Docteur De L'université 
  
Grenoble Alpes 
  
Marion Villenave 
email: marion.villenave@univ-grenoble-alpes.fr
  
Thèse Dirigée Par 
  
François Ménard 
  
Dr Clément Baruteau 
  
Dr Carlos Carrasco-Gonzalez Professeur 
  
Irya 
  
Dr Cecilia Ceccarelli 
  
Dr Anna Miotello 
  
Dr Leonardo Testi 
  
W R F Dent 
  
G Van Der Plas 
  
M Benisty 
  
J P Williams 
  
C Caceres 
  
H Canovas 
  
L Cieza 
  
A Hales 
  
I Kamp 
  
C Pinte 
  
D A Principe 
  
M R Schreiber 
  
A Riols 
  
G Duchêne 
  
K R Stapelfeldt 
  
Y Boehler 
  
Z Telkamp 
  
S Wolff 
  
C Flores 
  
G Lesur 
  
F Louvet 
  
C Dougados 
  
H Williams 
  
D Padgett 
  
  
  
  
  
  
  
  
  
  
  
THÈSE Pour obtenir le grade de

Keywords: Protoplanetary disks -Techniques, interferometric -Stars, formation -Stars, circumstellar matter -Stars, variables, T Tauri

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. vii Toutes les grandes personnes ont d'abord été des enfants.

Mais peu d'entre elles s'en souviennent.

Le petit prince Antoine de Saint Exupéry

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 protoplanetary 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. Indeed, as detailed previously, my studies showed that the vertical extent of protoplanetary 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. v 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 starforming 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. [START_REF] Lada | Star formation: from OB associations to protostars[END_REF] 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 [START_REF] Andre | Submillimeter Continuum Observations of rho Ophiuchi A: The Candidate Protostar VLA 1623 and Prestellar Clumps[END_REF]. 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, composed 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., [START_REF] Stahler | The birthline for low-mass stars[END_REF][START_REF] Tout | The ages of pre-main-sequence stars[END_REF]. 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 collimated 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. of each stage of star-formation, and the bottom pannels correspond to the typical 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 [START_REF] Lada | Star formation: from OB associations to protostars[END_REF] to classify young stellar objects. Adapted from [START_REF] André | The Initial Conditions for Protostellar Collapse: Observational Constraints[END_REF] When the mass of the protostar becomes greater than that contained in the envelope, 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., [START_REF] Terebey | The collapse of the cores of slowly rotating isothermal clouds[END_REF]. 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., [START_REF] Chandler | Dust Emission from Protostars: The Disk and Envelope of HH 24 MMS[END_REF][START_REF] Jørgensen | PROSAC: A Submillimeter Array Survey of Low-Mass Protostars. I. Overview of Program: Envelopes, Disks, Outflows, and Hot Cores[END_REF]Lee et al., 2017;[START_REF] Maury | Characterizing young protostellar disks with the CALYPSO IRAM-PdBI survey: large Class 0 disks are rare[END_REF].

As the central object increases in mass (M 0.9×M final ), it changes of evolutionary 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., [START_REF] Manara | X-Shooter study of accretion in Chamaeleon I[END_REF], which is about two orders of magnitude lower than what is typically observed in the proto-stellar phase [START_REF] Hartmann | Accretion and the Evolution of T Tauri Disks[END_REF][START_REF] Antoniucci | [END_REF]. 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.

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.

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., [START_REF] Manara | X-Shooter study of accretion in Chamaeleon I[END_REF]. 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 = 4πR 2 σT 4 e f f (1.1)
where σ is the Boltzmann constant, R the stellar radius and T e f f its effective temperature. 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). Adapted from [START_REF] Amard | The Impact of Metallicity on the Evolution of the Rotation and Magnetic Activity of Sun-like Stars[END_REF] 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 ∼ 10 7 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 [START_REF] Amard | The Impact of Metallicity on the Evolution of the Rotation and Magnetic Activity of Sun-like Stars[END_REF], 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 [START_REF] Stahler | The birthline for low-mass stars[END_REF][START_REF] Tout | The ages of pre-main-sequence stars[END_REF] 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 [START_REF] Joy | T Tauri Variable Stars[END_REF][START_REF] Bouvier | COYOTES I : the photometric variability and rotational evolution of T Tauri stars[END_REF][START_REF] Herbst | Catalogue of UBVRI Photometry of T Tauri Stars and Analysis of the Causes of Their Variability[END_REF]. 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 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 10 4 and 10 5 years respectively (e.g., [START_REF] Neal | The Spitzer c2d Legacy Results: Star-Formation Rates and Efficiencies; Evolution and Lifetimes[END_REF]. The Class II stage is thus the longest star-formation phase with a gas-rich disk, which makes it relevant for understanding planet formation.

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 [START_REF] Pollack | Formation of the Giant Planets by Concurrent Accretion of Solids and Gas[END_REF]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 [START_REF] Pollack | Formation of the Giant Planets by Concurrent Accretion of Solids and Gas[END_REF] 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 [START_REF] Alibert | Models of giant planet formation with migration and disc evolution[END_REF] or if the disk had lower opacity than initially assumed [START_REF] Movshovitz | [END_REF], 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 [START_REF] Boss | Giant planet formation by gravitational instability[END_REF]. 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 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 [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF]Rice et al., 2003).

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 [START_REF] Clanton | Synthesizing Exoplanet Demographics: A Single Population of Long-period Planetary Companions to M Dwarfs Consistent with Microlensing[END_REF][START_REF] Baron | Constraints on the Occurrence and Distribution of 1-20 M Jup Companions to Stars at Separations of 5-5000 au from a Compilation of Direct Imaging Surveys[END_REF]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 [START_REF] Lodato | The newborn planet population emerging from ring-like structures in discs[END_REF] More recently, high angular resolution studies of protoplanetary disks at submillimeter wavelengths have linked the width of rings with the potential presence of planets and their masses [START_REF] Zhang | The Disk Substructures at High Angular Resolution Project (DSHARP). VII. The Planet-Disk Interactions Interpretation[END_REF]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 and4 of [START_REF] Lodato | The newborn planet population emerging from ring-like structures in discs[END_REF]. 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 exoplanet 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.

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.

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 r 3 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 (c S ) using the following equation:

P = k B T µm H ρ = c 2 S ρ (1.3)
where k B is the Boltzmann constant, m H the hydrogen mass and µ the mean molecular weight, with typical value of 2.3. Additionally, we can define the Keplerian orbital velocity as:

Ω K (r) = GM /r 3 (1.4)
Using these definitions, we can integrate equation 1.2 and obtain the following equation:

ρ(r, z) = ρ(r, 0) × e -z 2 /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) = c S (r) Ω K (r) = k B Gµm H T(r) • r 3/2 √ 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;[START_REF] Muro-Arena | Shadowing and multiple rings in the protoplanetary disk of HD 139614?[END_REF], 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) = H 100 au r 100 au β (1.7)
where β is called the flaring exponent, r is the radius and H 100 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 protoplanetary disk, the temperature profile in the midplane can be different from this simple power-law (e.g., [START_REF] Pinte | Diversity in the outcome of dust radial drift in protoplanetary discs[END_REF]. 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 optical/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 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.

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 r 1/2 ∂ ∂r νΣr 1/2 (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 c S and to a dimensionless parameter α, as of:

ν = αc S H
(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 [START_REF] Hartmann | Accretion and the Evolution of T Tauri Disks[END_REF]Pinte et al., 2016;[START_REF] Flaherty | Measuring Turbulent Motion in Planet-forming Disks with ALMA: A Detection around DM Tau and Nondetections around MWC 480 and V4046 Sgr[END_REF]. 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;[START_REF] Flaherty | Turbulence in the TW Hya Disk[END_REF][START_REF] Flaherty | Measuring Turbulent Motion in Planet-forming Disks with ALMA: A Detection around DM Tau and Nondetections around MWC 480 and V4046 Sgr[END_REF], while large values are estimated from infrared observations, surveying the inner disk regions (e.g., [START_REF] Hartmann | Accretion and the Evolution of T Tauri Disks[END_REF]. 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 R in < R < R out (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., [START_REF] Dutrey | [END_REF][START_REF] Wilner | VLA Imaging of the Disk Surrounding the Nearby Young Star TW Hydrae[END_REF][START_REF] Andrews | High-Resolution Submillimeter Constraints on Circumstellar Disk Structure[END_REF]. However, further analysis of several disks showed that the gas (mostly detected through 12 CO 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 [START_REF] Hartmann | Accretion and the Evolution of T Tauri Disks[END_REF], is described by a power law with an exponential taper outside of the critical radius (R c ):

Σ(R) ∝ R -p × e -r/R 2-p c , for R in < R < R out (1.11)
This solution, more physically motivated, appeared to reduce the discrepancy of dust and gas radial extent. Indeed, as 12 CO 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 [START_REF] De Gregorio-Monsalvo | Unveiling the gas-and-dust disk structure in HD 163296 using ALMA observations[END_REF]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.

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., [START_REF] Lynden-Bell | The evolution of viscous discs and the origin of the nebular variables[END_REF][START_REF] Calvet | Irradiation of Accretion Disks around Young Objects. I. Near-Infrared CO Bands[END_REF]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 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., [START_REF] Kenyon | Spectral Energy Distributions of T Tauri Stars: Disk Flaring and Limits on Accretion[END_REF]. 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 [START_REF] Dutrey | The Flying Saucer: Tomography of the thermal and density gas structure of an edge-on protoplanetary disk[END_REF]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., [START_REF] Bergin | Hydrocarbon Emission Rings in Protoplanetary Disks Induced by Dust Evolution[END_REF]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 [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF]. 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, 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 [START_REF] Armitage | Dynamics of Protoplanetary Disks[END_REF].

1.3 evolution of protoplanetary disks

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;[START_REF] Currie | The Transitional Protoplanetary Disk Frequency as a Function of Age: Disk Evolution In the Coronet Cluster, Taurus, and Other 1-8 Myr Old Regions[END_REF]. 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., [START_REF] Jayawardhana | Accretion Disks around Young Stars: Lifetimes, Disk Locking, and Variability[END_REF][START_REF] Fedele | Timescale of mass accretion in pre-main-sequence stars[END_REF]. 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 [START_REF] Armitage | Dynamics of Protoplanetary Disks[END_REF]. 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 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, [START_REF] Alexander | Photoevaporation of protoplanetary discs -II. Evolutionary models and observable properties[END_REF]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., [START_REF] Pascucci | [END_REF].

