (at least
partly) optically thick emission. Because of the low bright-
ness temperatures and small beam sizes, we conclude that
the emission originates from the outer radii of the disks,
with a peak brightness temperature below 10K for half the
sources in band 7.

We also found that the median spectral index in our disk
sample is similar to that of disks seen at lower inclinations.
This can be explained if disks at intermediate inclination
are already partly optically thick (which implies significant
scattering even at millimeter wavelengths) and/or if grains
have grown to millimeter/centimeter sizes in all cases.

All disks were observed at several wavelengths with sim-
ilar angular resolution, from the optical to the millimeter
range. This enables a comparison of the radial extent of
different grain populations in the disks (i.e., grain sizes).
We assumed that the small dust responsible for the scat-
tered light in the optical is tracing closely the gas distri-
bution. Most disks have larger radial sizes in the optical-
NIR than at millimeter wavelengths indicative of dust ra-
dial drift, the larger particles having drifted inward. Three
of the disks have the same radial extent in both millimet-
ric bands; these ones also have the sharpest apparent outer
edges (estimated between 20% and 80% of the peak flux):
∆r/r ∼ 0.3. Four sources have band 7 emission which is
radially more extended than band 4, by about 12% on av-
erage. However, current radial drift models predict larger
differences - both between optical and millimeter, and be-
tween band 7 and band 4 - than we actually observe. This
suggests that other mechanisms such as pressure traps are
likely present in these disks to slow down or halt the radial
drift.

The peculiar viewing angle of the disks presented in this
survey allows us to obtain more direct information on their
vertical structures. First of all, the direct comparison of the
ALMA observations with scattered light data shows that
these disks have larger vertical sizes in the optical-NIR than
at millimeter wavelengths, indicative of the different optical
depths and of vertical dust settling. To further estimate the
vertical distribution of millimeter grains (parametrized as
a "scale height"), we compared the shape of ALMA obser-
vations with four radiative transfer toy models of different
mass, which include or not vertical settling. We computed
the models at high inclinations, with the same angular res-
olution as our data, and considered two different values for
the scale height of millimeter grains. We find that at least
three disks of our survey require that the millimeter dust
"scale heights" is low, of order of a few au at r=100 au:
these disks are vertically thin at millimeter wavelengths.
This is much thinner than the gas traced by the small dust,
which has a typical scale height of 10 au (Burrows et al.
1996; Stapelfeldt et al. 1998).

On a case by case basis, for HKTauB, a more detailed
comparison of the ALMA images with a published scat-
tered light model (re-computed at millimeter wavelengths)
also suggests differences in vertical extent between mil-
limeter and micron-sized grains, as previously suggested
by Duchêne et al. (2003). Also, for Tau 042021, the only
edge-on disk well resolved in the two millimeter bands, we
find that the band 7 emission is about 1.5 times more ex-
tended vertically than the band 4. Assuming that the mea-
sured vertical extent is directly proportionnal to the dust
scale height, this ratio is expected for relatively large dust
grains in the simple 1-D diffusion theory or numerical sim-

ulations including non-ideal MHD effects (Dubrulle et al.
1995; Riols & Lesur 2018), further supporting the idea that
strong vertical dust settling has taken place, leading to an
increase in dust concentration in the disk midplane.

Finally, we find evidence of a more flared structure in
IRAS 04302, suggesting that the millimeter grains in this
Class I source are less settled. The millimeter dust in this
disk may be in transition between the vertically unsettled
structures seen in some Class 0 objects, and the flatter dust
found in our Class II disks.

In forthcoming studies, we will present the CO gas dis-
tribution measured in these disks. We will also produce
more detailed case by case models of selected targets to
quantify the dust and gas density distribution profiles.
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Appendix A: Beam sizes

We present the beam sizes obtained for the different obser-
vations in Table A.1. The last column describes the beam
size of the maps used to compute the brightness tempera-
tures and the spectral index maps.

Appendix B: Brightness temperature cuts

We present brightness temperature cuts along the major
axis for all disks in Fig. B.1. Solid lines represent the band 7
and band 4 cuts computed with the same beam, for which
we reported the peak temperature in Table 4. We also
show the brightness temperatures calculated with the reso-
lution of the images presented in Fig. 1 in light colors. We
note that, as the beam sizes of the band 6 observations of
Tau 042021 and HH30 are significantly larger than the re-
stored beam (see Table A.1), it is not possible to compare
directly the band 6 brightness temperatures to band 4 and
band 7, the beam dilution will be different. Moreover, a di-
rect comparison of brightness temperature between sources
is difficult as they would have different levels of beam dilu-
tion.

In Fig. B.1, we find that most sources do not show
strong differences in brightness temperatures between
the different angular resolution studied. Only the band 4
observations of Haro 6-5B and IRAS04302 show important
variations of the brightness temperature with the beam
size. The temperatures obtained with the restored beam
are smaller than those with the original angular resolution.
For both objects, this likely indicates that the disk (or
central point source for Haro 6-5B) is significantly less re-
solved with the restored beam than at the original angular
resolution. This leads to a lower brightness temperature
due to beam dilution.

In Fig. B.2, we present brightness temperature cuts
at several inclinations computed for our radiative trans-
fer models with and without including vertical settling. We
also report the peak brightness temperatures obtained for
our models in Table B.1. In each model, we find that as
the inclination increases, the peak temperature decreases.
This indicates that the disk becomes optically thicker with
inclination. At the highest inclinations millimeter emission
likely originates in the outer radii of the disk. We note that
this is presumably also the case for several disks of our
survey in which low brightness temperatures are measured
even if they are well resolved (for example for Tau 042021).

Additionally, we find that, in the low mass models, the
band 4 brightness temperatures are lower than the band 7
brightness temperatures. This is not the case for the high
mass model where the band 4 brightness temperature can
sometimes be higher than the band 7 temperature. In the
observations, we detect large variations in brightness tem-
peratures between bands (Fig. B.1, Table 4). While this
suggest that the disks are optically thinner than the high
mass models, further studies are needed to explain the dif-
ferences in brightness temperature measured in the obser-
vations.

Appendix C: Spectral index maps of the high mass
settled model

In order to interpret the spectral index maps shown
in Fig. 4, we computed the spectral index map of our
high mass settled radiative transfer model presented in Sec-
tion 4 (the most representative of our observations, see Sec-
tion 4.1), for inclinations between 75◦ and 90◦. We show
the maps on the top row of Fig. C.1, and display the major
axis cuts in the disk midplane in the middle row and the
averaged minor axis profiles in the bottom row. As in Sec-
tion 3.2.2, we obtained the minor axis profiles over the full
major axis for the disks that do not show ellipticity (i.e.,
more inclined than 80◦), and over ±0.15′′ for the least in-
clined models.

The spectral index maps of the models show several fea-
tures also seen in the observations. First, for most inclina-
tions, it reaches values lower than two in the midplane (as
for Tau 042021 and IRAS04200), which can indicate low
temperatures or important scattering in the disk midplane.
Second, at the highest inclinations, there is a slight increase
in αmm along the major axis, which is related to optical
depth effects only. This variation is smaller than for sev-
eral sources of our sample (e.g., Tau 042021, IRAS 04302,
IRAS 04200 and Haro 6-5B) which suggests that these disks
are affected by radial drift. Finally, for inclinations larger
than 85◦, the spectral index increases along the minor axis,
similarly to what is measured in Tau 042021, which is likely
related to optical depth effect and vertical settling.

Appendix D: Estimation of scattered light sizes

Here we describe a method to estimate the radial extent of
edge-on disks as observed in scattered light. To measure the
extents of the scattered light images of the disks, we first
find a set of points to define the spine of each nebula. To this
end, we extract cuts along the minor axis of the disk. When
this cut contains two clear local maxima, we compute the
centroid in a small region surrounding the peaks. If the two
nebula are partially blended, or hard to disentangle, we per-
form a two-Gaussian fit, forcing the same FWHM of the two
nebulae. The center of each Gaussian then defines the loca-
tion of the spines. The process is initiated at the disk’s axis
of symmetry and we proceed outward on each side until the
surface brightness drops below 1 − 7% of the peak surface
brightness, depending on the signal-to-noise of the image
and adjusted to match the visually detectable edge of the
disk. The result is two sets of points that define the spines
of the bright and counter nebulae (blue and red points in
Fig. C.1). Outliers, due to bad pixels or substructure in
the disk, are excluded based on deviations from a running
median. We then fit second-order polynomial functions to
each nebula, which provides adequate morphological infor-
mation while minimizing sensitivity to noise and low-level
departures from symmetry. The radial extent (diameter) of
the disk is then defined as the maximum distance between
identified spine points along the major axis. We present an
example of fit in Fig. D.1.
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Table A.1. Beam sizes of our observations and restored beam used to compute brightness temperatures and spectral index maps.

Sources B7 B6 B4 Restored B4 & B7
FWHM (′′) PA (◦) FWHM (′′) PA (◦) FWHM (′′) PA (◦) FWHM (′′) PA (◦)

Tau 042021 0.12×0.08 -13 0.37×0.18 38 0.11×0.04 33 0.12×0.08 -13
HH30 0.14×0.13 2 0.26×0.18 -2 0.15×0.12 39 0.15×0.12 38

IRAS 04302 0.30×0.24 -17 0.09×0.04 34 0.30×0.24 -17
HKTauB 0.11×0.07 3 0.12×0.04 42 0.12×0.08 42
HVTauC 0.11×0.08 4 0.12×0.04 41 0.12×0.08 -4
IRAS 04200 0.11×0.07 -8 0.11×0.04 35 0.11×0.11 35
Haro 6-5B 0.12×0.07 -19 0.10×0.04 30 0.12×0.08 -19
IRAS 04158 0.48×0.33 8 0.11×0.04 36
Oph 163131 0.23×0.13 -70
ESO-Hα 569 0.48×0.28 -8
ESO-Hα 574 0.47×0.28 -10
HH48NE 0.48×0.28 -5
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Fig. B.1. Observed brightness temperatures as a function of the radial distance to the central star. Solid lines profiles (band 7
and band 4 only) were computed with the same angular resolution (restored beam in Table A.1), while the light lines have the
original angular resolution. We report the beam sizes in the direction of the cut as horizontal lines in the left part of each plot.
The restored beam corresponds to the black line. Error bars correspond to 10% of the brightness temperature.