Let us come back to the disks lifetime mentioned in the first paragraph of this section. 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 problematics. 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-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 (v K ), 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: v 2 g = v 2 Kc 2 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 = v dv g can be written as:

F drag = -m d ∆v τ s (1.12)
where m d is the dust particle mass and τ s 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 τ s . Particles with a small value of τ s experience an important drag force: they are well coupled to the gas. On the contrary, particles with a large τ s 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:

τ s = ρ dp ρ a c s (1.13)
where ρ dp is the dust particle density, ρ the gas density, a the particle size, and c s 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: τ s ∝ a 2 ). Relating this expression to dust and gas coupling efficiency previously described, we find that large grains are increasingly decoupled from the gas. This decoupling is generally parametrised by the Stokes number:

St = Ω K τ s (1.14)
where Ω K 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. [START_REF] Nakagawa | Settling and growth of dust particles in a laminar phase of a low-mass[END_REF] derived the drift velocity of dust as follows:

u drift = 1 St + St -1 c 2 S v K ∂ ln P ∂ ln r (1.15)
where v K is the Keplerian velocity and the other quantities have been defined previously. 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 particles 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 12 CO 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 opacity between dust and gas [START_REF] Dutrey | [END_REF]Facchini et al., 2017). Indeed, 12 CO 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 R gas /R millimeter 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 [START_REF] Nakagawa | Settling and growth of dust particles in a laminar phase of a low-mass[END_REF] 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:

∂ρ d ∂t - ∂ ∂z zΩ 2 K τ s ρ d = ∂ ∂z Dρ ∂ ∂z ρ d ρ (1.16)
where ρ d is the dust density, ρ the gas density, Ω K the Keplerian orbital velocity, τ s 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):

ρ d = ρ d,mid exp - (Ωτ s ) mid D e z 2 /2H 2 -1 - z 2 2H 2
(1.17)

where D = D/Hc s = 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, 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 vertical 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 (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: H d ∝ 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.

H d ∝ St -1/2
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 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.

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 collisions 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[START_REF] Blum | The growth mechanisms of macroscopic bodies in protoplanetary disks[END_REF]Testi et al. 2014). However, as particles grow, other collision 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 [START_REF] Wada | Collisional Growth Conditions for Dust Aggregates[END_REF]. Additionally, [START_REF] Garcia | Evolution of porous dust grains in protoplanetary discs -I. Growing grains[END_REF] 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 [START_REF] Youdin | Streaming Instabilities in Protoplanetary Disks[END_REF]. 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, [START_REF] Johansen | The Multifaceted Planetesimal Formation Process[END_REF].

Finally, note that extremely efficient vertical settling also allows to increase significantly the dust to gas ratio in the disk midplane, which is favorable for the growth mechanisms mentioned. Characterizing vertical settling efficiency is therefore impor- 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 [START_REF] Strom | Circumstellar Material Associated with Solar-Type Pre-Main-Sequence Stars: A Possible Constraint on the Timescale for Planet Building[END_REF], 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 F ν ∝ ν α mm . Indeed, in the Rayleigh-Jeans regime and for optically thin emission, the millimeter spectral index is directly linked to the dust absorption coefficient κ ν ∝ ν β (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.

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., [START_REF] Hull | ALMA Observations of Polarization from Dust Scattering in the IM Lup Protoplanetary Disk[END_REF][START_REF] Ohashi | Two Different Grain Size Distributions within the Protoplanetary Disk around HD 142527 Revealed by ALMA Polarization Observation[END_REF]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 [START_REF] Kataoka | Grain Size Constraints on HL Tau with Polarization Signature[END_REF]. Alternatively, it is also possible that millimeter polarization observations trace a different grain population than millimeter total (unpolarized) intensity observations [START_REF] Yang | [END_REF][START_REF] Hull | ALMA Observations of Polarization from Dust Scattering in the IM Lup Protoplanetary Disk[END_REF].

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 [START_REF] Andrews | Observations of Protoplanetary Disk Structures[END_REF]. 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;[START_REF] Bae | Diverse Protoplanetary Disk Morphology Produced by a Jupiter-mass Planet[END_REF][START_REF] Weber | Predicting the Observational Signature of Migrating Neptune-sized Planets in Low-viscosity Disks[END_REF] 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 M J ) are able to open deep and wide gaps (e.g., Crida et al., 2006;[START_REF] Tatulli | Constraining the structure of the planet-forming region in the disk of the Herbig Be star HD 100546[END_REF]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 [START_REF] Zhu | Dust Filtration by Planet-induced Gap Edges: Implications for Transitional Disks[END_REF]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 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 features (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 prescriptions, aiming to infer the properties of planets potentially carving the gaps [START_REF] Zhang | The Disk Substructures at High Angular Resolution Project (DSHARP). VII. The Planet-Disk Interactions Interpretation[END_REF][START_REF] Lodato | The newborn planet population emerging from ring-like structures in discs[END_REF].

However, note that only gaps larger than the angular resolution of the observations (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. Interestingly, 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;[START_REF] Teague | A Kinematical Detection of Two Embedded Jupiter-mass Planets in HD 163296[END_REF][START_REF] Pinte | Nine Localized Deviations from Keplerian Rotation in the DSHARP Circumstellar Disks: Kinematic Evidence for Protoplanets Carving the Gaps[END_REF]. 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;[START_REF] Wagner | Magellan Adaptive Optics Imaging of PDS 70: Measuring the Mass Accretion Rate of a Young Giant Planet within a Gapped Disk[END_REF], 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 systems [START_REF] Uyama | The SEEDS High Contrast Imaging Survey of Exoplanets around Young Stellar Objects[END_REF]Nielsen et al., 2019;[START_REF] Vigan | The SPHERE infrared survey for exoplanets (SHINE). III. The demographics of young giant exoplanets below 300 au with SPHERE[END_REF]. 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.

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 interferometric 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).

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 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 κ ν , expressed in cm 2 .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., submillimeter 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 wavelength corresponding to the maximum of emission (λ peak ) in regions with different temperatures (T, see Section 1.2.3) using the Wien's displacement law: λ peak T = 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 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 1e -τ ν , where τ ν is the optical depth:

τ ν = ρ d (κ abs ν + κ scat ν )dl. If τ ν
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 τ ν = 1 surface, the rest is invisible to the observer. The other extreme is the optically thin regime, where τ ν 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).

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, [START_REF] Zucker | A Large Catalog of Accurate Distances to Local Molecular Clouds: The Gaia DR2 Edition[END_REF], 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). 

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 [START_REF] Van Cittert | Einer von Einer Lichtquelle Direkt Oder Mittels Einer Linse Beleuchteten[END_REF][START_REF] Zernike | [END_REF] :

V (u, v) = PB(x, y)I(x, y)e 2πi(ux+vy) dxdy = Ae iφ (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 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 calibration 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 astronomical 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 individual 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 window. 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 Handbook2 ). 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 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 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.

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, [START_REF] Beuzit | SPHERE: the exoplanet imager for the Very Large Telescope[END_REF] 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 unpolarized, while the reprocessed light coming from the disk is linearly polarized at optical/NIR wavelengths (due to scattering by small grains). Polarimetric differential 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 (Q φ and U φ , Schmid et al., 2006):

PI = Q 2 + U 2 (1.19) Q φ = +Q cos(2φ) + U sin(2φ) (1.20) U φ = -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 Q φ indicates a polarization in the azimuthal direction (negative signal is in the radial direction), while U φ represents the polarization inclined by ±45 • from this direction. For protoplanetary disks Q φ and U φ 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) Q φ component, U φ 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 U φ component (Canovas et al., 2015). As I did not reduce scattered light data, I refer the reader to [START_REF] De Boer | Polarimetric imaging mode of VLT/SPHERE/IRDIS. I. Description, data reduction, and observing strategy[END_REF][START_REF] De Boer | Polarimetric imaging mode of VLT/SPHERE/IRDIS. I. Description, data reduction, and observing strategy[END_REF] for a detailed description of the calibration steps of IRDIS observations.

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 [START_REF] Bjorkman | Radiative Equilibrium and Temperature Correction in Monte Carlo Radiation Transfer[END_REF], where the idea is to consider absorption and reemission 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 κ abs i (λ)B λ (T i )dλ = L 4πV i N γ N γ abs,i (1.22)
where κ abs i is the absorption opacity of the cell, B λ (T i ) the Planck function at the temperature T i of the cell, and L the stellar luminosity, V i the volume of the cell, N γ the total number of emitted photons, and N γ abs,i the number of absorbed photons in cell i. The temperature structure is computed at the end, when all photons have 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.

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.

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: T eff , 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: M dust and gas-to-dust ratio

• Radial structure: As described in Section 1.2.2, the radial structure of a protoplanetary 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 (R in and R out ), a surface density exponent (p) and a critical radius for the tapered edge-structure (R c ).

• Vertical structure: The disk's scale height is parametrized by equation 1.7, which is described by the following free parameters: H 100 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.

• Grain properties: The dust composition and grain sizes (a min and a max ) are free parameters. Additionally the number density of dust particles is described with a power law of the grain size dn(a) ∝ a -a exp da.

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 starforming 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 ( 12 CO) 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 edgeon 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, 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.

introduction

While a large variety of planets are observed in different exoplanet surveys [START_REF] Clanton | Synthesizing Exoplanet Demographics: A Single Population of Long-period Planetary Companions to M Dwarfs Consistent with Microlensing[END_REF][START_REF] Baron | Constraints on the Occurrence and Distribution of 1-20 M Jup Companions to Stars at Separations of 5-5000 au from a Compilation of Direct Imaging Surveys[END_REF]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.

observations and data reduction

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 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.

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 12 CO, 13 CO, and C 18 O 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 selfcalibration. 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 12 CO, 13 CO and C 18 O 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 12 CO and 13 CO line profiles are shown on Fig. 2.2 for the sources that were detected in the corresponding lines. 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) 12 CO line profiles 13 CO line profiles 12 CO integration range 13 CO integration range Figure 2.2 -Line profiles (left panels), 12 CO normalized moment 0 maps (middle panels) and 13 CO 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 12 CO and 13 CO fluxes. The maximum fluxes of each line profile are displayed in the top left side of the panels, colored in blue for 12 CO and in red for 13 CO. 

results

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 (F 1.3mm ), full width half maximum (hereafter FWHM) along the major axis (R 50%, 1.3mm ), aspect ratio of the axes (r, such that minor axis fwhm = R 50%, 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 (F 1.3mm , ∆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 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.

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 12 CO emission size of the resolved sources by fitting an elliptical Gaussian to the moment 0 maps. We report the major axis FWHM of 12 CO emission (R 50%, 12 CO ) in the second to last column of Table 2.3.

Out of 31 targets observed, 12 are detected in 12 CO, 3 in 13 CO and none in C 18 O. All the sources detected in 13 CO are also detected in 12 CO, and all the sources detected in 12 CO 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 12 CO line. In contrast with the continuum fluxes, where Hn 24 A and Hn 24 B have a factor of two difference in flux, the 12 CO 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 12 CO.

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. 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 12 CO emission line. Those are reported in Table 2.2 andTable 2.3, respectively. Additionally, the gas to continuum size ratio is presented in the last column of Table 2.3. We find that the 12 CO 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 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 using different measurement methods, I compared the sizes obtained using Gaussian fits either in the imageor 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 12 CO 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., [START_REF] Woitke | Consistent dust and gas models for protoplanetary disks. I. Disk shape, dust settling, opacities, and PAHs[END_REF]. 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 R 90%, 12 CO /R 90%, 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) 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 R12 CO /R 1.3mm with time.

Continuum masses

Assuming that the continuum emission is optically thin at 1.3 mm, it is possible to infer the disk dust mass (M dust ) from the continuum millimetric flux (F ν ) at a given wavelength (e.g., [START_REF] Hildebrand | The Determination of Cloud Masses and Dust Characteristics from Submillimetre Thermal Emission[END_REF]:

M dust = F ν d 2 κ ν B ν (T dust ) (2.1)
We take a grain opacity κ ν of 2.3 cm 2 .g -1 at 230 GHz (Beckwith et al., 1990), with κ ν ∝ ν 0.4 (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 T dust with L from Andrews et al. (2013), inferred with a grid of radiative transfer models: T dust = 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 temperature of T dust = 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 T dust 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).

CO masses

Determining gas masses from observations is a difficult task. Indeed, most of the gas is in the form of H 2 , 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. 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 12 CO 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 12 CO 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 13 CO and C 18 O fluxes or 12 CO and 13 CO fluxes. As none of our Cha II sources were detected in C 18 O, we estimate gas masses from their 12 CO and 13 CO grid. In those models, the 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 12 CO 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;[START_REF] Miotello | Lupus disks with faint CO isotopologues: low gas/dust or large carbon depletion[END_REF], 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 H 2 in these disks (e.g., review by [START_REF] Bergin | The determination of protoplanetary disk masses[END_REF]. 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. 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 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 of studies focused on intermediately aged regions (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 M dust 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 mass1 : M dust ∝ 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 M dust as a function of time.

2.5.1.a. Sample

In this analysis, we consider 6 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;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) 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., [START_REF] De Zeeuw | A Hipparcos Census of the Nearby OB Associations[END_REF][START_REF] Voirin | [END_REF][START_REF] Long | An ALMA Survey of CO isotopologue emission from Protoplanetary Disks in Chamaeleon I[END_REF]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: 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.

F(T, L| T, L) = 1 2πσ T σ L × exp -0.5 × (T -T) 2 σ 2 T + (L -L) 2 σ 2 L (2.2)
where T and L are the model grid temperatures and σ T , σ L 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 [START_REF] Whittet | On the distance to the Chamaeleon I and II associations[END_REF], 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 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 [START_REF] Kaplan | [END_REF] 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 M dust with the Kaplan-Meier estimator is defined as follows:

Ŝ(M dust ) = ∏ M i <M dust 1 - d i n i (2.3)
where d i is the number of detected sources with exactly the mass M i and n i the total number of objects in the sample with M dust ≥ M i . I show an example of a fictional dataset in Fig. 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, considering 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 distributions3 . 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 M dust . They are shown in the left panel of Fig. 2.9, and scaled so that the maximum of each distribution 

(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 distributions, 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 M dust 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 M dust , breaking away from the other curves, mostly because a large fraction of the non-detections are around low mass stars, which correspond to large M dust /M ratio. Moreover, the distributions appear shifted to progressively lower mass ratios as the age of the region increases (see median M dust /M ratio in Table 2.6). In the following subsection, we aim to estimate statistically whether all distributions of M dust /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.

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 implemented 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 [START_REF] Kruskal | [END_REF]. 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 M dust /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 (Table 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. I show the distributions of M dust and M dust /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 M dust 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 T dust 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 (r out = 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 [START_REF] Hendler | The evolution of dust-disk sizes from a homogeneous analysis of 1-10 Myr-old stars[END_REF]. 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.

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.

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 starforming 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 13 CO) 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 starforming 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 12 CO -13 CO, 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 12 CO becomes progressively optically thinner and less selfshielded. 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. 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 12 CO than in 13 CO. This is indicated through lower limits in Cha I, Lupus and Taurus, where no 12 CO study are available. The Taurus survey in 13 CO is also not complete.

References: 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;[START_REF] Howard | Herschel/PACS Survey of protoplanetary disks in Taurus/Auriga -Observations[END_REF], 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.

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 12 CO, 13 CO and C 18 O J = 2 -1 lines. Out of 31 sources, 24 were detected in the continuum, 12 were detected in 12 CO, 3 in 13 CO and none in C 18 O. 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.

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. 1 6 0 8 &J 1 8 5 
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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;[START_REF] Muro-Arena | Shadowing and multiple rings in the protoplanetary disk of HD 139614?[END_REF]. 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.

observations and data reduction

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) 
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> 14 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 coronograph, 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 seeing 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 observations 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 approach detailed in Ginski et al. (2016). Then, I computed the polarized intensity (PI) and the polar Stokes components Q φ and U φ 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 Q φ component, U φ 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 Q φ 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 Q φ 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. 

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 using 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, 12 CO 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. 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).

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). 

radiative transfer modeling

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 presented 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 U φ image of our observations (as in Muro-Arena et al., 2018). For each point in the U φ 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 U φ 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 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, Q φ and U φ 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.

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 (R in -R out ), the dust mass and the scale height (H 100 au ).

For both disks, we mimic dust settling by modeling separately the spatial distribution 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.

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 R in ∼ 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 appropriate scale height in our modeling, H 100 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 distribution 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 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 (backward 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. 

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. 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 H 100 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;[START_REF] Woitke | Consistent dust and gas models for protoplanetary disks. I. Disk shape, dust settling, opacities, and PAHs[END_REF]. 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 (a min 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. 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).

discussion

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 H 100 mm ≈ 0.23 H gas (equation 43 of Fromang and Papaloizou, 2006) ). 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 H 1.3 mm = 0.08 -0.41 H gas . 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 (Dullemond 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 magnetic 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).

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 [START_REF] Zhang | Comparison of the Dust and Gas Radial Structure in the Transition Disk[END_REF] 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.

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 larger than 1 M J 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 (M p ) with the ratio ( f ) between the position of the so-called 'scattered light wall' to that of the ALMA peak:

f (M p ) = c M p M J 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 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., [START_REF] Bae | Planetary Signatures in the SAO 206462 (HD 135344B) Disk: A Spiral Arm Passing through Vortex?[END_REF]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 R in,PI and R peak,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 In Fig. 3.15, I show the radius of the scattered light cavity (R cav,PI ), defined as the mean between R in,PI and R peak,PI , as a function of the radius of the millimeter ring (R peak,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 M J 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) 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 (R cav,PI ), defined as the mean between R in,PI and R peak,PI , is used in Fig. 3.15.

50 100 150 200 R peak, mm [au] R cav, PI [au] R c a v , P I = R p e a k , m m M planet >13M J 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.

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 M J at 0.25". This is most problematic for the systems in which the model predicted the presence of a planet larger than 13 M J . 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.

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 H 100au = 1 -5 au, while the small grains extend vertically up to H 100au = 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 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;[START_REF] Teague | A Kinematical Detection of Two Embedded Jupiter-mass Planets in HD 163296[END_REF]Pinte et al., 2018) might lead to further detections. 
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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 millimetersized 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 [START_REF] Villenave | Observations of edge-on protoplanetary disks with ALMA I. Results from continuum data[END_REF], 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 12 CO emission is presented in Chapter 5.

observations and data reduction

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 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 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 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.

Full name

Adopted name RA (h m s) Dec ( 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 

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 12 CO 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. 

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 compact 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 ALMAprovided 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 (T sys ), 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 ALMA phase calibrator. In the provided calibration script, they were mistakenly calibrated with the solutions from the bandpass calibrator. For the 4 remaining targets (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 calibrator, 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 selfcalibration 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 calibrator. 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 reasonable 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. 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.

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.

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 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 Handbook1 ). 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 CASA2 .

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.

results

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 baselines (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 Handbook3 ). 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. 

Source

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 k B T) 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 Sources B7 (K) B4 (K) Tau 042021 6.9 † 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.

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- 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. Additionally, 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 = |r 80%r 20% | and the normalisation radius by r = |r 80% + r 20% |/2. We chose this flux range because the radial profiles can usually be well approximated by straight lines in this interval. 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 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.

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 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 ( * ) and ( †) as in Table 4.9.

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.

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 α mm for each source. We use a least-squares fit of all photometric points between 800 µm and 3.3 mm. We find α mm ≤ 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 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 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.

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 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.

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 h 1mm = 0.7 au at 100 au. Indeed, as can be seen in Fig. 4.10, the rings are less visible 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, h 1mm , is equal to h gas , 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.

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 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 observations, 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 (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 cm 2 /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 -3.5 da. This leads to opacities of about 4.8 cm 2 /g and 2.6 cm 2 /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 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 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 (S d ) with grain size (a) assuming S d ∝ a -m . Assuming that most of the emission comes from grains of the optimal size (a ≈ λ/2π), we obtain: m =log(S d,b7 /S d,b4 )/ log(a b7 /a b4 ) ∼ 0.5. Additionally, if we assume S d is directly proportional to the dust "scale height" (h d ), 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: h d ∝ 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 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.

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. [START_REF] Villenave | Spatial segregation of dust grains in transition disks B I B L I O G R A P H Y Alcalá[END_REF]. 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 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 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.

Effect of inclination on global disk properties

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, 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. 

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 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 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 (F ν ) is directly related to the dust mass following: temperature T dust , and κ ν the dust grain opacity. We use typical values of T dust = 20 K and κ ν = 3.4 cm 2 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.

M dust = F ν d 2 /κ ν B ν (T dust ),
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).

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 α mm for edge-on disks, we computed them for our radiative transfer models with and without settling. The expected values at different inclinations are shown in the bottom panel of Fig. 4.17. We find that for both models the variation of spectral index with inclination is relatively small (2 α mm 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;[START_REF] Carrasco-González | The Radial Distribution of Dust Particles in the HL Tau Disk from ALMA and VLA Observations[END_REF]. 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 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 T B = η c T p (1e -τ ν ), where τ ν is the optical depth of the medium, T p the mean dust physical temperature, and η c the fraction of beam covered by the source (see e.g., Wilson et al., 2009). In the isothermal optically thick limit (τ ν 1), for a source filling the beam (but smaller than the largest angular scale of the interferometric observations) the brightness temperature corresponds to T p -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 T p . 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 T dust = 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 T B 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 computed for the fiducial radiative transfer model and that without including vertical settling. In both models, we find that as the inclination increases, the peak temperature 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. 

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 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 wavelengths) 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.

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 12 CO 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.

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 12 CO 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.

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 12 CO 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 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).

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 12 CO 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 12 CO 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 12 CO 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 HH 48 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 extended 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-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.

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.

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 12 CO 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 ALMA Technical Handbook1 ). 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 12 CO 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.

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. 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.

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 optically 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 vertically 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 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 12 CO 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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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 12 CO) 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 [START_REF] Fedele | Timescale of mass accretion in pre-main-sequence stars[END_REF], 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 grains are more extended radially than larger millimeter-sized grains. This is the case for the 12 Cha II disks detected in 12 CO 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 [START_REF] Okuzumi | Sintering-induced Dust Ring Formation in Protoplanetary Disks: Application to the HL Tau Disk[END_REF], MHD-driven winds (e.g., [START_REF] Suzuki | Evolution of protoplanetary discs with magnetically driven disc winds[END_REF]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 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 edgeon disks (since they all appear vertically thin at millimeter wavelengths), is expected to be low enough to trigger streaming instabilities [START_REF] Youdin | Streaming Instabilities in Protoplanetary Disks[END_REF], which allow grains to form planetesimals in a very short timescale. Additionally, an increased solid density favors mechanisms such as pebble accretion [START_REF] Ormel | The effect of gas drag on the growth of protoplanets[END_REF][START_REF] Lambrechts | Rapid growth of gas-giant cores by pebble accretion[END_REF], 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.