Table B.1. Peak brightness temperatures for our radiative transfer models

S-HM NS - HM S-LM NS - LM
Incl (◦) B7 (K) B4 (K) B7 (K) B4 (K) B7 (K) B4 (K) B7 (K) B4 (K)

75 28.9 31.6 26.4 30.0 17.7 13.5 22.4 17.6
80 24.0 25.5 15.2 16.7 16.1 12.6 18.3 15.0
85.0 15.5 17.3 11.0 11.1 13.0 10.6 13.9 11.8
87.5 10.3 10.9 10.5 10.7 10.1 7.8 12.7 10.8
90.0 8.0 6.8 10.3 10.5 5.4 3.1 12.4 10.5
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row: Spectral index cuts along the major axis. Bottom row: Spectral index profiles along the minor axis, averaged along the major
axis. For all cuts, yellow errors correspond to a flux calibration error of 10% in both bands, while orange errors are estimated from
the signal-to-noise in each band. The x-axis corresponds to the offset to the center of the disk in arcseconds.
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Fig. D.1. Example of scattered light size estimate in
Tau 042021. We represent the two spines of the nebula by the
blue and red curves. The adopted radial size corresponds to
the horizontal line, the maximum distance between spine points
along the major axis.
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ABSTRACT

Context. The mechanisms governing the opening of cavities in transition disks are not fully understood. Several processes have been
proposed, but their occurrence rate is still unknown.
Aims. We present spatially resolved observations of two transition disks, and aim at constraining their vertical and radial structure
using multiwavelength observations that probe different regions of the disks and can help understanding the origin of the cavities.
Methods. We have obtained near-infrared scattered light observations with VLT/SPHERE of the transition disks 2MASS J16083070-
3828268 (J1608) and RXJ1852.3-3700 (J1852), located in the Lupus and Corona Australis star-forming regions respectively. We
complement our datasets with archival ALMA observations, and with unresolved photometric observations covering a wide range
of wavelengths. We performed radiative transfer modeling to analyze the morphology of the disks, and then compare the results with
a sample of 20 other transition disks observed with both SPHERE and ALMA.
Results. We detect scattered light in J1608 and J1852 up to a radius of 0.54′′ and 0.4′′ respectively. The image of J1608 reveals a
very inclined disk (i∼ 74◦), with two bright lobes and a large cavity. We also marginally detect the scattering surface from the rear-
facing side of the disk. J1852 shows an inner ring extending beyond the coronagraphic radius up to 15 au, a gap and a second ring
at 42 au. Our radiative transfer model of J1608 indicates that the millimeter-sized grains are less extended vertically and radially than
the micron-sized grains, indicating advanced settling and radial drift. We find good agreement with the observations of J1852 with a
similar model, but due to the low inclination of the system, the model remains partly degenerate. The analysis of 22 transition disks
shows that, in general, the cavities observed in scattered light are smaller than the ones detected at millimeter wavelengths.
Conclusions. The analysis of a sample of transition disks indicates that the small grains, well coupled to the gas, can flow inward of
the region where millimeter grains are trapped. While 15 out of the 22 cavities in our sample could be explained by a planet of less
than 13 Jupiter masses, the others either require the presence of a more massive companion or of several low-mass planets.

Key words. protoplanetary disks – techniques: polarimetric – radiative transfer – scattering

1. Introduction

The variety of physical and structural conditions in protoplan-
etary disks – the birthplace of planets – might be responsible
for the diversity observed in the exoplanet population. Studying
disk evolution through the analysis of protoplanetary disks with
depleted regions and/or clear signs of evolution could provide
indirect constraints on the way in which planets form. Thanks to
new capabilities of high resolution instruments such as ALMA,
VLT/SPHERE and Gemini/GPI, many features have been
identified in protoplanetary disks and in particular in transition
disks (TDs). A number of studies reveal rings (e.g., Isella et al.
2016; Pohl et al. 2017b; Muro-Arena et al. 2018), lopsided emis-
sion (e.g., Casassus et al. 2013; Cazzoletti et al. 2018), spirals
(e.g., Pérez et al. 2016; Dong et al. 2018; Muto et al. 2012; Stolker
et al. 2017; Benisty et al. 2017; Uyama et al. 2018), and shad-
ows (e.g., Marino et al. 2015; Stolker et al. 2017; Casassus et al.
2018; Benisty et al. 2018). Among other mechanisms, planets
? Based on observations performed with SPHERE/VLT under pro-

gram ID 099.C-0891(A) and 099.C-0147(A).

interacting with the disk can form such structures. Although
challenging, the observation and/or hints of forming planets
within disks have been reported in recent studies (Keppler et al.
2018; Pinte et al. 2018; Teague et al. 2018).

Interaction with a planetary or stellar companion is also
thought to result in the large cavities observed in circumbi-
nary or transition disks (e.g., Muñoz & Lai 2016; Rosotti et al.
2016; Dipierro & Laibe 2017; Price et al. 2018). Such disks were
identified from a lack of emission in the near-infrared (IR) in
their spectral energy distribution (SED), which indicates a dust
depleted inner region (Strom et al. 1989). Other mechanisms
such as photo-evaporation (Owen et al. 2011) or the presence
of a dead zone (Flock et al. 2015; Pinilla et al. 2016) are poten-
tial processes that could open such cavities. Each mechanism is
expected to shape the inner disk differently, and can result in a
cavity radius that depends on the dust grain size. However, their
respective importance is currently not well constrained.

While µm-sized dust are coupled to the gas that orbits at sub-
Keplerian speed, larger grains are increasingly decoupled. Their
interactions with the gas lead simultaneously to inward radial
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drift and vertical settling (Weidenschilling 1977; Dullemond &
Dominik 2004). Thus, the large grains are expected to be located
in a more compact region radially and to be less extended verti-
cally than smaller grains. However, the strength of these effects is
not yet well constrained. Grains of different sizes would also be
trapped more or less efficiently by a pressure maximum, which
can be generated at the outer edge of dead zones or by a planet
in the disk.

The combination of high-resolution observations at different
wavelengths is key for quantifying both the radial and verti-
cal distribution of dust grains, and in particular, the degree of
dust settling. It can therefore help to differentiate the various
mechanisms that can generate cavities in transition disks. While
direct imaging with SPHERE traces polarized scattered light
by small grains (<few µm) well coupled to the gas and located
in the surface layers, ALMA observations probe thermal emis-
sion of larger grains (>50 µm), partially decoupled from the gas
and located in the midplane. The combination of both tracers
therefore allows one to trace and compare different dust grain
populations.

In this paper, we present scattered light images of two
transition disks, 2MASS J16083070-3828268 and RXJ1852.3-
3700 (hereafter J1608 and J1852, respectively) observed with
VLT/SPHERE. We complement our observations with ALMA
archival data. We aim to model both disks using a radiative
transfer code and to bring constraints on the radial segregation
of dust particles, on vertical settling and on the origin of their
cavities. In Sect. 2, we present the two transition disks, and
in Sect. 3, the observations and data reduction. The modeling
procedure and results are detailed in Sect. 4. We compare our
results with a larger sample of transition disks in Sect. 5. Finally,
the conclusions are presented in Sect. 6.

2. Stellar and disk properties

J1608 and J1852 are two transition disks around K2 stars, located
in close-by star-forming regions. Using VLT/X-shooter spec-
troscopy, mass accretion rates of ∼10−9 M� yr−1 were found for
both objects, typical of transition disks and indicating that the
inner disk regions still hold significant gas content (Alcala et al.
2017; Manara et al. 2014). In this paper, we will use the stellar
ages and masses re-estimated by Garufi et al. (2018) using the lat-
est Gaia DR2 distances (Gaia Collaboration et al. 2018) and stel-
lar tracks by Siess et al. (2000). J1608 is found to be younger than
J1852 although age estimates appear uncertain. We report the
stellar parameters in Table 1. All the radial extents provided in
physical units in the following have been scaled to the Gaia DR2
distances.

J1608 is located at 156 pc (Gaia Collaboration et al. 2018) in
the Lupus III cloud. It has been observed with ALMA in Band 7
and Band 6 (∼0.89 mm and ∼1.33 mm, respectively; Ansdell
et al. 2016, 2018). J1608 is one of the most massive disks of
the Lupus millimeter survey with ∼80 M⊕ of dust. It possesses
a large cavity in the continuum and is highly inclined (>70◦;
Ansdell et al. 2016). From the Band 6 observations, Ansdell
et al. (2018) find a gas radial extent about twice as large as
that of the dust. Pinilla et al. (2018b) modeled the Band 7
continuum emission with a radially asymmetric Gaussian ring
model and found that the peak intensity of the ring is located
at ∼61 au. This is consistent with the dust and line modeling of
the ALMA data by van der Marel et al. (2018) that constrains the
outer radius of the dust and gas cavity respectively to 59 au and
47 au.

Table 1. Stellar parameters.

Parameters J1608 J1852

RA (h m s) 16 08 30.7 18 52 17.3
Dec (deg ′ ′′) −38 28 26.8 −37 00 11.9
Distancea (pc) 156± 6 146± 1
Av (mag) 0.1 1.0
SpT K2 K2
Teff (K) 4800 4850
R? (R�) 2.00 1.17
Ṁ (M�·yr−1) 10−9 10−9

M b
? (M�) 1.4± 0.1 1.0± 0.1

Ageb (Myr) 8.3+4.4
−2.1 >14

Notes. (a)Gaia Collaboration et al. (2018), (b)stellar masses and ages are
calculated by Garufi et al. (2018) using Gaia DR2 distances and stellar
tracks by Siess et al. (2000).
References. Alcala et al. (2017); Manara et al. (2014).

J1852 is one of the oldest systems in the Corona Australis
association (CrA; Neuhaeuser et al. 2000), located at a distance
of 146 pc (Gaia Collaboration et al. 2018). Gas emission lines
of [Ne II], [H I] and [O I] were detected (Rigliaco et al. 2015;
Pascucci et al. 2007; Geers et al. 2012; Riviere-Marichalar et al.
2016), using Spitzer and Herschel data. While no spectroscopic
binary was found in the system (Kohn et al. 2016), a candidate
companion located at 3′′ (∼ 440 au) separation, was identified
with SUBARU (Uyama et al. 2017a). Follow-up observations are
needed to confirm if it is a bound companion or a background
object.

SMA observations, with rather low resolution (1.0′′ × 1.7′′),
show that the disk has a relatively low inclination (∼30◦; Hughes
et al. 2010). From SED modeling, Hughes et al. (2010) inferred
the presence of a cavity up to 16 au,with an optically thick inner
disk closer to the star, more recently confirmed by van der
Marel et al. (2016). Geers et al. (2012) presented a thermo-
chemical model explaining the upper limits for the [OI] and CO
emission lines, and found that the gas is either optically thin
and co-located with the dust (16–500 au), or possibly radially
concentrated in an optically thick region (16–70 au).

We selected these two transition disks around K2 stars with
similar stellar properties, but seen at different inclinations to
investigate the differences in their structure and the mechanisms
that can be responsible for their inner cavities.

3. Observations and data reduction

3.1. Observations

Both disks were observed with the InfraRed Dual band Imager
and Spectrograph (IRDIS; Dohlen et al. 2008) sub-instrument of
SPHERE (Beuzit et al. 2008) mounted on the Very Large Tele-
scope. Observations were carried out in dual-polarization imag-
ing mode (DPI; Langlois et al. 2014), in both J (λJ = 1.245 µm)
and H-Band (λH = 1.625 µm) for J1608, and in H-Band only for
J1852.

We observed J1608, during the nights of June 18, and
July 23, 2017 (ID 099.C-0891, PI: Benisty). During the first
epoch (June 18, 2017), we observed J1608 in H-Band, with
an apodized Lyot coronagraphic mask (N_ALC_YJH_S, 0.185′′
in diameter; Martinez et al. 2009; Carbillet et al. 2011).
The observations consisted of 56 exposures of 32 seconds each,
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Rear facing

Cavity

Fig. 1. Normalized polarized intensity map (left panel), Qφ (middle panel), and Uφ (right panel) maps of J1608. Top panel: H-Band observations,
obtained with a coronagraph as illustrated by the grey circle of diameter 0.185′′. The dashed line in the left panel traces the faint scattered light
from the rear-facing near side of the disk (see Fig. A.1). Bottom panel: J-band observations, obtained without coronagraph. Each Qφ and Uφ maps
are normalized to the maximum of Qφ.

corresponding to about 30 minutes on source. Conditions were
good, with a seeing between 0.65′′ and 0.9′′ during the night.
To confirm the presence of a cavity, we also performed non-
coronagraphic observations on July 23, 2017, in J-band, with
about 80 seconds on source, by exposures of 2 seconds. Weather
conditions were relatively poor with a seeing between 1.2′′
and 1.9′′ during these observations.

J1852 was observed as part of the SPHERE guaranteed time
observations (GTO) program on May 15, 2017 (ID 099.C-0147,
PI: Beuzit). Observations were performed in H-Band, using the
same coronagraph as for J1608, and consisted in 12 exposures
of 64 seconds each. The seeing was around 1.2′′ during the
observations.

We reduced the data to generate the total intensity map
and Stokes Q and U polarized maps, following the approach
detailed in Ginski et al. (2016). The polarized intensity (PI)
image is computed from the Stokes Q and U components:

PI =
√

Q2 + U2. (1)

We also define the polar Stokes components Qφ and Uφ as in
Schmid et al. (2006):

Qφ = +Q cos(2φ) + U sin(2φ), (2)

Uφ = −Q sin(2φ) + U cos(2φ), (3)

where φ= arctan( yx ) corresponds to the azimuthal angle as
measured north to east with respect to the position of the

star (centered in the image). The positive signal in Qφ is the
polarization in the azimuthal direction (negative signal is in the
radial direction), while Uφ represents the polarization inclined by
45◦ from this direction. In the case of single scattering events, a
photon is expected to be polarized orthogonally to the scattering
plane, defined by the light source, the scattering particle and the
observer. Thus, in this scenario, all the polarized signal should
be included in the Qφ component. Canovas et al. (2015) showed
however, that if the disk is too inclined and/or multiple scattering
events occurs, the polarization is not necessarily perpendicular
to the scattering plane. Then, part of the astrophysical signal
will be included in the Uφ component. This effect was indeed
observed in the very inclined (∼69◦) disk around T Cha, leading
to a large Uφ/Qφ peak-to-peak value (Pohl et al. 2017b).

3.2. Results

Our reduced images are shown in Figs. 1 and 2 for J1608 and
J1852. J1608 appears to be very inclined, in images both with
and without the coronagraph. We detect two lobes southeast and
northwest of the star, as well as a faint line of scattered light1
to the southwest that we interpret as the rear-facing side of the
disk closest to us. The presence of this line will be discussed fur-
ther in the modeling in Sect. 4.3. In the Qφ maps, the disk shows
emission above the noise level up to 0.54′′ along the major axis.
The central cavity is clearly visible in both the coronagraphic and

1 We show the faint southwest emission with a more favorable dynamic
range in Fig. A.1.
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Fig. 2. Normalized polarized intensity map (left panel), Qφ (middle panel), and Uφ (right panel) maps of J1852, observed in H-Band with a
coronagraph. The Qφ and Uφ maps are normalized to the maximum of Qφ. The dashed ellipses in the left panel represent the two scattered light
rings (see text for details).

non-coronagraphic images. We note that there is no clear emis-
sion from the northeast of the star, corresponding to emission
from the far side of the disk being scattered backwards toward us.
In Sect. 4.3, we will focus on the modeling of the coronagraphic
H-Band image as the data were taken in better observing condi-
tions, have a higher signal to noise ratio, and look very similar to
the non-coronagraphic J-band data.

In the coronagraphic images of J1852 (Fig. 2), we observe
two rings in the Qφ map, with peak values located at 0.125′′
and 0.295′′ from the position of the star along the major axis. The
inner ring is cut off by the coronagraph and the peak radius may
lie within this. The outer ring seems to be slightly off-centered
compared to the inner ring (∼0.01′′, 1 pixel), likely an effect of
the inclination and flaring of the disk surface (e.g., de Boer et al.
2016; Ginski et al. 2016; Avenhaus et al. 2018). This is modeled
in Sect. 4.4. The disk displays emission above the noise level as
far as 0.4′′along its major axis.

3.3. Complementary data

ALMA archival data. J1608 was observed as part of a large
survey of disks in the Lupus clouds. In this work, we use the
Band 6 observations (Project ID: 2015.1.00222.S, PI: Williams)
obtained on July 23, 2016, at a resolution of 0.24′′ × 0.23′′,
cleaned with a Briggs robust weighting parameter of +0.5. The
data reduction of the continuum and line emission is presented
in details in Ansdell et al. (2018).

We show the position-velocity (PV) diagram of the
12CO 2-1 transition in Fig. 3, obtained with a velocity resolution
of 0.11 km s−1. From the PV diagram, we retrieve the systemic
velocity of the source to be +5.2± 0.4 km s−1 (LSR). We also
note that no velocity higher than 5.3 km s−1 with respect to the
star is detected, indicating the presence of an inner cavity in the
gas. Modeling the disk velocities with Keplerian motion (assum-
ing M? = 1.4 M�, i = 74◦), we infer that the inner radius of the
gas cavity is ∼48 au, in agreement with the outcome of thermo-
chemical modeling of the CO observations (47 au; van der Marel
et al. 2018).

The ALMA continuum image is shown in the left panel
of Fig. 4. The large axis ratio indicates that the disk is highly
inclined. Moreover, the presence of two blobs with higher inten-
sity along the major axis, located at 0.4′′ from the star, denote
emission coming from an optically thin ring.
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Fig. 3. Position-velocity diagram of the 12CO 2-1 emission in J1608.
The green dashed line corresponds to the Keplerian velocity of a disk
at 74◦ of inclination around a 1.4 M� star. The highest velocity with
emission is about 5.3 km s−1 from the systemic velocity. It corresponds
to a gas cavity radius of ∼48 au, and is indicated by the blue lines.

For J1852, we use ALMA data observed on September 22,
2016, in Band 3 (∼3 mm, Project ID: 2015.1.01083.S, PI:
Morino). The four continuum spectral windows were centered
respectively on 91.5 GHz, 93.4 GHz, 101.5 GHz and 103.5 GHz.
We used the CASA pipeline to calibrate the data and extracted
the continuum images using the CASA clean task, with a
Briggs robust parameter of +0.5. The final image, after perform-
ing phase only self-calibration, is presented in the left panel
of Fig. 8, with the achieved beam of 0.38′′ × 0.31′′. The image
shows one unique ring, peaking at 0.3′′ along the major axis.

Spectral energy distributions. We compiled the SED
of J1608 using Vizier, to which we add the millimeter fluxes at
0.88 mm and 1.3 mm obtained from Ansdell et al. (2016) and
Ansdell et al. (2018), respectively. The SED of J1852 was com-
puted using the VO SED Analyser2 (VOSA; Bayo et al. 2008).
We complement this SED with the low-resolution Spitzer/IRS
spectrum from the CASSIS database (Lebouteiller et al. 2011).
The SEDs are shown on Figs. 6 and 7.

The SEDs of the two disks show a steep increase longwards
of 20 µm, typical of transition disks. Although J1852 does not

2 http://svo2.cab.inta-csic.es/theory/vosa50
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Fig. 4. Left panel: normalized ALMA Band 6 image of J1608, with a peak flux of 7.1 mJy. The beam is shown in the bottom left of the image.
Middle panel: normalized model obtained after convolution by a beam of 0.24′′ × 0.23′′. Right panel: radial cuts along the major and minor axis,
with each map normalized to its maximum. For clarity, the cut along the minor axis is shifted by −0.3 in normalized intensity. The peaks are
located at 0.4′′(62 au) along the major axis and 0.14′′(22 au) along the minor axis.

show any clear near-IR excess, a silicate feature at 10 µm is
present, characteristics of the presence of small hot grains close
to the star (Silverstone et al. 2006; Hughes et al. 2010).

4. Radiative transfer modeling

4.1. Methodology

In order to understand the physical structure of the two observed
TDs, we construct models using the radiative transfer code
mcfost (Pinte et al. 2006, 2009). This code computes the ther-
mal structure of the disk using a Monte Carlo method and
produces images by ray-tracing. An iterative process is done to
find a model that reproduces well the SED and the images. Con-
sidering the complexity of our observations, we do not aim to
find the best-fit model, but rather a representative one. For each
set of parameters, we compute the SED, the millimeter contin-
uum image as well as the near-IR polarized intensity, Stokes
Q and U maps. All images are initially generated with infi-
nite angular resolution, and then convolved with a point spread
function reference image (PSF; in practice, a non-coronagraphic
or FLUX image of the star) or the ALMA 2D Gaussian beam.

We also add noise to our scattered light predictions. We
estimate it at each point of the map from the Uφ image of our
observations (as in Muro-Arena et al. 2018). For each point in the
Uφ map, we consider an aperture in which we determine the
root mean square (rms) of the intensity. The aperture is taken
as 4 pixels of diameter, which is close to the FWHM of the
point spread functions of each target (3.5 pixels for J1608 and
4.3 pixels for J1852). As our sources are inclined, the Uφ image
might contain some physical signal (Canovas et al. 2015). Thus,
in each aperture we subtract its mean value (physical signal)
before extracting the rms. For each corresponding pixel in the
model image, we simulate the noise by adding a Gaussian
random number of the same rms centered on 0.

Since we will model emission very close to the coronagraph
in the J1852 image, we apply a 2D attenuation map due to
the coronagraph (Wilby et al. in prep.). This numerical mask
removes all signal inside the coronagraph mask radius (0.093′′),
with gradually decreasing attenuation down to 5% at a radius
of 0.15′′. Finally, we compute the PI, Qφ and Uφ maps using
Eqs. (1)–(3). In this work, we compare the observed and
synthetic PI images. A comparison between the observed and
predicted Q and U as well as the Qφ and Uφ maps are presented
in Appendix A.

4.2. Model setup

We define various axisymmetric disk zones to reproduce the
observed features of the two disks and assume a gas-to-dust ratio
of 100. For each region, we define the disk height as a power-law:

H(R) = H100 au(R/100 au)β, (4)

where β is the flaring exponent, R the radius and H100 au is
the scale height at a radius of 100 au. A simple description
of the surface density profile is adopted for each region of
our disks, with a single power law: Σ(R) ∝ Rp. In all our
modeling we choose p =−1. We use astronomical silicates (sim-
ilar to those shown in Fig. 3 of Draine & Lee 1984) with a
number density described with a power law of the grain size
dn(a) ∝ a−3.5 da (Mathis et al. 1977). For each region, our free
parameters are the inner and outer radius (Rin−Rout), the dust
mass and the scale height (H100 au).

For both disks, we mimic dust settling by modeling
separately the extents of small (0.01−0.5 µm) and large
grains (10−1000 µm). We fixed the flaring exponent β to 1.1 for
all type of grains. The results are summarized in Table 2 and
described in detail in the following two subsections.

4.3. Modeling J1608

Large grains. We first aim to reproduce the thermal emis-
sion detected in the ALMA Band 6 data with a ring of large
grains, adjusting the dust mass to fit the total millimeter flux.
Our convolved model prediction at 1.3 mm is presented in the
center panel of Fig. 4. The right panel of this figure shows radial
cuts along the major and minor axis. In our model, the radial
position of the maxima as well as the radial extent in each cut
are well reproduced. However, the model overestimates the flux
in the inner region of the disk (i.e., inside the gap) by about 30%.

To reproduce the observed aspect ratio of the disk, a high
inclination (∼74◦) is needed. However, we find that the inclina-
tion should not be larger than 80◦, otherwise the photosphere
would be occulted at short wavelengths, in contradiction with
the shape of the SED (see for example the SED of the edge-on
disk ESO-Hα 569; Wolff et al. 2017). The radial width of the
ring made of large grains has to be sufficiently small so that the
position and shape of the maxima of the cut along the major axis
match the data. We find that a radial width for the large grains
ring of about 10 au is consistent with the data, with Rin ∼ 77 au.
However, a narrower ring would still reproduce the observations.
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Fig. 5. Left panel: observed polarized intensity of J1608. Middle panel: PI model map. Both maps are normalized to their maximum. Right panel:
radial cuts along the major axis for the PI images of the data and model, smoothed with a Gaussian kernel with a standard deviation of 9 mas. The
position of the cut is indicated by the dotted line in the left panel.