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 structure 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., [START_REF] Dartois | Structure of the DM Tau Outer Disk: Probing the vertical kinetic temperature gradient[END_REF]Pinte et al., 2018;Teague et al., 2019) or of inclined systems but with low angular resolution preventing from resolving their vertical extent [START_REF] Dutrey | The Flying Saucer: Tomography of the thermal and density gas structure of an edge-on protoplanetary disk[END_REF]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 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 [START_REF] Dutrey | The Flying Saucer: Tomography of the thermal and density gas structure of an edge-on protoplanetary disk[END_REF]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 12 CO 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 direction 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 millimeter (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 studied 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.

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 Chile1 . 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. 

Introduction

Planetary systems form from the gas-and dust-rich disks that orbit 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 (Raymond 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 regions observed at near-infrared (NIR) wavelengths, Mamajek (2009) showed that the evolution with time of the disk fraction 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 emission probes hot dust in the inner regions of disks. The timescale for giant planet formation is rather set by the global gas and dust Article number, page 1 of 14 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 wavelengths, 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 dissipation 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 different environment, not influenced by OB stars.

We describe our ALMA observations and data reduction in Section 2. The continuum and CO line measurements are presented 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 starforming regions of different ages. Our results are summarized in Section 6.

Observations and data reduction

Sample

Cha II contains 63 known young stellar objects (YSOs) including 38 Class II sources (Spezzi et al. 2013). We observed 31 members of Cha II with the Atacama Large Millimeter Array (ALMA) during Cycle 2. The sample contains mainly classical 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 (Correia 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 Herschel. Comparing their IR properties with those of the undetected sources in our ALMA sample, it is most likely that they would not have been detected with ALMA either, given our observation 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.

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. 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 12 CO, 13 CO, and C 18 O 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 visibilities 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 performed 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 amplitude self-calibration were performed. This improved the signalto-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 12 CO, 13 CO and C 18 O 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 obtain 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 12 CO). The maps were obtained by using the channels where the source was detected. 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 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. to the detectability of the source. When the sources were detected 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. 12 CO and 13 CO line profiles are shown on the left panels of Fig. 3 for the sources that were detected in 12 CO.

ALMA results

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 (F 1.3mm ), full width half maximum (hereafter FWHM) along the major axis (R 50%, 1.3mm ), aspect ratio of the axes (r such that Minor axis fwhm = R 50%, 1.3mm ×r ), position angle (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 (F cont , ∆α, ∆δ). Table 2 gives the measured 1.3 mm continuum fluxes, major and minor axis, and position angles along with their associated uncertainties. Right ascensions and declinations 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 consistent 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.

Article number, page 3 of 14 Notes. Gaussian (point source) models were fitted in the uv plane for detected (undetected) sources. We report the continuum fluxes (F 1.3mm ), the resolved major and minor axis FWHM (respectively R 50%, 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.

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 12 CO emission size of the resolved sources by fitting an elliptical Gaussian to the moment 0 maps. We report the major axis FWHM of 12 CO emission (R 50%, 12 CO ) in the second to last column of Table 3. Out of 31 targets observed, 12 are detected in 12 CO, 3 in 13 CO and none in C 18 O. All the sources detected in 13 CO are also detected in 12 CO, and all the sources detected in 12 CO are detected in the continuum. Each source detected in a CO isotopologue is also resolved. Hn 24 is the only continuum binary with both components detected in the 12 CO line. In contrast with the continuum fluxes, where Hn 24 A and Hn 24 B have a factor of two difference in flux, the 12 CO 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 12 CO. 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 foreground absorption for all sources. From the moment 0 maps displayed 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. 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 without absorption. The large cloud absorption is located around 3 km s -1 (green line on Fig. 3). 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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Disk sizes and masses

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 3.1 and Section 3.2, we estimated the major axis sizes (FWHM) of the continuum and 12 CO emission line. Those are reported in Table 2 andTable 3. Additionally, we present the gas to continuum size ratio in the last column of Table 3. We find that the 12 CO 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 using different measurement methods, we compared the size estimates obtained using Gaussian fits either in the image-or in the uv-plane for 10 objects. We calculated a mean discrepancy ratio 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 differences between gas and continuum measurements, both for individual 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 12 CO emission is optically thick while the dust continuum 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., [START_REF] Woitke | Consistent dust and gas models for protoplanetary disks. I. Disk shape, dust settling, opacities, and PAHs[END_REF]. 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. 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 R 90%, 12 CO /R 90%, 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 2). Black and red squares correspond to 12 CO and 13 CO detected sources, respectively. Round symbols show continuum only detected sources and the downwardfacing 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 R12 CO /R 1.3mm with time.

Dust Masses

Assuming that the continuum emission is optically thin at 1.3 mm, it is possible to infer the disk dust mass (M dust ) from the continuum millimetric flux (F ν ) at a given wavelength (e.g., [START_REF] Hildebrand | The Determination of Cloud Masses and Dust Characteristics from Submillimetre Thermal Emission[END_REF]:

M dust = F ν d 2 κ ν B ν (T dust ) (1) 
We take a grain opacity κ ν of 2.3 cm2 .g -1 at 230 GHz (Beckwith et al. 1990), with κ ν ∝ ν 0.4 (as other studies and consistently with recent integrated spectral index measurements Andrews 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 distance of the well characterized objects: 198 pc (Dzib et al. 2018). We adopt the relationship of T dust with L from Andrews et al. (2013), inferred with a grid of radiative transfer models: T dust = 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 characteristic dust temperature of T dust = 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 values 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 T dust 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 . For these two sources, the estimation of the mass is probably overestimated by a factor ∼2 (van der Plas et al. 2017).

Discussion -Comparison with other regions

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 intermediately 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 M dust 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 mass 2 : M dust ∝ 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 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 starforming 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 M dust 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. 2016Ansdell et al. , 2018) ) and Taurus (Andrews et al. 2013). We show the main characteristics of all regions (age, average 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 Upper 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, Cazzoletti et al. 2019).

In order to provide a meaningful comparison of all regions, we recalculated both the dust and stellar masses in a coherent 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 interpolated 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 respectively, which correspond to the upper values for uncertainties in Spezzi et al. (2008). We use stellar luminosities and temperatures 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 stellar 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 T dust = 20 K does not change the statistical results presented in this section. Also, it should be noticed that our analysis includes surveys of star-forming regions observed at different frequencies (see Table 4). 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 number 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 distributions. 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 distributions of M dust . 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 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. 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 M dust 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 stellar population, we estimate cumulative distributions of dust-tostellar 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 M dust , breaking away from the other curves, mostly because a large fraction of the non-detections are around low mass stars, which correspond to a large M dust /M ratio. Additionally, except for CrA which is likely a young region, we find that the distributions appear 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 distributions of M dust /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 oneby-one comparisons, and present them in Table 5. P-values are shown in the bottom-left part of the table, while their interpretations 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 M dust /M ratio, we find that Upper Sco is statistically 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 millimetric 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 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 (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 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% 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 Comparison between inhomogenous 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 nondetections. In Appendix A, we performed the analysis considering this time that each distribution had a similar disk mass detection limit. The results are similar to those presented above in this section. Thus, by re-observing the same samples with higher sensitivities, and possibly with an homogeneous angular resolution, we do not expect significant changes in the results, in particular in that of M dust .

To convert the observed fluxes into dust masses, we also assumed that disks were always optically thin. This assumption should be generally verified given the observed fluxes. We also used a scaling relation between T dust 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 (r out = 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) throughout.

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) for each star, we have not re-assessed the age of each association. Additionally, the cumulative mass ratio distribution function is probably also affected by the stellar environment. Thus, we have not included regions like Sigma Orionis.

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. Notes. According to the isotopologue ratio, we expect to detect more sources in 12 CO than in 13 CO. This is indicated through lower limits in Cha I, Lupus and Taurus, where no 12 CO study are available. The Taurus survey in 13 CO is also not complete. 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 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 regions as in the previous section. Samples are complete in the sense of ALMA capability in snapshot surveys, except for Taurus star-forming region where only a limited number of sources was observed (only in 13 CO) 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 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 12 CO-13 CO, while for older regions the fraction of targets with detected dust and gas is Article number, page 11 of 14 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, 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 change of state from gas to ice or by photo-dissociation as the 12 CO 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;[START_REF] Howard | Herschel/PACS Survey of protoplanetary disks in Taurus/Auriga -Observations[END_REF], 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 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.

Conclusions

We have used ALMA to conduct a high-sensitivity millimetric survey of 31 protoplanetary disks in the Cha 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. 1. Our ALMA observations cover the 1.3 mm continuum as well as the 12 CO, 13 CO and C 18 O J = 2 -1 lines. Out of 31 sources, 24 were detected in the continuum, 12 were detected in 12 CO, 3 in 13 CO and none in C 18 O. 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 explained by optical depth effect only: grain growth and radial drift are needed to reproduce such difference in size.

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 statistically 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 suggestive 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 conclusions. 

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 M dust and M dust /M when considering 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 different. 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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Introduction

The process of planet formation requires small submicronsized 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, 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 vertical settling to the midplane and of the inward radial drift 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 located in similar regions, well-mixed with the gas. The characteristic 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 viscosity 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 different wavelengths, for example optical-NIR (near-infrared) and (sub)millimeter, can help to constrain the settling intensity and radial drift of dust grains. Moreover, by performing multi-wavelength observations in the millimeter, one can achieve spectral index measurements and, assuming 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 systems (≤ 70 • ), 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), 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. 2003Duchêne et al. , 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 observed 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 Section 2, we present the fluxes, brightness temperatures, spectral 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.

Observations and data reduction

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 HST scattered-light images. At these wavelengths, edge-on disks are inclined enough so that the star is not in direct view of the observer. The ALMA observations 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 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).

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 edgeon 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. 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 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). Neither do they exclude the possibility of spectroscopic binary. The other targets in the sample are not known to be in multiple systems.

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

Band 7 survey

The band 7 observations of the Taurus sources (Tau 042021, IRAS 04302, HK Tau B, HV Tau C, IRAS 04200, Haro 6-5B, and IRAS 04158) were performed with both a compact and an extended array configuration. For the Chamaeleon sources (ESO-Hα 569, ESO-Hα 574, and HH 48 NE), 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 332.0 GHz, and one spectral window set to observe the 12 CO J=3 -2 transition at 345.796 GHz.

In this paper, we focus on the continuum data which has a geometric mean frequency of 336.8 GHz (0.89 mm). 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 executions 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 HK Tau B, HV Tau C, IRAS 04200, and IRAS 04302), the spectral window setup used for the supplied phase calibrator was different from that of the science target. These data could not be reduced using the standard pipeline. For HV Tau C and IRAS 04200, it was possible to use the check source as a phase calibrator, and for HK Tau B, the more distant bandpass 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 configuration data; also the achievable angular resolution was somewhat worse than the other sources of the sample.