Table 2. Parameters for our radiative transfer models.

J1608 J1852

Inclination (◦) 74 30
PA (◦) 19 34

Inner disk
amin−amax (µm) – 0.01−5

Rin−Rout (au) – 0.1−5
Mass (M�) – 9 · 10−11

H100au (au) – 0.9

Small grains Small grains
amin−amax (µm) 0.01−0.5 0.01−0.5

Rin−Rout (au) 50−150 15−22 42 − 65
Mass (M�) 2 × 10−6 2 × 10−8 7 × 10−7

H100au (au) 12 15

Large grains Large grains
amin−amax (µm) 10−1000 10−1000

Rin−Rout (au) 77−87 15−22 42−65
Mass (M�) 5 × 10−5 3 × 10−7 7 × 10−5

H100au (au) 5 1

Notes. Each parameter was adjusted during the modeling, except for the
grain size (amin−amax).

Finally, the fluxes of the peaks and depth of the gap along the
minor axis depend both on the radial width and the vertical thick-
ness of the disk. If the scale height of the large grains is too large,
after convolution by the beam, the two sides of the ring would
appear as connected, leading to a flat intensity profile along the
minor axis. On the other hand, if the zone of large grains is
too thin vertically for a given disk mass, the fluxes at the peaks
of the minor axis cut would become too large. The appropriate
scale height in our modeling is between 3 and 5 au at 100 au,
which is similar to the value obtained for HL Tau (1 au at 100 au;
Pinte et al. 2016). We note that a smaller scale height, such as
in HL Tau, can not be excluded by our model. We show the non-
convolved model in Appendix A. All the model’s parameters are
presented in Table 2.

Small grains. The synthetic scattered light image com-
puted assuming the same spatial distribution for small grains and

large grains does not provide a good match to the images. To
reproduce the observations, the radial extent of small grains and
their scale height need to be larger than those of the large grains,
from 50 to 150 au radially, and about 12 au vertically at 100 au.
We note that this layer is already included in the millimeter
predictions displayed in Fig. 4, but does not contribute signif-
icantly at millimeter wavelengths. The scattered light image of
our model is presented in Fig. 5, with a cut along the major axis
direction. The cuts were smoothed with a Gaussian kernel with
a FWHM of 50% the measured image resolution (∼10 mas). The
inner radius of the small grains distribution is very close to that
of the gas, as estimated from the PV diagram (48 au, see Fig. 3),
consistent with the expectation that these grains are well coupled
to the gas.

We note that, in the observation, no scattered light is detected
from the northeast part of the disk (Fig. 5). Geometrically, the
existence of the bottom line located in the southwest suggests
that it traces the part of the disk nearest to us, while the north-
east region would correspond to the more distant side of the disk.
This implies that the phase function of the polarized intensity
is such that there is no or very little backward scattering (on
the assumption that the disk is axisymmetric). The polarized
intensity is the product of the polarization degree and the total
intensity. While the polarization degree from backward scatter-
ing is similarly low for all grain sizes (see Fig. 7 of Keppler
et al. 2018), the phase function of the intensity varies signifi-
cantly with the grain size. We reproduce this feature by selecting
grains smaller than 0.5 µm. Grains larger than 1.2 µm also have
a very small efficiency for backward scattering. However, with
such grains our models showed that the position of the maxi-
mum intensity along the major axis is independent of the inner
radius position and located further out than seen in the data.
These grains are therefore not compatible with the observa-
tions. For grains with an intermediate size (between 0.5 and
1.2 µm), backward scattering is very efficient, which would lead
to a significant signal northeast of the disk coming from its
far side.

We show the SED compared to that of the model in Fig. 6.
All the model parameters are presented in Table 2, and a
schematic representation of our model is shown in the top panel
of Fig. B.1.

We note that we are able to recreate the same general struc-
ture as seen in J1608, with two lobes along the major axis,
no emission from the northeast region of the disk (backward
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Fig. 6. Spectral energy distribution of J1608 (blue circles) and our
model prediction (red line). The model is corrected by the Av.

scattering) and a faint line south of the disk, but these character-
istics are not perfectly reproduced. For example the southern line
is brighter in our model than in the observations (see Fig A.1). To
reproduce better this part of the image, the layer of small grains
scattering light must be thinner vertically, but this in turn has an
impact on the extent of the lobes. Moreover, the southern line
is closer to the star than in the data. A way to push this line
further would be for example to increase the mass of the scat-
tering grains, the scale height or the inclination. However, each
case would lead to an extinction of the photosphere that is not
observed in the SED. Thus the model that we present here is a
compromise to reproduce both the ALMA and SPHERE images,
together with the SED. This should be considered as a working
model to derive the main structural characteristics of the J1608
system. These are: (1) a high inclination, (2) large grains more
concentrated vertically and radially than the small grains, and
(3) a distribution of size in small grains that produces low
polarized intensity in backward scattering.

4.4. Modeling J1852

The SED of J1852 shows a steep increase around 20 µm, typ-
ical of transition disks, due to the outer edge of the cavity. A
clear silicate feature at 10 µm is present, characteristic of small
hot grains close to the star. While scattered light image shows
signal just outside of the coronagraph, there is no correspond-
ing clear millimeter emission at the same location. The scattered
light image shows a second bright ring at 0.295′′, which does
correspond to the ring detected in the millimeter image.

To reproduce the scattered light and SED features, we con-
sider three zones in our model: (1) a tenuous inner disk region,
solely required to reproduce the silicate feature, (2) an inner ring,
responsible for the sharp jump in the mid-IR SED and for the
emission seen in the SPHERE image just outside of the coron-
agraph radius, and finally, (3) an outer ring, to account for the
second brightness increase in the near-IR polarized image and
the millimeter ring. The structure is illustrated in the bottom
panel of Fig. B.1. The three zones are described in the following
sections.

Inner disk. The inner region, responsible for the silicate
emission around 10 µm in the SED, is modeled by small
grains (0.01–5 µm) between 0.1 and 5 au, although this is
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Fig. 7. Spectral energy distribution of J1852 (blue circles) and our
model (red line). The model is corrected by the Av.

not well-constrained. To reproduce the shape of the emis-
sion, we consider a mixture of silicate, composed at 65% of
olivine (Dorschner et al. 1995) and 35% of astronomical sili-
cates (Draine & Lee 1984).

Inner ring. The position of the wall in the SED traces the
dust temperature, which is dependent on both the inner radius
and the size of the dust. For simplicity, we chose to use the
same grain size distribution as for J1608. As the inner radius of
J1852 is likely located behind the coronagraph, we constrained it
using the SED. We reproduce well the inner ring by defining its
radial extent between 15 and 22 au, with a scale height of 15 au
at 100 au.

Outer ring. To reproduce the peak of intensity
around 0.295′′ (∼43 au), an increase of the surface density
in the small grains is needed, between 42 and 65 au. The mass
of this region is adjusted to reproduce the relative brightness of
the rings and the SED. The scale height is fixed to be the same
as that of the inner ring.

Our model (Fig. 9) reproduces relatively well the position
and the brightness of the peaks in the major and minor axis direc-
tions. The second ring shows an offset to the center as seen in
the data. However, we were not able to reproduce the surface
brightness inside the gap between the inner and outer ring in the
southern part of the disk. This region is twice brighter in the
data than in the model. In our model the gap is empty and the
ring edges are sharp, while in practice, a low surface density of
small grains could be filling it.

Large grains. Unlike J1608, we do not have sufficient high
resolution data to show that the large grains are radially dis-
tributed differently to the small grains (see Fig. 8), so for now
we assume that they are radially co-located. We adjusted the
total mass of the large grains to reproduce the observed SMA
flux at 1 mm and the ALMA 3 mm flux in the SED, allocating a
small fraction of mass to the inner ring to account for the scat-
tered light data. The large beam considered in this work also
dilutes the emission of the inner ring (as modeled here), making
it very difficult to detect (see Appendix A). With our assump-
tions on the radial structure and grain composition of the large
grain population, we inferred its scale height from the effect on
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Fig. 8. Left panel: normalized ALMA Band 3 image of J1852 (peak flux is 1.5 mJy). The beam is represented in the bottom left of the image.
Middle panel: normalized model obtained after convolution by a beam of 0.38′′ × 0.31′′. Right panel: cuts along the major and minor axis, with
each map normalized to its maximum. For clarity, the cut along the minor axis is shifted by −0.5 in normalized intensity. The peaks are located at
0.3′′(44 au) along the major axis.

Fig. 9. Left panel: observed PI image of J1852. Middle panel: PI model map. Both maps are normalized to their maximum. Right panel: radial
cuts along the major and minor axis for the PI images of the data and the model. Each curve is convolved with a Gaussian kernel with a standard
deviation of 11 mas.

the 100 µm emission. Indeed when the scale height is larger, as
more grains receive light from the star, they warm up and emit
more at 100 µm (Dullemond & Dominik 2004; Woitke et al.
2016). To fit the SED, it was necessary to reduce the scale height
of the large grains to about 1 au at 100 au. However, it should
be noted that modeling the SED is degenerate. In particular,
changing the minimum size of the large grain population (amin
in Table 2) from 10 to 300 µm, we find that the small and large
grain populations could be distributed similarly and share the
same scale height, while leading to similar excess and images as
in the previous model.

5. Discussion

5.1. Dust vertical settling

Our radiative transfer modeling of J1608 indicates that small and
large grains have a different spatial distribution (see Table 2).
Small grains (<1 µm) are found to be more extended vertically
than large grains (>10 µm). Small grains are found up to a height
of 15 au at 100 au, in agreement with other results around T Tauri
stars (e.g., Burrows et al. 1996; Wolff et al. 2017; Pohl et al.
2017b). In contrast, to reproduce the ALMA image and SEDs,
the height of the large grain layer at 100 au has to be of a few
astronomical units.

The need for stratification of dust grains was already sug-
gested in earlier studies. Duchêne et al. (2003) showed that a

perfect mixing of dust grains is not able to reproduce simultane-
ously HST scattered light images and IRAM millimeter images
of HK Tau B, implying that vertical settling is occurring. Such a
radial stratification of the dust distribution was also highlighted
by Pinte et al. (2007) while modeling IR and optical scattered
light images of GG Tau. In all cases, small grains are inferred to
be located at the disk surface while large grains are found closer
to the mid-plane, a natural outcome of vertical settling.

Vertical settling of particles occurs simultaneously with
radial drift due to the effect of stellar gravity and gas drag on
the dust (Weidenschilling 1977). Because the pressure force acts
only on the gas, the gas rotates at sub-Keplerian speed, while
decoupled dust grains rotate faster, at Keplerian speed. The
gas drag on the dust particles leads to inward drift. Moreover,
through the stellar gravity and the interaction with the surround-
ing gas, dust grains settle onto the midplane, with a different
efficiency depending on the coupling of the grains. Small grains
are well coupled to the gas and hence are located at similar
scale heights; large grains are relatively decoupled from the gas,
and settle to the midplane (Barrière-Fouchet et al. 2005). Laibe
et al. (2014) found that vertical settling is much faster than the
radial drift of the particles, even when taking into account grain
growth.

Fromang & Papaloizou (2006) carried out ideal magneto-
hydrodynamic (MHD) simulations to quantify the effect of
magnetic field on dust settling. They consider a strongly
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magnetized and turbulent disk, with a viscous coefficient
of α ≈ 1.5× 10−2 in the simulation, and no grain growth.
They find that the scale height of 10 cm bodies is about
H100 mm ≈ 0.23 Hgas (Eq. (43) of Fromang & Papaloizou 2006),
which seems too large to account for current estimates from
observations. If we assume that scattered light traces the gas and
that all light at 1.3 mm is emitted by grains of similar size (Draine
2006), the modeling of J1608 gives mm dust scale heights on the
order of H1.3 mm = 0.41 Hgas. This is similar or smaller than the
predictions of Fromang & Papaloizou (2006) for particles 100
times larger, which are expected to be considerably more settled.

On the other hand, Dullemond & Dominik (2004) showed
analytically that settling is more efficient for disks with low
turbulence. It is also is more efficient if the grain size distri-
bution contains fewer small grains or if the gas-to-dust ratio is
low (Mulders & Dominik 2012). Moreover, in the outer parts of
the disk the ionization fraction might be such that a perfect cou-
pling to magnetic field is unlikely, and non-ideal effects might
be expected. In this context, Riols & Lesur (2018) showed that
ambipolar diffusion allows much more efficient settling of large
grains than in perfect MHD models, allowing to reproduce the
constraints on HL Tau.

5.2. Dust radial distribution

Outer radius. Our model of J1608 shows that small grains
extend to larger radii than large grains (Table 2). This is expected
as small grains are predicted to be well coupled to the gas,
well detected beyond the ring seen in the ALMA image. On
the other hand, large grains are (partially) decoupled from the
gas, and experience radial drift and dust trapping. Earlier stud-
ies have shown that the gas outer radii extend further than the
ones measured in the millimeter continuum. An average ratio
between the gas and dust outer disk radii of 1.96± 0.04 was
found in 22 disks of the Lupus star forming region (Ansdell et al.
2018). This trend is also observed in 12 disks in Chamaeleon II
(Villenave et al. in prep) and in individual disks such as PDS 70
where the gas is detected up to 160 au and millimeter dust up
to 110 au (Long et al. 2018). We note, however, that the sensi-
tivity limits between the ALMA observations in CO and those
in polarized scattered light are different. The outermost radius
at which scattered light is detected depends on the stellar illu-
mination (which drops as r−2). Besides the sensitivity limits, the
difference between gas/small grains and large grains can be due
to optical depth effects combined with the radial drift of the large
grains (Facchini et al. 2017). Depending on the inclination of
the system, the vertical height of small grains can also have a
large effect on their detectable radius. If the vertical height of
small grains decreases after some radius, the surface layers could
be located in the shadow of the inner region and would not be
detected in scattered light (Muro-Arena et al. 2018).

Inner radius. From the PV diagram shown in Fig. 3 and
our modeling, we found that both the small grains and gas in
J1608 extend inwards of the large grains, indicating that the cav-
ity is not completely empty. Likewise, an inner ring in scattered
light is detected inside the millimeter cavity of J1852. A similar
conclusion was reached on several other transition disks, which
show a CO cavity smaller than the millimeter dust cavity, such as
Sz 91 (Canovas et al. 2015, 2016) or RXJ1604.3-2130A (Zhang
et al. 2014) for example. In each of these systems, the authors
found the CO to extend at least 20 au inward of the outer edge
of the millimeter dust cavity. These differences in inner radius
could be related to the mechanisms responsible for the cavities
in transition disks, which we explore in the next subsection.

5.3. Comparison with other transition disks

Several mechanisms have been proposed to explain the origin
of cavities in transition disks: photoevaporation (Owen et al.
2011), dead zones (Flock et al. 2015; Pinilla et al. 2016), opacity
effect via grain growth (Dullemond & Dominik 2005; Birnstiel
et al. 2012), or planetary or stellar companion interacting with
the disk (Crida & Morbidelli 2007; Facchini et al. 2013). Recent
studies showed that most of the transition disks studied at high
angular resolution (a sample biased toward the brightest objects)
still have moderate accretion rates (Manara et al. 2014) and rather
small CO cavities. Thus, photoevaporation might not be the main
mechanism in this sample (Pinilla et al. 2018b; van der Marel
et al. 2018).

Dead-zones are low ionization regions in which magneto-
rotational instability is suppressed (Blaes & Balbus 1994; Flock
et al. 2012). In such regions the rate of gas flow decreases, lead-
ing to accumulation of gas at the outer edge of the region. The
pressure bump is able to trap particles and stop the radial drift of
large grains, which leads to a ring-like morphology for the mil-
limeter dust as observed in transition disks (Pinilla et al. 2016).
Synthetic scattered light and millimeter continuum images of
disk with a dead zone in the inner 30 au show that the inner edge
of the ring is located at about the same radius in both tracers.
If a dead zone and a MHD wind act together however, a larger
difference in inner radii could be observed.

Dust depleted cavities can also be generated by planets. Plan-
ets of mass larger than 1 MJ can carve gaps in the gas and
induce large perturbations in the gas surface density (Dong &
Fung 2017), in turn generating pressure maxima that trap dust
particles. In this case, the inner region of the disk is depleted
in millimeter grains, while smaller grains can flow inside the
planet’s orbit, and potentially be detected in scattered light
(de Juan Ovelar et al. 2013; Dong et al. 2015).

To assess the origin of the cavity in transition disks, we com-
piled a sample of 22 disks that have both scattered light and
millimeter observations, as presented in Table 3. This sample
includes two known binary systems, HD 142527 and V4046 Sgr
(Biller et al. 2014; Quast et al. 2000). The excentric binary com-
panion in HD 142527 is likely responsible for the cavity (Price
et al. 2018), but this is probably not the case for the very close
binary system V4046 Sgr (2.4 days period; Quast et al. 2000;
D’Orazi et al. 2018). All sources show a resolved dust cavity in
the millimeter and, except Oph IRS 48 and Sz 91 for which we
consider respectively VISIR and Subaru observations, all have
scattered light observations with VLT/SPHERE. We report the
outer radius of the scattered light cavity and millimeter peak
in Table 3. We re-scale the published values using the latest dis-
tances from Gaia DR2 (Gaia Collaboration et al. 2018). In this
analysis, we only consider the position of the main cavity, regard-
less of the presence of an inner disk within the first few au. For 5
of the 22 disks considered in this analysis, the scattered light cav-
ity may be located inside the coronagraphic mask radius, giving
the upper limits in Table 3. For the small fraction of transition
disks that possesses multiple rings in scattered light, we report
the position of the scattered light ring that is the closest to the
millimeter peak emission (for the following objects: HD 169142,
V4046 Sgr, J1852, HD 97048, Lk Ca 15, Sz 91 and HD 34282).
For J1608, which has a large inclination, we chose to estimate
the ALMA and SPHERE peaks on our model, after computing
it face-on.

From synthetic observations, calculated after hydrodynam-
ical and dust evolution simulations and considering massive
planets on a circular orbit, de Juan Ovelar et al. (2013) found
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Table 3. Position of millimeter and scattered light cavities for 22 transition disks, ordered by increasing millimeter cavity size.

Source d (pc) Band Rpeak,mm (au) Rin,PI (au) Rpeak,PI (au) Ratio

HD 100546 110± 1 B7 – R’ 15.0 12.0 14.0 0.81, 0.96
HD 169142 114± 1 B6 – J 21.7 16.0 20.5 0.74, 0.94
V4046 Sgr 72± 1 B6 – H 27.0 15.3 26.9 0.57, 0.99
UX Tau A 140± 2 B6 – H 33.2 < 14 < 0.42
HD 100453 104± 1 B6 – R’ 33.3 14.6 18.5 0.44, 0.55
T Cha 110± 1 B3 – H 36.8 28.8 31.4 0.78, 0.85
HD 143006 166± 4 B6 – J 40.0 18.2 30.0 0.45, 0.75
DoAr44 146± 1 B7 – H 42.7 < 14 < 0.33
CQ Tau 163± 2 B6 – J 47.3 < 4 < 0.08
J1852 146± 1 B3 – H 43.8 34.7 43.1 0.79, 0.98
HD 135344B 136± 2 B7 – R 54.6 18.3 23.5 0.34, 0.43
HD 97048 185± 1 B7 – J 55.4 45.9 54.4 0.83, 0.98
LkCa 15 159± 1 B7 – J 64.0 53.7 64 0.84, 1.0
Oph IRS 48 134± 2 B9 – Q 70.6 33.3 59.1 0.47, 0.84
RY Lup 159± 2 B7 – H 71.9 < 15 < 0.20
MWC758 160± 2 B7 – Y 80.0 < 15 < 0.19
PDS 70 113± 1 B7 – J 81.0 45.0 54.0 0.56, 0.67
J1608 156± 6 B6 – H 81.0 45.0 49.9 0.56, 0.82
RXJ1604.3-2130A 150± 1 B6 – R’ 83.0 54.9 63.7 0.66, 0.77
Sz 91 159± 2 B7 – Ks 87.5 46.0 50.9 0.52, 0.58
HD 34282 312± 5 B7 – J 133.9 124.2 132.7 0.93, 0.99
HD 142527 157± 1 B7 – Ks 165, 205 78.5 157.0 0.38, 0.95

Notes. Known binary systems are indicated with the name in italic. We report the peak of the millimeter intensity beyond the cavity, along with the
position of the inner radius and peak in scattered light. When the cavity is not detected down to the coronagraph radius in scattered light, we use
the symbol <. The position of the scattered light cavity (Rcav,PI), defined as the mean between Rin,PI and Rpeak,PI, is used in Fig. 10.
References. HD 100546: Pinilla et al. (2018b); Garufi et al. (2016), HD 169142: Fedele et al. (2017); Pohl et al. (2017a); Bertrang et al. (2018),
V4046 Sgr: Rosenfeld et al. (2013); Avenhaus et al. (2018), HD 100453: van der Plas et al. (2019); Benisty et al. (2017), T Cha: Hendler et al.
(2018); Pohl et al. (2017b), UX Tau: Pinilla et al. (2018b), Menard (in prep.); HD 143006: Benisty et al. (2018); Pérez et al. (2018a), DoAr44:
Casassus et al. (2018); Avenhaus et al. (2018), CQ Tau: Pinilla et al. (2018b); Benisty (in prep), J1852: This work, HD 97048: van der Plas et al.
(2017b); Ginski et al. (2016), LkCa 15: Andrews et al. (2011); Thalmann et al. (2015, 2016), HD 135344B: Pinilla et al. (2018b); Stolker et al.
(2016), Oph IRS 48: van der Marel et al. (2013); Bruderer et al. (2014); Geers et al. (2007), RY Lup: Pinilla et al. (2018b); Langlois et al. (2018),
MWC758: Marino et al. (2015); Benisty et al. (2015), RXJ1604.3-2130A: Pinilla et al. (2018a, 2015), PDS 70: Long et al. (2018); Keppler et al.
(2018), J1608:Ansdell et al. (2016), This work, Sz 91: Canovas et al. (2016); Tsukagoshi et al. (2014), HD 34282: van der Plas et al. (2017a), de Boer
(in prep.), HD 142527: Boehler et al. (2017); Avenhaus et al. (2014).

that as the mass of a planet in a disk increases, the position of
the millimeter ring moves further away from the planet’s orbit
while the outer radius of the scattered light cavity does not. They
derived an analytic formula relating the planet mass with the
ratio between the position of the so-called “scattered light wall”
to that of the ALMA peak. The scattered light wall is defined
as the radial location where the scattered light signal is half of
the difference between the flux measured at the peak of the wall
and the minimum flux in the gap. As the position of the wall is
usually not explicitly published in the literature, we use both the
inner radius of the disk beyond the cavity, as seen in scattered
light, and the position of the peak in polarized intensity (respec-
tively referred to as Rin,PI, and Rpeak,PI, in Table 3). Considering
the position of the cavity instead of that of the wall tends to over-
estimate the planet mass, and inversely under-estimate it when
the position of the peak is used. We also note that the models
were specifically calculated for R band scattered light observa-
tions and Band 7 (850 µm), and only for a planet in a circular
orbit. However, little difference is expected for such small varia-
tions in wavelength, as can be seen by comparing the theoretical
profiles of Band R and Band H in Fig. 3 of de Juan Ovelar et al.
(2013).