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, HK Tau B, HV Tau C, IRAS 04200, Haro 6-5B, and IRAS 04158). The continuum spectral windows were centered on 138, 140, 150, and 152 GHz, with a geometric mean frequency of 145.0 GHz (2.06 mm). The relevant parameters of the observations are reported in Table 2. The raw data were pipeline calibrated using the CASA package, version 5.1.

Archival and literature data

ALMA observations of HH 30

We include multi-wavelength, band 4, 6, and 7, observations of HH 30 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 13 CO and C 18 O 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 configurations: a compact configuration and an extended con-Article number, page 3 of 24 A&A proofs: manuscript no. edge-on-survey_arxiv figuration (see Table 2). The ALMA correlator was configured to record dual polarization with four separate continuum spectral windows of 2 GHz each centered at 138, 140, 150, and 152 GHz. The observations were calibrated by the pipeline using CASA 4.7.

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 232.3 GHz leading to a geometric mean frequency of 224.4 GHz (1.34 mm). The detailed observational setup is presented in Table 2. Data from both configurations were reduced using the pipeline from CASA package version 4.7.

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 HH 30 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 visibilities 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 selfcalibration 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, HK Tau B, and Haro 6-5B, in band 6 to Tau 042021 and Oph 163131, and to only HH 30 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 reimaged 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 A.1.

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 weather or antenna position errors. To compute accurate spectral index maps (see Section 3.3), the images at the different wavelengths 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 centroid position. The offsets between band 4 and band 7 ranged from 2 mas (milliarcseconds) for Tau 042021 and IRAS 04200, up to 60 -90 mas for HH 30, HV Tau C, 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 (HH 30, HV Tau C, 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 HV Tau C (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. 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 CASA 1 .

Results

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 IRAS 04158 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 observations (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 system. 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 Handbook 2 ). 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. Notes. The uncertainties are limited by errors in flux calibration 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 A.1). We only report the peak band 7 brightness temperature 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 observations 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, T B , maps of each source. To ease the comparison between bands, we estimate the brightness temperatures from the band 7 and band 4 maps computed 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 temperatures 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 > 16.2 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.

Surface brightness profiles

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 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. Article number, page 7 of 24

A&A proofs: manuscript no. edge-on-survey_arxiv 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 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 higherresolution 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 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 normalized 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 conclusions. 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 decreases from 80% to 20% of the peak emission, called ∆r/r. We define ∆r by ∆r = |r 80%r 20% | and the normalization radius by r = |r 80% + r 20% |/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 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 with the same angular resolution and uv-coverage, these sources have band 7 major 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 sharpness of ∆r/r ∼ 0.8, much shallower than the beam.
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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 particles to stop at particular radial locations (Powell et al. 2019;Long et al. 2020). Including HH 48 NE, 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.

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 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 less 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. 3. 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, without fitting a Gaussian. We report the resulting FWHM in Table 6, where the errors correspond 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 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.

We also estimate the disk inclinations from the measured axis ratio in all bands, and report them in Table 5. 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 5. 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 highly inclined 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.

Estimation of spectral indices

The millimeter spectral index, defined as F ν ∝ ν αmm , can be used to study optical depth and grain growth in a disk (see e.g., review by Williams & Cieza 2011). Indeed, assuming scattering is negligible, the millimeter intensity can be expressed as I ν = B ν (T )(1e -τν ), in which B ν (T ) is the Planck function and τ ν the dust optical depth (which is proportional to the dust absorption coefficient, κ ν ∝ ν β ). 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 parameter 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 estimate the global millimeter spectral index α mm for each source. We use a least-squares fit of all photometric points between 800 µm and 3.3 mm. We find α mm ≤ 3 for all disks, as can be seen in Table 7.

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. 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 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 Article number, page 9 of 24 A&A proofs: manuscript no. edge-on-survey_arxiv Table 6. Full width half maximum of the (averaged) minor axis profiles, measured and deconvolved by the beam size.

Sources

Minor 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. 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 optically 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 inside 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 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, IRAS 04302, HK Tau B, and HV Tau C show the opposite behavior of Tau 042021 and IRAS 04200 along the minor axis, their spectral indices decrease. However, none

Article number, page 10 of 24 of them is well resolved along the minor axis at the resolution 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 values lower than 2 in the innermost regions of two disks: namely Tau 042021 and IRAS 04200 (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 (yellow shaded regions in Fig. 4), the lowest α values measured in Tau 042021 and IRAS 04200 can not be reconciled with α = 2. Recent studies showed that low dust temperature (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, 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 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.

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 reduce confusion with extended nebulosity (see references in Fig. 5). 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.

We estimate the scattered light major axis sizes by following 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 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.

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 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). While we do not quantify explicitly the vertical extent of the scattered light images, Fig. 5 clearly shows that all disks are significantly more extended vertically in scattered light than at millimeter wavelengths, which indicates vertical settling has occurred in each disk.

Discussion

In this section, we use the brightness profiles of the highly inclined disks of our sample to discuss critically the amplitude 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(Pinte et al. , 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 synthetic 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 settling (S), we assume that, as a function of size, dust follows the vertical density profile prescribed by Fromang & Nelson (2009). Following the results from Pinte et al. (2016) for HL Tau, a very flat disk when observed with ALMA, we set the vertical distribution of the millimeter dust (expressed in terms of a "scale height") to be h 1mm = 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 M dust = 1 • 10 -3 M for high mass disk models (HM), and M dust = 5•10 -5 M 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 0.89 mm (resp. 2.06 mm) 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 synthetic band 7 images (0.89 mm) 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. rection when settling is included. For the high mass model without settling (model NS-HM), we find that as the inclination approaches 90 • , the high optical depth in the midplane results in a clear low intensity lane, separating the two sides of the disk. On the other hand, at lower inclinations 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 HL Tau.

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 (deconvolved minor axis size ∼ 0.4 at 80 • and 90 • ), all models studied in this section are compatible with the vertical extent 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. 

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 HH 30, HK Tau B, and HH 48 NE. 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 massive. 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 observations (see Fig. 6, NS-HM model). This implies that vertical 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 significantly the concentration of dust mass in the disk midplane. Although we can not confirm vertical settling for the other 1.0 0.5 0.0 0.5 1.0 Offset (arcsec) 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 similar 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 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(Flock et al. , 2020)). On the other hand, non-ideal effects such as ohmic resistivity or ambipolar diffusion lead to lower turbulence and thus to very thin millimeter grain layers (Riols & Lesur 2018). Those mechanisms 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.

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 average size difference between band 7 and band 4 observations is about 12%. Estimating the major axis sizes from our radiative 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 Birnstiel & 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 Article number, page 14 of 24 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 considered 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 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 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 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 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 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.

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 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, dust mass estimations, and integrated spectral indices. Finally, we also discuss the measured brightness temperatures obtained for our disks in the context of optical depth.

Flux density and derived masses

We present the variation of the integrated band 7 and band 4 fluxes in our high mass radiative transfer models (with and without settling) as a function of inclination 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 surveys 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 previous studies, we assume optically thin and isothermal dust emission at sub-millimeter wavelengths. In that case the flux (F ν ) is directly related to the dust mass following:

M dust = F ν d 2 /κ ν B ν (T dust )
, where d is the disk distance to the Sun, B ν (T dust ) the Planck function evaluated at a mean representative dust temperature T dust , and κ ν the dust grain opacity. We use typical values of T dust = 20 K and κ ν = 3.4 cm 2 g -1 , as in Ansdell et al. (2016, and references 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.

Article number, page 15 of 24 A&A proofs: manuscript no. edge-on-survey_arxiv 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 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 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, that is up to ∼75 M ⊕ 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 15 M ⊕ , Ansdell et al. 2016).

This result suggests that our sample of edge-on disks is biased toward more 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).

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 α mm for edgeon 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 α mm 2.2 for the high mass settled model, and 2.1 α mm 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 3 mm). 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) 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 difference 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 differently, 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 layers are optically thinner and contain only small grains, the spectral index increases. However, further studies are required to investigate this effect (e.g., Sierra & Lizano 2020) and its applicability to specific objects.

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 T B = η c T p (1e -τν ), where τ ν is the optical depth of the medium, T p the mean dust physical temperature (see e.g., Wilson et al. 2009), and η c the fraction of beam covered by the source. In the isothermal optically thick limit (τ ν 1), for a source filling the beam (but smaller than the largest angular scale of the interferometric observations) the brightness temperature corresponds to T p -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 T p . 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 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 10.6 K 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 Article number, page 16 of 24 disks around stars of similar spectral types. As an example, Andrews et al. (2018) 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 T dust = 20 K assumed in flux-to-mass conversions (see e.g., Section 4.3.1).

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 T B 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. This in agreement with the idea that the disks appear optically thick because of projection effect. 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 micronsized grains, we computed their best model C at millimeter wavelengths (at 0.89 mm and 2.06 mm) using the radiative transfer code mcfost. The parameters of the model are reported in Table 1 of Stapelfeldt et al. (1998) and the 0.8 µm image of the model can be found in their Fig. 3. Following the results of Duchêne et al. (2003), we adopt revised opacities 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 0.01 µm to 15 cm and assume a number density described with a power law of the grain size dn(a) ∝ a -3.5 da. This yields opacities of 4.8 cm 2 /g and 2.6 cm 2 /g (per dust mass) respectively at 0.97 mm and 2.06 mm. Assuming a gas-to-dust mass ratio of 100, this is comparable to standard assumptions (e.g., Beckwith et al. 1990, 0.048 cm 2 /g and 0.026 cm 2 /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 coverage as in our observations. We show the results in Fig. 10.

We find that the model 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. 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 inclination, 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.

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 6). We note that Tau 042021 is only marginally resolved in band 6, so the size at this wavelength 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 settled model), significantly smaller than the 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-sizedependent 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 (S d ) with grain size (a) assuming S d ∝ a -m . Assuming that most of the emission comes from grains of the optimal size (a ≈ λ/2π), we obtain: m =log(S d,b7 /S d,b4 )/ log(a b7 /a b4 ) ∼ 0.5.

If we additionally assume that S d is directly proportional to the dust "scale height" (h d ), 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 & 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 & 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: h d ∝ a -0.2 . Settling obtained with ideal MHD is expected to be less efficient than other models previously discussed. 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 difference observed in Tau 042021 at different millimeter wavelengths has to be associated with strong settling. To compare our observations with settling models, we make the assumption that the measured minor axis extent is proportional 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, 

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-tonoise: 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 objects (Class II, see Fig. 5), 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.

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 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 (less than 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 Article number, page 18 of 24 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 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 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 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 (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 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 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 resolution 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 HK Tau B, a more detailed comparison of the ALMA images with a published scattered light model (re-computed at millimeter wavelengths) also suggests 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. Assuming that the measured 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 distribution 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.

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 Section 4 (the most representative of our observations, see Section 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 Section 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 inclined models.