We show in Fig. 10 the radius of the scattered light cav-
ity (Rcav,PI), defined as the mean between Rin,PI and Rpeak,PI, as

a function of the radius of the millimeter ring (Rpeak,mm). We
observe that for each system the scattered light cavity radius is
smaller than the millimeter radius (green line), with about one
third of the disks having a ratio smaller than 0.5 (see Table 3).
The models of de Juan Ovelar et al. (2013) would imply com-
panion masses above 13 MJ for ratios lower than 0.48 when the
planet is located at 20 au, 0.53 when it is at 40 au, and 0.56
at 60 au. As can be seen in Fig. 10, fifteen disks in our sam-
ple (namely HD 100546, HD 169142, V4046 Sgr, HD 100453,
T Cha, J1852, HD 97048, Lk Ca 15, Oph IRS 48, PDS 70, J1608,
RXJ1604.3-2130A, Sz 91, HD 34282 and HD 142527) are above
the red shaded area. This indicates ratios larger than the ones
given above, placing the possible companions in the planetary
mass regime. PDS 70 is the only system where a few Jupiter mass
planet was imaged in the main cavity (Keppler et al. 2018; Müller
et al. 2018), while HD 142527 has a stellar companion. For the
other disks considered (namely UX Tau A, HD 143006, DoAr44,
CQ Tau, HD 135344B, RY Lup and MWC758), the ratio (or its
upper limit) would lead to objects in the stellar or brown dwarf
regime. These disks appear in the red shaded area in Fig. 10.

Several direct imaging surveys have been carried out search-
ing for companions. Kraus et al. (2008, 2011) performed a
high-resolution imaging studies of Taurus-Auriga and Upper Sco
star-forming regions to identify companions down to 8 to 12 MJ .
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Fig. 10. Comparison of the cavity sizes as measured in the millimeter
and in scattered light for a sample of 22 transition disks. The cyan points
correspond to the two systems modeled in this paper, while the yellow
star symbols refer to HD 142527 that has a stellar companion in the
cavity, and PDS 70 where a planet has been detected. The upper limits,
indicated with arrows, refer to systems for which scattered light cavities
could not be measured down to the coronagraphic radius. Horizontal
bars correspond to one tenth of the millimeter beam, while vertical bars
represent the interval between the cavity radius and the peak in scattered
light (Table 3). The red region shows the ratio for which the planet mass
inferred with the prescription of de Juan Ovelar et al. (2013) is larger
than 13 Jupiter masses. The three breaks correspond to their models
with planets at radii of 20, 40 and 60 au, respectively.

More recently, Subaru high-contrast observations of 68 young
stellar objects were performed (SEEDS survey; Uyama et al.
2017b), reaching typical limits of 10 MJ at 0.5′′ (∼70 au at
140 pc) and 6 MJ at 1′′. The SEEDS survey covered 12 disks
of our sample3, without a planet detection. For HD 169142,
T Cha, HD 135344B, HD 97048 and RY Lup, detection limits
were also presented in individual studies, that reached sensitiv-
ity of ∼ 10 MJ at 0.25′′(Ligi et al. 2018; Pohl et al. 2017b; Maire
et al. 2017; Ginski et al. 2016; Langlois et al. 2018). We also note
that claims of candidate companions were made in the disks of
HD 100546 (Quanz et al. 2015; Currie et al. 2014), HD 169142
(Biller et al. 2014; Reggiani et al. 2014), Lk Ca 15 (Kraus &
Ireland 2012; Sallum et al. 2015) and MWC758 (Reggiani et al.
2018), without having been firmly confirmed until now.

An alternative scenario to explain the small ratio between
the radius of the scattered light cavity and the millimeter peak
could be that the cavities are caused by several lower mass plan-
ets, which would allow small grains to fill the cavity, while
large grains are retained in the outer disk (Rosotti et al. 2016;
Dipierro & Laibe 2017). In this case, no gap would be detected in
scattered light, while a clear ring would appear in the millimeter
images.

6. Conclusion

In this paper, we present new polarized scattered light obser-
vations of two transition disks, namely 2MASS J16083070-
3828268 (J1608) and RXJ1852.3-3700 (J1852). The image of
J1608 reveals a highly inclined disk (∼74◦) with a large cavity
of about 50 au in scattered light. We also detect a faint line, in
the southwest, that we interpret as tracing the rear-facing side of
the disk. The second disk of our study, J1852, shows scattered
3 Namely UX Tau A, HD 143006, DoAr44, CQ Tau, J1852,
HD 135344B, Lk Ca 15, Oph IRS 48, MWC 758, RXJ1604.3-2130A,
Sz 91, HD 34282.

light (referred to as an inner ring) just beyond the coronagraph
radius, a gap between 22 and 42 au and an outer ring up to 65 au.
A cavity inward of the first ring, as inferred from the SED, is
located behind the coronagraph.

We modeled both scattered light and millimeter images (that
trace small and large dust grains, respectively), together with
the SED, using radiative transfer. Our modeling of the highly
inclined disk J1608 indicates that small and large grains have
a different spatial distribution. Radially, small grains are more
extended inward and outward than the large grains, by respec-
tively 30 au and 60 au. Vertically, at a radius of 100 au, we
constrain the large grains to be located within a height of 5 au,
while the small grains extend vertically up to 12 au. We follow a
similar procedure for J1852 and propose a model with a spa-
tial segregation between grain sizes. However, the disk is not
inclined enough to allow us to strongly constrain the relative ver-
tical extents of various grain sizes, and so our modeling of the
images and SED for this object remains degenerate.

The radial and vertical segregation in particle sizes observed
in J1608 is likely a consequence of both vertical settling and dust
radial drift that occur during the evolution of the disks. Vertical
settling in low turbulence disks and/or following non-ideal MHD
effects such as ambipolar diffusion can explain the relatively
small scale height inferred for the large grain population. The
difference in the outer extents (as measured in scattered light and
millimeter emission) could result from radial drift, optical depth
and illumination effects, while the difference in the inner radius
of the outer disk, might be related to the presence of planet(s).

We compile a sample of 22 transition disks imaged with both
ALMA and SPHERE, and find that scattered light is detected
inside the millimeter cavity in all of the disks. We use the
observed spatial difference in mm and far-IR distributions to
identify a segregation in particle sizes, and infer the proposed
companion mass responsible for the cavity using the prescrip-
tion of de Juan Ovelar et al. (2013). We show that in 15 objects,
including the two disks modeled in this study, the cavities could
be explained by the presence of a giant planet. The seven other
disks of the sample show large ratios between the position of the
scattered light and the millimeter cavity, suggestive of a com-
panion above the planetary mass regime, or alternatively, of a
multiple planetary system.

As of today, apart from PDS 70 (Keppler et al. 2018), direct
imaging surveys with results available in the literature, did not
provide the detection of other such objects within a transition
disk. New deeper observations with direct imaging instruments,
or search for non-Keplerian motions in the gas kinematics with
ALMA (Pérez et al. 2015, 2018b; Teague et al. 2018; Pinte et al.
2018) might lead to further detections.
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Appendix A: Additional maps

Saturated J1608 Qφ image. To visualize better the faint
line south of J1608, we show the Qφ image of the H and J-
band observations in Fig. A.1, while saturating the image for
brightness larger than 5% of the maximum intensity of the map.
The right panel also shows our Qφ model image with the same
dynamical range.
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Fig. A.1. The Qφ images of J1608 in J (non coronagraphic) and H-Band (coronagraphic) with a dynamical range from 0 to 5% of the maximum
of each image are showed in the left and middle panels, respectively. The bottom line of the disk is seen more clearly in the data than in Fig. 1, and
appears to be too bright in the model (right panel).
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Fig. A.2. Left and middle panels: Qφ and Uφ images of our model of J1608, respectively. The colorscale used in the same as in Fig. 5. Right panel:
radial cuts along the major axis, compared to the data.

0.50.00.5
∆RA [arcsec]

0.5

0.0

0.5

∆
D

e
c 

[a
rc

se
c]

Qφ

0.50.00.5
∆RA [arcsec]

Uφ

1.00.50.00.51.0
Distance [arcsec]

0.70

0.35

0.00

0.35

0.70

1.00

N
o
rm

a
lize

d
 in

te
n
sity

Qφ

Uφ

SPHERE

MCFOST

Fig. A.3. Left and middle panels: Qφ and Uφ images of our model of J1852, respectively. The colorscale used in the same as in Fig. 9. Right panel:
radial cuts along the major axis, compared to the data.

Model Qφ and Uφ images. As we show and model the
polarized intensity image in the main text, we present in
Figs. A.2 and A.3, the individual Qφ and Uφ model predictions
for J1608 and J1852, respectively. The Qφ images are very sim-
ilar to our model polarized intensity images that reproduce well
the data. In addition, when compared to Figs. 1 and 2, we see that
the regions with positive and negative intensity in the Uφ images
are also a good match to the data.
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Fig. A.4. J1608 Q and U normalized maps of the data and model without noise.

Fig. A.5. J1852 Q and U normalized maps of the data and model without noise.

Fig. A.6. Synthetic millimeter predictions of our models for J1608 in Band 6 (left panel) and J1852 in Band 3 (right panel), before convolution by
the ALMA beam.

Model Q and U images. We show the Q and U maps of
both data and models (without any noise) in Figs. A.4 and A.5.
In J1608, the east/west asymmetry in the lobe is reproduced, and
in J1852 we clearly see the two rings in the model images.

Model millimeter images before convolution by the beam.
In Fig. A.6, we show our synthetic millimeter predictions
for J1608 and J1852 before convolution by the corresponding
ALMA beam.
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Appendix B: Model schematic representation

We show a schematic representation of our models in Fig. B.1,
that shows the clear spatial segregation in particle sizes for
J1608. As explained in the main text, our model of J1852 remains
degenerate. With a grain size distribution as given in Table 2, that
uses a minimum grain size of 10µm for the large grain popula-
tion, we obtain a good model represented in the bottom panel
of Fig. B.1. However, with a minimum grain size to 300 µm,
both small and large grain population could be mixed up to the
same height. We therefore represent the height of the small grain
population with red hatches to show this uncertainty.
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Fig. B.1. Modeled radial and vertical structure for small and large grains
in J1608 and J1852, in linear scale. The vertical black line indicates the
inner radius of the disk in CO, as measured on the PV-diagram (Fig. 3).
The red hatches in J1852 represent the uncertaincy on the scale height
of the large grain population that is not well constrained by our model.
The innermost disk of J1852, located between 0.2 and 2 au, is too small
to be visible in this representation.
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ABSTRACT

We present observations of the young multiple system UX Tauri to look for circumstellar disks and for signs of dynamical interactions.
We obtained SPHERE/IRDIS deep differential polarization images in the J and H bands. We also used ALMA archival CO data. Large
extended spirals are well detected in scattered light coming out of the disk of UX Tau A. The southern spiral forms a bridge between
UX Tau A and C. These spirals, including the bridge connecting the two stars, all have a CO (3–2) counterpart seen by ALMA. The
disk of UX Tau C is detected in scattered light. It is much smaller than the disk of UX Tau A and has a major axis along a different
position angle, suggesting a misalignment. We performed Phantom SPH hydrodynamical models to interpret the data. The scattered
light spirals, CO emission spirals and velocity patterns of the rotating disks, and the compactness of the disk of UX Tau C all point to
a scenario in which UX Tau A has been perturbed very recently (∼1000 years) by the close passage of UX Tau C.