The spectral index maps of the models show several features also seen in the observations. First, for most inclinations, it reaches values lower than two in the midplane (as for Tau 042021 and IRAS 04200), which can indicate low temperatures or important scattering in the disk midplane. Second, at the highest inclinations, there is a slight increase in α mm along the major axis, which is related to optical depth effects only. This variation is smaller than for several 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 perform a two-Gaussian fit, forcing the same FWHM of the two nebulae. The center of each Gaussian then defines the location 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 information 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. Article number, page 24 of 24

Introduction

The variety of physical and structural conditions in protoplanetary 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 emission (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 shadows (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 program 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;[START_REF] Teague | A Kinematical Detection of Two Embedded Jupiter-mass Planets in HD 163296[END_REF].

Interaction with a planetary or stellar companion is also thought to result in the large cavities observed in circumbinary 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 [START_REF] Strom | Circumstellar Material Associated with Solar-Type Pre-Main-Sequence Stars: A Possible Constraint on the Timescale for Planet Building[END_REF]. 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 potential 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 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 vertically 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 vertical 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 emission 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.

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 spectroscopy, 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 latest Gaia DR2 distances (Gaia Collaboration et al. 2018) and stellar 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. 2016Ansdell et al. , 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. (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 thermochemical 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.

Observations and data reduction

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 Telescope. Observations were carried out in dual-polarization imaging mode (DPI; Langlois et al. 2014), in both J (λ J = 1.245 µm) and H-Band (λ H = 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, 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 noncoronagraphic 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 = Q 2 + U 2 .
(1)

We also define the polar Stokes components Q φ and U φ as in Schmid et al. (2006):

Q φ = +Q cos(2φ) + U sin(2φ), (2) 
U φ = -Q sin(2φ) + U cos(2φ), (3) 
where φ = arctan( y x ) 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 Q φ is the polarization in the azimuthal direction (negative signal is in the radial direction), while U φ 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 Q φ 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 U φ component. This effect was indeed observed in the very inclined (∼69 • ) disk around T Cha, leading to a large U φ /Q φ peak-to-peak value (Pohl et al. 2017b).

Results

Our reduced images are shown in Figs. 1 and2 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 further in the modeling in Sect. 4.3. In the Q φ 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 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).

Radiative transfer modeling

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(Pinte et al. , 2009)). This code computes the thermal 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. Considering 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 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 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 U φ image of our observations (as in Muro-Arena et al. 2018). For each point in the U φ 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 U φ 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, Q φ and U φ 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 Q φ and U φ maps are presented in Appendix A.

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) = H 100 au (R/100 au) β , (4) 
where β is the flaring exponent, R the radius and H 100 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) ∝ R p . In all our modeling we choose p = -1. We use astronomical silicates (similar 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 (R in -R out ), the dust mass and the scale height (H 100 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.

Modeling J1608

Large grains. We first aim to reproduce the thermal emission 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 inclination 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 R in ∼ 77 au. However, a narrower ring would still reproduce the observations. A7, page 5 of 16 Notes. Each parameter was adjusted during the modeling, except for the grain size (a min -a max ).

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 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 nonconvolved model in Appendix A. All the model's parameters are presented in Table 2.

Small grains. The synthetic scattered light image computed 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 significantly 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 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 sizes (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. 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 maximum 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 observations. 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 We note that we are able to recreate the same general structure as seen in J1608, with two lobes along the major axis, no emission from the northeast region of the disk (backward A7, page 6 of 16 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 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 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 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.

Modeling J1852

The SED of J1852 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 scattered light image 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 structure is illustrated in the bottom panel of not well-constrained. To reproduce the shape of the emission, we consider a mixture of silicate, composed at 65% of olivine (Dorschner et al. 1995) and 35% of astronomical silicates (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 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.

Large grains. Unlike J1608, we do not have sufficient high resolution data to show that the large grains are radially distributed 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 scattered 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 assumptions on the radial structure and grain composition of the large grain population, we inferred its scale height from the effect on A7, page 7 of 16 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;[START_REF] Woitke | Consistent dust and gas models for protoplanetary disks. I. Disk shape, dust settling, opacities, and PAHs[END_REF]. 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 (a min 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.

Discussion

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 suggested in earlier studies. Duchêne et al. (2003) showed that a perfect mixing of dust grains is not able to reproduce simultaneously 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 surrounding 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 magnetohydrodynamic (MHD) simulations to quantify the effect of magnetic field on dust settling. They consider a strongly A7, page 8 of 16 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 H 100 mm ≈ 0.23 H gas (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 H 1.3 mm = 0.41 H gas . 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 distribution 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 coupling 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.

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 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 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 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 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 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 [START_REF] Zhang | Comparison of the Dust and Gas Radial Structure in the Transition Disk[END_REF] 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.

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;[START_REF] Van Der Marel | A Major Asymmetric Dust Trap in a Transition Disk[END_REF].

Dead-zones are low ionization regions in which magnetorotational instability is suppressed (Blaes & Balbus 1994;Flock et al. 2012). In such regions the rate of gas flow decreases, leading 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 millimeter 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. Planets of mass larger than 1 M J 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 compiled 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 companion 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 distances from Gaia DR2 (Gaia Collaboration et al. 2018). In this analysis, we only consider 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 scattered light cavity 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 hydrodynamical and dust evolution simulations and considering massive planets on a circular orbit, de Juan Ovelar et al. ( 2013 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 (R cav,PI ), defined as the mean between R in,PI and R peak,PI , is used in Fig. 10. 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 (respectively referred to as R in,PI , and R peak,PI , in Table 3). Considering the position of the cavity instead of that of the wall tends to overestimate 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 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 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 cavity (R cav,PI ), defined as the mean between R in,PI and R peak,PI , as a function of the radius of the millimeter ring (R peak,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 companion masses above 13 M J 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 sample (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 searching for companions. Kraus et al. (2008Kraus et al. ( , 2011) ) M planet >13M J 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 M J at 0.5 (∼70 au at 140 pc) and 6 M J 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 sensitivity of ∼ 10 M J 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 planets, 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.

Conclusion

In this paper, we present new polarized scattered light observations 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 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 respectively 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 spatial segregation between grain sizes. However, the disk is not inclined enough to allow us to strongly constrain the relative vertical 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 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;;[START_REF] Teague | A Kinematical Detection of Two Embedded Jupiter-mass Planets in HD 163296[END_REF]Pinte et al. 2018) might lead to further detections. Model Q φ and U φ 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 Q φ and U φ model predictions for J1608 and J1852, respectively. The Q φ images are very similar to our model polarized intensity images that reproduce well the data. In addition, when compared to Figs. 1 and2, we see that the regions with positive and negative intensity in the U φ images are also a good match to the data. A7, page 14 of 16

Introduction

Star formation occurs in molecular clouds where the stellar density 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 system 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 (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 calculations 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. However, 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

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 conditions 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 circumstellar 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 program ID 198.C-0209(N). eccentricity) be dominated by the gravitational perturbation of the central binary. As a consequence, the binary-disk interaction has severe implications for the planet formation process. Tidal interactions exerted by the binary are expected to truncate 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 circumstellar disks with material from the outer circumbinary disk (e.g., Artymowicz & Lubow 1996;Muñoz et al. 2020). While observational 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 planets, 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

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 program 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 examples). If indeed caused by embedded planets, this suggests that planet formation occurs early in the lifetime of the disk. Of particular interest in that respect have been the so-called transition disks. These are disks that show a lack of flux in the 10 µm wavelength 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 system is known where planets are indeed detected (PDS 70,

Introduction

The most direct observational approach to study planet formationthe direct imaging of forming planetshas thus far been unproductive, with only a handful of young planet candidates 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., cavities, 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 circumstellar emission in comparison to the star. Much of the current focus is on Polarimetric Differential Imaging (PDI) since this

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 program 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., [START_REF] Van Der Marel | A Major Asymmetric Dust Trap in a Transition Disk[END_REF]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 processes. 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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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 geometry 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

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(Mordasini et al. , 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

Figure 1

 1 Figure 1.1 -Evolutionary phases of star-formation. The top row shows a schematic viewof each stage of star-formation, and the bottom pannels correspond to the typical 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[START_REF] Lada | Star formation: from OB associations to protostars[END_REF] to classify young stellar objects. Adapted from[START_REF] André | The Initial Conditions for Protostellar Collapse: Observational Constraints[END_REF] 
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 12 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[START_REF] Amard | The Impact of Metallicity on the Evolution of the Rotation and Magnetic Activity of Sun-like Stars[END_REF] 

Figure 1

 1 Figure 1.4 -Temperature map of Oph 163131, reconstructed from 12 CO observations. Adapted from Flores et al., in prep.
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 15 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)

Figure 1

 1 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)

Figure 1

 1 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) 

Figure 1

 1 Figure 1.8 -Examples of direct (left panel, SPHERE scattered light image) and indirect detections (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)

  Figure1.9 -Absorption and scattering coefficient of astronomical silicates for different distributions of grains with mono-sizes between 0.01 µm and 10 mm, expressed in cm 2 .g -1 . From tables published in Laor andDraine (1993) and mcfost.

  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)

Figure 1 .

 1 Figure 1.11 -ALMA.

  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.
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 21 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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 23 Figure 2.3 -Moment 1 maps for 12 CO 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.

  Continuum vs CO sizes

Figure 2 . 4 -

 24 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.

Figure 2 .

 2 Figure 2.6 -Gas mass estimates. Left: Models from Kamp et al. (2011) with the 3 sources observed and detected in both 12 CO 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 12 CO and 13 CO.

Figure 2 .

 2 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 (fromBaraffe 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.
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 29 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.

  (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) 

2

 2 Observations and data reduction . . . . . . . . . . . . . . . . . . 3.2.1 SPHERE observations . . . . . . . . . . . . . . . . . . . . . 3.2.2 ALMA observations . . . . . . . . . . . . . . . . . . . . . . 3.2.3 Spectral energy distributions . . . . . . . . . . . . . . . . . 3.3 Radiative transfer modeling . . . . . . . . . . . . . . . . . . . . . 3.3.1 Methodology and model setup . . . . . . . . . . . . . . . . 3.3.2 Modeling J1608 . . . . . . . . . . . . . . . . . . . . . . . . 3.3.3 Modeling J1852 . . . . . . . . . . . . . . . . . . . . . . . . 3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.1 Dust vertical distribution . . . . . . . . . . . . . . . . . . . 3.4.2 Dust radial distribution . . . . . . . . . . . . . . . . . . . . 3.4.3 Comparison with other transition disks and cavity origins . . 3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  (a) Gaia Collaboration et al. (2018),(b) Stellar masses and ages are calculated byGarufi et al. (2018) using Gaia DR2 distances and stellar tracks bySiess et al. (2000). References: Alcalá et al. (2017) andManara et al. (2014) et al., 2014), in both J (λ J = 1.245 µm) and H-band (λ H = 1.625 µm) for J1608, and in H-band only for J1852.

Figure 3

 3 Figure 3.1 -Radial cuts on the PSF for the H-band observations of J1608 and J1852. J1852presents side lobes and has a broader profile than J1608, indicating poorer weather conditions.
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 323 Figure 3.2 -Normalized polarized intensity (left panel), Q φ (middle), and U φ (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 Q φ and U φ maps are normalized to the maximum of Q φ .

[

  Figure 3.4 -Position-velocity diagram of the 12 CO 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.
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 35 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).
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 33 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.

Figure 3

 3 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.

  Figure3.10 -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.

  Figure 3.11 -Q φ images of J1608 in J-band (non coronagraphic, left panel), H-band (coronagraphic, 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.

Figure 3 .

 3 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

Figure 3

 3 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.

Figure 3

 3 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.

  of de Juan Ovelar et al. (2013).
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  ), (b) Luhman et al. (2010), (c) Simon et al. (2019), (d) Flores et al. (in prep), (A) Louvet et al. (2018).

  Flores et al. (in prep) studies the temperature structure of the disk by modeling the emission lines, whileWolff et al. (in prep) analyses dust emission performing a model of the HST and ALMA images.

  4.2.2.c. Chameleon I surveyMost 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 Table 4.3). I calibrated the compact configuration observations with the CASA pipeline version 4.7.

  (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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 41 Figure 4.1 -Example of scans and spectral windows in the extended configuration of the band 7 observations of project 2016.1.00460.S.
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 42 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.

Figure 4

 4 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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 45 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.

Figure 4 Figure 4

 44 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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 48 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.

Figure 4

 4 Figure 4.9 -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 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).

Figure 4 .

 4 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)

Figure 4

 4 Figure 4.11 -Top: Model from Pinte et al. (2016) at 0.89 mm (band 7), computed at high inclination and including settling (h 1mm = 0.70 au, fiducial model). Bottom: Same models at 0.89 mm but without including settling (h 1mm = h gas = 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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 44 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.

Figure 4 .

 4 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 uvcoverage 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.

Figure 4

 4 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.
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 416 Figure 4.16 -Major axis profiles for the fiducial model (left) and the model without settling (right), computed as in Fig. 4.6. The models were computed in band 7 (0.89 mm).All cuts are normalized to their peak surface brightness.
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  Figure 4.17 -Top: Variation of the band 7 and band 4 integrated fluxes of the fiducial (with settling, solid lines) and the radiative transfer model without settling (light lines) as a function of the inclination. Bottom: Variation of the integrated spectral index for the fiducial model.

Figure 4

 4 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.
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 4 Figure 4.19 -Brightness temperatures as a function of the radial distance for the radiative 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.
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 5525 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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 54 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 detected (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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 55 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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 56 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).

Figure 5

 5 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.

Figure 5

 5 Figure 5.8 -Left: Moment 1 map,Middle: Moment 0 map, Right: Overlay of the HST image (colors), continuum contours (in white) and 12 CO 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).
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  I R S T A U T H O R P U B L I C AT I O N S In this appendix, I present all my first authored publications. They are either in preparation or already published. I described each in Chapter 2, 3, and 4 of this thesis. -M. Villenave, F. Ménard , W. Dent, G. van der Plas et al., in preparation Probing protoplanetary disk evolution in the Chamaeleon II star-forming region. -M. Villenave, F. Ménard , W. Dent, G. Duchêne et al., 2020, A&A, in press Observations of edge-on protoplanetary disks with ALMA. I. Results from continuum data. -M. Villenave, M. Benisty, W. Dent, F. Ménard et al., 2019, A&A, 624, A7 Spatial segregation of dust grains in transition disks. SPHERE observations of 2MASS J16083070-3828268 and RXJ1852.3-3700.

Fig. 1 .

 1 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 sample (in green) are compared.

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

Fig. 4 .

 4 Fig. 4. Dust masses for the 31 sources in our Cha II sample expressed in Earth masses, ordered by increasing dust mass (Table2). Black and red squares correspond to 12 CO and 13 CO detected sources, respectively. Round symbols show continuum only detected sources and the downwardfacing triangles correspond to 3 σ upper limits for non detections.

Fig. 5 .

 5 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 estimator. We indicate 1σ confidence intervals.

  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

  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)

Fig. A. 1 .

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

  Article number, page 1 of 24 arXiv:2008.06518v2 [astro-ph.SR] 17 Sep 2020

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

  (a) 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.(b) The Chamaeleon I sources included in the survey are ESO-Hα 569, ESO-Hα 574, and HH 48 NE.

Notes.

  Total fluxes are measured using elliptical apertures centred 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).

Fig. 1 .

 1 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.

Fig. 2 .Fig. 3 .

 23 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.

Fig. 4 .

 4 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.

References.

  Tau 042021: Andrews et al. (2013), HH 30: Louvet et al. (2018), IRAS 04302: Moriarty-Schieven et al. (1994); Gräfe et al. (2013); Wolf et al. (2003), HK Tau B: Duchêne et al. (2003), HV Tau C: 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) 

Fig. 5 .

 5 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 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 & 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).

SFig. 6 .

 6 Fig. 6. Radiative transfer models computed at 0.89 mm (band 7), for different inclinations. Top and third row: High and low mass settling models (h1mm = 0.70 au at r=100 au), Second and bottom row: High and low mass No Settling models (h1mm = hgas = 10 au at r=100 au). The beam size and a 0.5 scale bar are shown in the bottom left corner of each panel.

Fig. 7 .

 7 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 0.89 mm (band 7), at 80 • (left panel) and 90 • (right panel).

Fig. 9 .

 9 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.

  4.4. Individual targets 4.4.1. HK Tau B: Comparison with a published model HK Tau B 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 modeled previously. Stapelfeldt et al. (

Fig. 10 .

 10 Fig. 10. Left panels: ALMA data of HK Tau B. 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.

Fig. 11 .

 11 Fig. 11. Minor axis size 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.

  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 TableA.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.

Fig. D. 1 .

 1 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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 16 Fig. 1. Normalized polarized intensity map (left panel), Q φ (middle panel), and U φ (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 Q φ and U φ maps are normalized to the maximum of Q φ .

Fig. 4 .

 4 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.

Fig. 5 .

 5 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.

Fig. 6 .

 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.

Fig. 6 .

 6 Fig.6. Spectral energy distribution of J1608 (blue circles) and our model prediction (red line). The model is corrected by the Av.

Fig. 7 .

 7 Fig. 7. Spectral energy distribution of J1852 (blue circles) and our model (red line). The model is corrected by the Av.

Fig. 8 .

 8 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 .

 9 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.

  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).

  performed a high-resolution imaging studies of Taurus-Auriga and Upper Sco star-forming regions to identify companions down to 8 to 12 M J . v , P I = R p e a k , m m

  Fig. A.1.The Q φ 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).

Fig. A. 2 .Fig

 2 Fig. A.2. Left and middle panels: Q φ and U φ 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.

  www.aanda.org million years of a stellar cluster, Pfalzner (2013) and Winter et al.

  

  

IRAS12496-7650 Sz 58 IRAS12500-7658 Sz 61 CM Cha Hn 22 Hn 23 Sz 63 Sz 50 Sz 49 Sz 54 Hn 24 1.2 arcsec J130059.3-771403 Hn 25 Sz 59 Sz 53 Sz 51 Sz 46 Sz 52 IRAS12535-7623 Sz 56 J13022287-7734494 ISO-CHAII 13 Hn 26 J130521.7-773810

  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).

		1.2
	[arcsec]	0.6 -0.0 -0.6
		[arcsec] -1.2 -0.6 0.0 0.6 1.2 -1.2

J13071806-7740529 J130529.0-774140 J13082714-7743232 Sz 62

  

Table 2 .

 2 3 -Integrated fluxes for the CO isotopologues derived from the line profiles and 12 CO sizes. As the continuum of Hn 24 B was not resolved, we do not report CO/continuum size ratio for this source.

	Source	F 1.3mm R 50%, 1.3mm Minor axis fwhm	PA	M dust
	J13022287-7734494 J13071806-7740529	(mJy) 0.87 ± 0.15 < 0.51	(mas)	(mas)	(deg)	(M ⊕ ) 1.84 ± 0.32 < 0.93
	J13082714-7743232	< 0.51				< 1.19
	CM Cha Hn 22 Hn 23 Hn 24 A Hn 24 B Hn 25 Hn 26	38.76 ± 0.23 21.81 ± 0.17 20.75 ± 0.19 10.52 ± 0.19 193 ± 15 315 ± 5 175 ± 6 190 ± 4 5.05 ± 0.16 5.38 ± 0.18 195 ± 25 < 0.51	315 ± 9 110 ± 12 190 ± 13 193 ± 33	35 ± 57 -51 ± 4 158 ± 57 67 ± 57	34.08 ± 0.20 28.47 ± 0.22 17.95 ± 0.16 8.44 ± 0.15 5.85 ± 0.18 6.21 ± 0.19 < 0.64
	IRAS12496-7650 IRAS12500-7658 IRAS12535-7623 ISO-CHAII 13	708.60 ± 0.27 49.60 ± 0.26 1.09 ± 0.18 < 0.51	354 ± 1 258 ± 5	321 ± 1 258 ± 11	125 ± 1 247.80 ± 0.09 -84 ± 57 266.50 ± 1.40 0.60 ± 0.10 < 2.28
	J130059.3-771403 J130521.7-773810	5.68 ± 0.19 188 ± 15 < 0.51		4 ± 9	6.57 ± 0.22 < 0.61
	J130529.0-774140	< 0.51				< 0.59
	Sz 46 Sz 49 Sz 50 Sz 51 Sz 52 Sz 53 Sz 54 Sz 56 Sz 58 Sz 59 A Sz 59 B Sz 61 Sz 62	3.73 ± 0.20 221 ± 49 10.92 ± 0.26 401 ± 14 10.96 ± 0.20 169 ± 15 4.30 ± 0.18 249 ± 33 1.16 ± 0.24 461 ± 131 4.81 ± 0.20 307 ± 32 10.54 ± 0.18 586 ± 9 1.00 ± 0.15 60.72 ± 0.30 699 ± 5 4.99 ± 0.16 114 ± 37 4.29 ± 0.16 97 ± 22 41.32 ± 0.23 310 ± 3 < 0.51	311 ± 31 169 ± 33 133 ± 49 168 ± 44 131 ± 28 347 ± 39 310 ± 9	-1 ± 7 64 ± 57 -70 ± 10 65 ± 8 12 ± 6 61 ± 1 -11 ± 57	4.26 ± 0.23 14.61 ± 0.35 5.71 ± 0.19 4.58 ± 0.19 1.72 ± 0.35 5.59 ± 0.35 7.01 ± 0.12 1.09 ± 0.16 51.12 ± 0.25 4.23 ± 0.13 4.98 ± 0.19 33.05 ± 0.17 < 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 (F 1.3mm ),
	the resolved major and minor axis FWHM (respectively R 50%, 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.			
	48					

  estimate an average gas to dust

				Size ratio uv / image plane			
	1.2										
	1.0										
	0.8										
	0.6										
	IRAS 12500-7658	IRAS12496 -7650	Sz 49	Sz 51	Sz 58	Sz 61	Sz 63	Hn 22	Hn 23	Hn 24	CM Cha

  , or because not all Class II of the region were observed (e.g., Serpens, CrA,Law et al., 

	Region	Published age Distance Obs freq M dust,min Detections/Total sources
	Upper Sco Cha II IC 348 Cha I Lupus b7 Lupus b6	(Myr) 5 -11 a,b 2 -6 c 2 -3 d 2 -4 e, f 1 -3 g	(pc) 145 ± 10 198 ± 6 A 310 ± 20 d 192 ± 6 A 160 ± 4 A	(GHz) 341.1 225.7 225.7 338.0 335.8 225.5	(M ⊕ ) 0.17 0.60 0.52 0.54 0.16 0.60	53/75 19/23 33/67 60/76 51/57 62/66
	Taurus	1 -2 h	141 ± 7 B	225.0	1.08	92/164
	Table 2.5 -Parameters of star-forming regions. The sensitivity limits (M dust,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

  Figure2.10 -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.