Key words. protoplanetary disks – circumstellar matter – stars: pre-main sequence – binaries: general

1. Introduction

Star formation occurs in molecular clouds where the stellar den-
sity is higher than in the field and the probability for encounters
and dynamical interactions is enhanced. The presence of other
stars in the vicinity of a forming young stellar and planetary sys-
tem can dramatically affect the disk morphology and evolution
(Pfalzner 2003; Vincke et al. 2015; Bate 2018).

The probability of a system to undergo a flyby decreases
rapidly with time in a stellar association in unison with the stellar
density, which decreases with cluster expansion. During the first
? Movies associated to Fig. 3 are available at
https://www.aanda.org

million years of a stellar cluster, Pfalzner (2013) and Winter et al.
(2018a) estimated that the probability of a stellar encounter can
be on the order of 30% for solar-type stars, a flyby being defined
in this case as a single passage within 100–1000 au. These calcu-
lations assumed a background stellar density that is larger than
in Taurus. In Taurus the stellar density is low (1–10 stars pc−3)
and at first sight the flyby rate would be equivalently low. How-
ever, the stellar distribution in Taurus is patchy; several denser
groups have been identified in Taurus (e.g., Joncour et al. 2018)
and there is a higher probability that encounters might happen in
these groups.

Clarke & Pringle (1993) considered coplanar parabolic
encounters between equal-mass stars with periastron separations

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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ABSTRACT

Context. A large portion of stars is found to be part of binary or higher-order multiple systems. The ubiquity of planets found around
single stars raises the question of whether and how planets in binary systems form. Protoplanetary disks are the birthplaces of planets,
and characterizing them is crucial in order to understand the planet formation process.
Aims. Our goal is to characterize the morphology of the GG Tau A disk, one of the largest and most massive circumbinary disks. We
also aim to trace evidence for binary-disk interactions.
Methods. We obtained observations in polarized scattered light of GG Tau A using the SPHERE/IRDIS instrument in the H-band
filter. We analyzed the observed disk morphology and substructures. We ran 2D hydrodynamical models to simulate the evolution of
the circumbinary ring over the lifetime of the disk.
Results. The disk and also the cavity and the inner region are highly structured, with several shadowed regions, spiral structures,
and streamer-like filaments. Some of these are detected here for the first time. The streamer-like filaments appear to connect the outer
ring with the northern arc. Their azimuthal spacing suggests that they may be generated through periodic perturbations by the binary,
which tear off material from the inner edge of the outer disk once during each orbit. By comparing observations to hydrodynamical
simulations, we find that the main features, in particular, the gap size, but also the spiral and streamer filaments, can be qualitatively
explained by the gravitational interactions of a binary with a semimajor axis of ∼35 au on an orbit coplanar with the circumbinary
ring.

Key words. stars: individual: GG Tau A – protoplanetary disks – methods: observational – methods: numerical –
techniques: high angular resolution – techniques: polarimetric

1. Introduction

Almost half of all main-sequence solar-type stars are found in
binary or higher-order multiple systems (e.g., Raghavan et al.
2010; Duchêne & Kraus 2013), and it is thought that the fraction
of multiple systems is even higher among pre-main sequence
stars (e.g., Duchêne 1999; Kraus et al. 2011). More than 4000
detections of extrasolar planets around single stars to date show
that the assembly of planetary bodies is a common byproduct of
star formation. The high abundance of multiple stars on the one
hand and planetary companions on the other hand thus raises the
question about the possible formation pathways and prevalence
of planets in multiple systems.

While our understanding of the building-up of planets
within protoplanetary disks around single stars has significantly
advanced in the past years, less is known about the condi-
tions of planet formation in multiple systems (e.g., Thebault
& Haghighipour 2015). In contrast to the single-star case, the
evolution of material in the circumbinary and individual cir-
cumstellar disks in multiple systems will (depending on the
binary parameters such as mass ratio, orbital separation, and
? Based on observations performed with VLT/SPHERE under pro-

gram ID 198.C-0209(N).

eccentricity) be dominated by the gravitational perturbation of
the central binary. As a consequence, the binary-disk interac-
tion has severe implications for the planet formation process.
Tidal interactions exerted by the binary are expected to trun-
cate the individual circumstellar disks, reducing their masses,
outer radii, and viscous timescales (e.g., Papaloizou & Pringle
1977; Artymowicz & Lubow 1994; Rosotti & Clarke 2018). In
addition, the tidal torques will truncate the circumbinary disk
from the inner edge by opening a large inner cavity. Despite the
resulting separation of circumbinary and circumstellar material,
gas streams through the gap may form, supplying the circumstel-
lar disks with material from the outer circumbinary disk (e.g.,
Artymowicz & Lubow 1996; Muñoz et al. 2020). While obser-
vational trends infer binary interaction to be indeed destructive
for disks in many cases (e.g., Bouwman et al. 2006; Duchêne
2010; Harris et al. 2012; Cox et al. 2017; Akeson et al. 2019;
Manara et al. 2019), potentially impeding the formation of plan-
ets, several massive disks around binary systems are known and
have been observed at high angular resolution (e.g., UY Aur,
HD142527, HD 34700 A; Hioki et al. 2007; Tang et al. 2014;
Avenhaus et al. 2017; Monnier et al. 2019).

Despite the potential complications for planet formation
induced by the gravitational perturbations from the binary, more
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ABSTRACT

Context. Hydrodynamical simulations of planet-disk interactions suggest that planets may be responsible for a number of the sub-
structures frequently observed in disks in both scattered light and dust thermal emission. Despite the ubiquity of these features, direct
evidence of planets embedded in disks and of the specific interaction features like spiral arms within planetary gaps are still rare.
Aims. In this study we discuss recent observational results in the context of hydrodynamical simulations in order to infer the properties
of a putative embedded planet in the cavity of a transition disk.
Methods. We imaged the transition disk SR 21 in H-band in scattered light with SPHERE/IRDIS and in thermal dust emission with
ALMA band 3 (3 mm) observations at a spatial resolution of 0.1′′. We combine these datasets with existing Band 9 (430 µm) and
Band 7 (870 µm) ALMA continuum data.
Results. The Band 3 continuum data reveals a large cavity and a bright ring peaking at 53 au strongly suggestive of dust trapping.
The ring shows a pronounced azimuthal asymmetry, with a bright region in the northwest that we interpret as a dust overdensity.
A similarly asymmetric ring is revealed at the same location in polarized scattered light, in addition to a set of bright spirals inside
the millimeter cavity and a fainter spiral bridging the gap to the outer ring. These features are consistent with a number of previous
hydrodynamical models of planet-disk interactions, and suggest the presence of a ∼1 MJup planet at 44 au and PA = 11 deg. This makes
SR21 the first disk showing spiral arms inside the millimeter cavity, and the first disk for which the location of a putative planet can
be precisely inferred.
Conclusions. The main features of SR 21 in both scattered light and thermal emission are consistent with hydrodynamical predictions
of planet-disk interactions. With the location of a possible planet being well constrained by observations, it is an ideal candidate for
follow-up observations to search for direct evidence of a planetary companion still embedded in its disk.

Key words. protoplanetary disks – techniques: polarimetric – scattering

1. Introduction

Protoplanetary disks are the places where planet formation takes
place, yet the associated timescales and evolutionary processes
are not well constrained by observations. Planet formation is
thought to induce morphological features in their parent disk,
such as rings and gaps, spiral arms, or vortices. Such structures
were indeed detected in a growing sample of disks in millime-
? Based on observations performed with SPHERE/VLT under pro-

gram ID 1100.C-0481(Q).

ter emission and in optical and near-infrared scattered light (see,
e.g., Andrews et al. 2018; Avenhaus et al. 2018 for recent exam-
ples). If indeed caused by embedded planets, this suggests that
planet formation occurs early in the lifetime of the disk. Of par-
ticular interest in that respect have been the so-called transition
disks. These are disks that show a lack of flux in the 10 µm wave-
length range, suggestive of large cavities.

It has been proposed that these cavities are carved out
by the emerging protoplanets, yet so far only one such sys-
tem is known where planets are indeed detected (PDS 70,
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ABSTRACT

Context. Shadows in scattered light images of protoplanetary disks are a common feature and support the presence of warps or mis-
alignments between disk regions. These warps are possibly caused by an inclined (sub-)stellar companion embedded in the disk.
Aims. We aim to study the morphology of the protoplanetary disk around the Herbig Ae star HD 139614 based on the first scattered
light observations of this disk, which we model with the radiative transfer code MCMax3D.
Methods. We obtained J- and H-band observations that show strong azimuthal asymmetries in polarized scattered light with
VLT/SPHERE. In the outer disk, beyond ∼30 au, a broad shadow spans a range of ∼240 deg in position angle, in the east. A bright
ring at ∼16 au also shows an azimuthally asymmetric brightness, with the faintest side roughly coincidental with the brightest region
of the outer disk. Additionally, two arcs are detected at ∼34 and ∼50 au. We created a simple four-zone approximation to a warped disk
model of HD 139614 in order to qualitatively reproduce these features. The location and misalignment of the disk components were
constrained from the shape and location of the shadows they cast.
Results. We find that the shadow on the outer disk covers a range of position angles too wide to be explained by a single inner mis-
aligned component. Our model requires a minimum of two separate misaligned zones – or a continuously warped region – to cast
this broad shadow on the outer disk. A small misalignment of ∼4◦ between adjacent components can reproduce most of the observed
shadow features.
Conclusions. Multiple misaligned disk zones, potentially mimicking a warp, can explain the observed broad shadows in the HD 139614
disk. A planetary mass companion in the disk, located on an inclined orbit, could be responsible for such a feature and for the
dust-depleted gap responsible for a dip in the SED.

Key words. protoplanetary disks – techniques: polarimetric – radiative transfer – scattering

? The reduced images are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/635/A121
?? Based on observations performed with SPHERE/VLT under program ID 096.C-0248(B) and 099.C-0147(B).
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ABSTRACT

Context. Dozens of protoplanetary disks have been imaged in scattered light during the last decade.
Aims. The variety of brightness, extension, and morphology from this census motivates a taxonomical study of protoplanetary disks
in polarimetric light to constrain their evolution and establish the current framework of this type of observation.
Methods. We classified 58 disks with available polarimetric observations into six major categories (Ring, Spiral, Giant, Rim, Faint,
and Small disks) based on their appearance in scattered light. We re-calculated the stellar and disk properties from the newly available
Gaia DR2 and related these properties with the disk categories.
Results. More than half of our sample shows disk substructures. For the remaining sources, the absence of detected features is due to
their faintness, their small size, or the disk geometry. Faint disks are typically found around young stars and typically host no cavity.
There is a possible dichotomy in the near-infrared (NIR) excess of sources with spiral-disks (high) and ring-disks (low). Like spirals,
shadows are associated with a high NIR excess. If we account for the pre-main sequence evolutionary timescale of stars with different
mass, spiral arms are likely associated with old disks. We also found a loose, shallow declining trend for the disk dust mass with time.
Conclusions. Protoplanetary disks may form substructures like rings very early in their evolution but their detectability in scattered
light is limited to relatively old sources (&5 Myr) where the recurrently detected disk cavities cause the outer disk to be illuminate. The
shallow decrease of disk mass with time might be due to a selection effect, where disks observed thus far in scattered light are typically
massive, bright transition disks with longer lifetimes than most disks. Our study points toward spirals and shadows being generated by
planets of a fraction of a Jupiter mass to a few Jupiter masses in size that leave their (observed) imprint on both the inner disk near the
star and the outer disk cavity.

Key words. planet-disk interactions – planets and satellites: formation – protoplanetary disks

1. Introduction

The most direct observational approach to study planet forma-
tion − the direct imaging of forming planets − has thus far
been unproductive, with only a handful of young planet can-
didates being found in the literature (e.g., Quanz et al. 2013a;
Sallum et al. 2015; Keppler et al. 2018; Müller et al. 2018).
On the other hand, the direct imaging of protoplanetary disks
has provided several examples of disk sub-structures (e.g., cav-
ities, annular gaps, spiral arms) that are potentially formed by
an interaction with embedded (forming) planets. Currently, the

paucity of planet detection and the lack of a known evolutionary
trend for these substructures are hindering our understanding of
planet/disk interaction processes and planet formation.

Until the advent of ALMA, optical and near-infrared (NIR)
imaging of the scattered light from protoplanetary disks was the
best method for detecting substructures (see pioneering work by
Grady et al. 1999; Augereau et al. 2001). Observations at these
wavelengths exploit the good angular resolution achieved with
single telescopes but suffer from the low contrast of any circum-
stellar emission in comparison to the star. Much of the current
focus is on Polarimetric Differential Imaging (PDI) since this
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ABSTRACT

Context. While planet formation is thought to occur early in the history of a protoplanetary disk, the presence of planets embedded in
disks, or of other processes driving disk evolution, might be traced from their imprints on the disk structure.
Aims. We study the morphology of the disk around the T Tauri star HD 143006, located in the ∼5–11 Myr-old Upper Sco region, and
we look for signatures of the mechanisms driving its evolution.
Methods. We observed HD 143006 in polarized scattered light with VLT/SPHERE at near-infrared (J-band, 1.2 µm) wavelengths,
reaching an angular resolution of ∼0.037′′(∼6 au). We obtained two datasets, one with a 145 mas diameter coronagraph, and the other
without, enabling us to probe the disk structure down to an angular separation of ∼0.06′′(∼10 au).
Results. In our observations, the disk of HD 143006 is clearly resolved up to ∼0.5′′ and shows a clear large-scale asymmetry with the
eastern side brighter than the western side. We detect a number of additional features, including two gaps and a ring. The ring shows
an overbrightness at a position angle (PA) of ∼140◦, extending over a range in position angle of ∼60◦, and two narrow dark regions.
The two narrow dark lanes and the overall large-scale asymmetry are indicative of shadowing effects, likely due to a misaligned inner
disk. We demonstrate the remarkable resemblance between the scattered light image of HD 143006 and a model prediction of a warped
disk due to an inclined binary companion. The warped disk model, based on the hydrodynamic simulations combined with three-
dimensional radiative transfer calculations, reproduces all major morphological features. However, it does not account for the observed
overbrightness at PA ∼ 140◦.
Conclusions. Shadows have been detected in several protoplanetary disks, suggesting that misalignment in disks is not uncommon.
However, the origin of the misalignment is not clear. As-yet-undetected stellar or massive planetary companions could be responsible
for them, and naturally account for the presence of depleted inner cavities.

Key words. protoplanetary disks – techniques: polarimetric – radiative transfer – scattering

1. Introduction
High angular resolution observations of protoplanetary disks
show a wide diversity of structures on different scales.
Sub-millimeter (mm) observations show radial structure, for
example, bright and dark rings (e.g., ALMA Partnership 2015;
Andrews et al. 2016; Fedele et al. 2017; Dipierro et al. 2018),
and azimuthal asymmetries (sometimes called “horseshoe”)
? Based on observations performed with SPHERE/VLT under pro-

gram ID 097.C-0902(A) and 095.C-0693(A).

where the dust continuum emission is much stronger than in the
surrounding background disk (e.g., van der Marel et al. 2013;
Casassus et al. 2013). Atacama Large Millimeter Array (ALMA)
observations at high angular resolution revealed that most, if not
all, of the protoplanetary disks are not smooth, and often show
ring-like features (Isella et al. 2016; Cieza et al. 2017; Fedele
et al. 2018), suggesting that these features trace universal pro-
cesses. One of the most interesting scenarios is that they are due
to interactions between the planet-forming disk and embedded
proto-planets (e.g., Dipierro et al. 2015; Rosotti et al. 2016).
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ABSTRACT

Context. Multiwavelength observations are indispensable in studying disk geometry and dust evolution processes in protoplanetary
disks.
Aims. We aim to construct a three-dimensional model of HD 163296 that is capable of reproducing simultaneously new observations
of the disk surface in scattered light with the SPHERE instrument and thermal emission continuum observations of the disk midplane
with ALMA. We want to determine why the spectral energy distribution of HD 163296 is intermediary between the otherwise well-
separated group I and group II Herbig stars.
Methods. The disk was modeled using the Monte Carlo radiative transfer code MCMax3D. The radial dust surface density profile was
modeled after the ALMA observations, while the polarized scattered light observations were used to constrain the inclination of the
inner disk component and turbulence and grain growth in the outer disk.
Results. While three rings are observed in the disk midplane in millimeter thermal emission at ∼80, 124, and 200 AU, only the
innermost of these is observed in polarized scattered light, indicating a lack of small dust grains on the surface of the outer disk.
We provide two models that are capable of explaining this difference. The first model uses increased settling in the outer disk as a
mechanism to bring the small dust grains on the surface of the disk closer to the midplane and into the shadow cast by the first ring.
The second model uses depletion of the smallest dust grains in the outer disk as a mechanism for decreasing the optical depth at optical
and near-infrared wavelengths. In the region outside the fragmentation-dominated regime, such depletion is expected from state-of-
the-art dust evolution models. We studied the effect of creating an artificial inner cavity in our models, and conclude that HD 163296
might be a precursor to typical group I sources.

Key words. protoplanetary disks – scattering – techniques: polarimetric – techniques: interferometric –
stars: individual: HD 163296

1. Introduction

Protoplanetary disks are the sites of planet formation, of which
the disks around Herbig Ae/Be are the best-studied examples
owing to their brightness and proximity to Earth. The structure
and morphology of protoplanetary disks around Herbig Ae/Be
stars is as of now not well understood, although various models

have been proposed over the years to link their global geome-
try to the characteristics of their spectral energy distributions
(SEDs). The classification system initially proposed by Meeus
et al. (2001) first divided Herbig Ae/Be SEDs into two groups
based on the far-infrared (FIR) excess of these sources: those
whose SEDs can be fitted by a single power-law component
(group II), and those that require an additional broad component
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Abstract

HD 169142 is an excellent target for investigating signs of planet–disk interaction due to previous evidence of gap
structures. We perform J-band (∼1.2 μm) polarized intensity imaging of HD 169142 with VLT/SPHERE. We
observe polarized scattered light down to 0 16 (∼19 au) and find an inner gap with a significantly reduced
scattered-light flux. We confirm the previously detected double-ring structure peaking at 0 18 (∼21 au) and 0 56
(∼66 au) and marginally detect a faint third gap at 0 70–0 73 (∼82–85 au). We explore dust evolution models in a
disk perturbed by two giant planets, as well as models with a parameterized dust size distribution. The dust
evolution model is able to reproduce the ring locations and gap widths in polarized intensity but fails to reproduce
their depths. However, it gives a good match with the ALMA dust continuum image at 1.3 mm. Models with a
parameterized dust size distribution better reproduce the gap depth in scattered light, suggesting that dust filtration
at the outer edges of the gaps is less effective. The pileup of millimeter grains in a dust trap and the continuous
distribution of small grains throughout the gap likely require more efficient dust fragmentation and dust diffusion
in the dust trap. Alternatively, turbulence or charging effects might lead to a reservoir of small grains at the surface
layer that is not affected by the dust growth and fragmentation cycle dominating the dense disk midplane. The
exploration of models shows that extracting planet properties such as mass from observed gap profiles is highly
degenerate.

Key words: planet–disk interactions – protoplanetary disks – radiative transfer – scattering – techniques:
polarimetric

1. Introduction

About two decades ago, our own solar system was the only
available laboratory to test models of planet formation. Today,
we know that planetary systems are common around other stars
and that their architectures are very diverse. The initial
conditions and evolution of protoplanetary disks, where
planets form, must have a direct influence on most

fundamental properties of their planetary systems (Mordasini
et al. 2012, 2016). It is therefore essential to improve our
knowledge of the structure of protoplanetary disks by
observing and studying them at high spatial scales and with
various tracers that enable us to characterize different disk
regions. This, indirectly, can constrain the physical processes
that influence the disk evolution (e.g., gap opening by a planet,
dust growth and settling, photo-evaporation). Even with the
advent of a new generation of extreme adaptive optics
instruments, the detection of forming planets within their host
disks is still challenging, but one can look for indirect
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G L O S S A RY

ABBREVIATIONS

ALMA Atacama Large Millimeter Array

CASA Common Astronomy Software Application

CMB Cosmic Microwave Background

CO Carbon Monoxide

Cha II Chamaeleon II

DPI Dual Polarization Imaging

EOD Edge-On Disks

FWHM Full Width Half Maximum

GAIA Gaia Space Telescope

GTO Garanteed Time Observations

HR diagram Hertzsprung-Russell diagram

HST Hubble Space Telescope

IR Infrared wavelengths

IRDIS Infra-Red Dual-band Imager and Spectrograph, sub instrument of SPHERE

ISM Interstellar Medium

LTE Local Thermodynamic Equilibrium

MCFOST Radiative transfer code developed at IPAG

MHD Magnetohydrodynamics

Myr Million year

PA Position Angle

PDI Polarimetric differential imaging

PI Polarized intensity

PSF Point Spread Function

PV diagram Position Velocity diagram

RMS Root Mean Square

SED Spectral Energy Distribution

SFR Star Forming Region

SPHERE Spectro-Polarimetic High contrast imager for Exoplanets REsearch

SPW Spectral Window in ALMA observations

TD Transition disk
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VLT Very Large Telescope

VSI Vertical Shear Instability

WVR Water Vapor Radiometer

YSO Young Stellar object

OBSERVATIONNAL BANDS MENTIONNED IN THIS THESIS

r band – 0.65 µm

y band – 1.02 µm

j band – 1.25 µm

h band – 1.65 µm

k band – 2.2 µm

q band – 21 µm

band 7 – 890 µm — 345 GHz

band 6 – 1330 µm — 230 GHz

band 4 – 2060 µm — 145 GHz

band 3 – 3000 µm — 100 GHz

PHYSICAL CONSTANTS

Arcsecond 1′′ = 1/3600 rad

Astronomical unit 1 au = 1.5× 1011 m

Parsec 1 pc = 3.1× 1016 m

Solar Mass 1 M� = 2.0× 1030 kg

Jupiter Mass 1 MJ = 1.0× 10−3 M�
Earth Mass 1 M⊕ = 3.0× 10−6 M�

Jansky 1 Jy = 10−26 W m−2 Hz−1
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