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

Region

Published age Median M dust Median M dust /M (Myr)

Table 2

 2 2.10, 

		Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus
	Upper Sco	**	***	***		***	***	***
	Cha II	0.01	-	-		**	*	***
	IC348 Cha I Lupus b7 < 1 × 10 -7 0.04 0.3 9 × 10 -7 0.2 < 1 × 10 -7 Lupus b6 < 1 × 10 -7 0.06 Taurus < 1 × 10 -7 0.0003 0.02 0.6 0.5 0.8	-0.8 0.9 0.04	--0.4 0.2	---0.07	** ** -*
	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

.7 -Results of pair comparisons with the logrank test applied on the ratio M dust /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.

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

Table 2 .

 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.

  mounted on the Very Large Telescope. The observations were carried out in dual-polarization imaging mode (DPI, Langlois

	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
	Distance a	(pc)	156 ± 6	146

Table 3

 3 

.1 -Stellar parameters.

Table 3 .

 3 2 -Parameters for our radiative transfer models. Each parameter was adjusted during the modeling, except for the grain size (a mina max ).

			J1608	J1852
	Inclination	( • )	74	30
	PA	( • )	19	34
				Inner disk
	a min -a max (µm) R in -R out (au) Dust mass (M ) H 100au (au)	----	0.01 -5 0.1 -5 9 • 10 -11 0.9
				Outer disk
				Small grains
	a min -a max (µm) 0.01 -0.5 R in -R out (au) 50 -150 15 -22 42 -65 0.01 -0.5 Dust mass (M ) 2 • 10 -6 2 • 10 -8 7 • 10 -7 H 100au (au) 12 15
				Large grains
	a min -a max (µm) 10 -1000 R in -R out (au) 77 -87 15 -22 42 -65 10 -1000 Dust mass (M ) 5 • 10 -5 3 • 10 -7 7 • 10 -5 H 100au (au) 1 -5 1 -15

Table 3

 3 ,

	Source	d	Band	R peak,mm	R in,PI R peak,PI	Ratio
		(pc)		(au)	(au)	(au)
	HD 100546 HD 169142 V4046 Sgr UX Tau A HD 100453 T Cha HD 143006 DoAr44 CQ Tau J1852 HD 135344B HD 97048 LkCa 15 Oph IRS 48 RY Lup MWC758 PDS 70 J1608 RXJ1604.3-2130A 150 ± 1 B6 -R' 110 ± 1 B7 -R' 114 ± 1 B6 -J 72 ± 1 B6 -H 140 ± 2 B6 -H 104 ± 1 B6 -R' 110 ± 1 B3 -H 166 ± 4 B6 -J 146 ± 1 B7 -H 163 ± 2 B6 -J 146 ± 1 B3 -H 136 ± 2 B7 -R 185 ± 1 B7 -J 159 ± 1 B7 -J 134 ± 2 B9 -Q 159 ± 2 B7 -H 160 ± 2 B7 -Y 113 ± 1 B7 -J 156 ± 6 B6 -H Sz 91 159 ± 2 B7 -Ks HD 34282 312 ± 5 B7 -J HD 142527 157 ± 1 B7 -Ks 165, 205 15.0 21.7 27.0 33.2 33.3 36.8 40.0 42.7 47.3 43.8 54.6 55.4 64.0 70.6 71.9 80.0 81.0 81.0 83.0 87.5 133.9	12.0 16.0 15.3 < 14 14.6 28.8 18.2 < 14 < 4 34.7 18.3 45.9 53.7 33.3 < 15 < 15 45.0 45.0 54.9 46.0 124.2 78.5	14.0 20.5 26.9 18.5 31.4 30.0 43.1 23.5 54.4 64 59.1 54.0 49.9 63.7 50.9 132.7 157.0	0.81, 0.96 0.74, 0.94 0.57, 0.99 < 0.42 0.44, 0.55 0.78, 0.85 0.45, 0.75 < 0.33 < 0.08 0.79, 0.98 0.34, 0.43 0.83, 0.98 0.84, 1.0 0.47, 0.84 < 0.20 < 0.19 0.56, 0.67 0.56, 0.82 0.66, 0.77 0.52, 0.58 0.93, 0.99 0.38, 0.95

.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.

  .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).

Table 4

 4 

	• ' ")	SFR

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

Source

SpT

a,b M c (M ) PA ( • ) i AxisRatio ( • )

Table 4

 4 

	Source	Band	Obs. date	Baselines	N ant	T int	v CASA PWV
	(1)	(2)	(3)	(m -km) (4)	(5)	(min) (6)	(7)	(mm) (8)
	HH 30 Tau 042021 Oph 163131 Survey Cha I a Survey Taurus b	7 6 4 6 6 7 7 4	14, 15 & 21/10/2016 19 & 21/07/2015 23/10/2016 12/09/2017 05/12/2016 21/10/2016 25/04/2017 07/07/2017 15/11/2016 24/11/2016 18/08/2017 27/09/2017	19 -2.5 42 -46 174 42 78 13 -1.6 48 12 19 -1.8 44 31 41 -9.5 41 7.5 15 -0.7 44 25 18 -1.8 41 8.5 15 -0.5 44 27 17 -2.6 42 1.1 15 -0.9 43 1.1 15 -0.7 43 3.7 21 -3.6 41 -14.9 43 6.7	4.7 4.3 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 5.1 5.1	0.58 0.56 1.77 1.70 1.60 0.35 1.30 0.65 0.50 0.55 0.38 1.39

.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.

Table 4 .

 4 4 -Calibration sources of the band 7 survey.

	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 4.7 -Peak brightness temperatures. The uncertainties are limited by errors in flux calibration and can thus be estimated by 10% of the reported brightness temperature peak.

			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	

  We report the values

	Source	B7	B6	B4	Optical/NIR	∆r/r
		(")	(")	(")	(")	
	Tau 042021 HH 30 IRAS 04302 HK Tau B HV Tau C IRAS 04200 Haro 6-5B IRAS 04158 Oph 163131 1.30 ± 0.03 a 2.50 ± 0.01 4.10 ± 0.01 3.76 ± 0.02 3.67 ± 0.01 1.85 ± 0.01 1.82 ± 0.02 1.73 ± 0.01 3.15 ± 0.03 2.84 ± 0.01 0.99 ± 0.01 0.99 ± 0.01 1.20 ± 0.01 1.18 ± 0.01 1.00 ± 0.01 0.85 ± 0.01 2.06 ± 0.01 1.74 ± 0.01 7.47 ± 0.03 ESO-Hα 569 1.88 ± 0.04 ESO-Hα 574 1.35 ± 0.04 HH 48 NE 1.72 ± 0.03	5.0 3.1 1.3 0.8 2.3 13.6 2.6 2.0 1.2 1.3	0.6 ± 0.1 0.2 ± 0.1 0.7 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 1.0 ± 0.1 0.8 ± 0.1 † 0.7 ± 0.1 0.9 ± 0.2 0.7 ± 0.2 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.

  0.35 ± 0.01 † 0.35 ± 0.01 † IRAS 04158 * 2.36 ± 0.05 † Oph 163131 0.16 ± 0.07 a 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

	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 Table

* 

Table 4

 4 

	.10).			
	References: (a) Cox et al. (2017)		
	Source	Deconvolved B7 Deconvolved B6 Deconvolved B4
		(")	(")	(")
	Tau 042021 HH 30 IRAS 04302 HK Tau B HV Tau C IRAS 04200 * Haro 6-5B * IRAS 04158 * Oph 163131	0.31 ± 0.01 † 0.16 ± 0.02 0.21 ± 0.05 0.10 ± 0.01 0.13 ± 0.02 0.31 ± 0.01 † 0.34 ± 0.01 † 2.31 ± 0.05 †	0.37 ± 0.06 0.14 ± 0.07 < 0.14	0.20 ± 0.01 † 0.22 ± 0.02 0.20 ± 0.01 † 0.09 ± 0.01 † 0.16 ± 0.02 0.21 ± 0.01 † 0.34 ± 0.01 †
	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.

Table 4 .

 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".

		Fiducial model	No settling model	
	Incl Minor B7 Minor B4 Minor B7 Minor B4 ∆r/r fiducial
	( • )	(")	(")	(")	(")	
	82.5 85 87.5 90	0.15 0.14 0.15 0.18	0.13 0.10 0.11 0.13	0.23 a 0.23 a 0.43 0.44	0.32 a 0.40 0.42 0.42	1.2 ± 0.6 1.0 ± 0.5 0.7 ± 0.3 0.3 ± 0.1

  where d is the disk distance to the Sun, B ν (T dust ) the Planck function evaluated at a mean representative dust

	Sources Tau 042021	M dust B7 (M ⊕ ) > 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).

Table 5 .

 5 

	.3

1 -CO beams.

Table 1 .

 1 Article number, page 2 of 14 M.Villenave et al.: Probing protoplanetary disk evolution in the Chamaeleon II region Observed Cha II ALMA sample.

	Source J13022287-7734494 13 02 22.9 RA (h.m.s) Dec (deg.m.s) SpT a Class a M /M b -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

Table 2 .

 2 1.3 mm continuum properties.

	Source J13022287-7734494 J13071806-7740529 J13082714-7743232 CM Cha Hn 22 Hn 23 Hn 24 A Hn 24 B Hn 25 Hn 26 IRAS12496-7650 IRAS12500-7658 IRAS12535-7623 ISO-CHAII 13 J130059.3-771403 J130521.7-773810 J130529.0-774140 Sz 46 Sz 49 Sz 50 Sz 51 Sz 52 Sz 53 Sz 54 Sz 56 Sz 58 Sz 59 A Sz 59 B Sz 61 Sz 62 Sz 63	F 1.3mm R 50%, 1.3mm Minor axis fwhm (mJy) (mas) (mas) 0.87 ± 0.15 < < < 0.51 < 0.51 38.76 ± 0.23 315 ± 5 315 ± 9 21.81 ± 0.17 175 ± 6 110 ± 12 20.75 ± 0.19 190 ± 4 190 ± 13 10.52 ± 0.19 193 ± 15 193 ± 33 5.05 ± 0.16 < < 5.38 ± 0.18 195 ± 25 < < 0.51 708.60 ± 0.27 354 ± 1 321 ± 1 49.60 ± 0.26 258 ± 5 258 ± 11 1.09 ± 0.18 < 0.51 5.68 ± 0.19 188 ± 15 < 0.51 < 0.51 3.73 ± 0.20 221 ± 49 10.92 ± 0.26 401 ± 14 311 ± 31 10.96 ± 0.20 169 ± 15 169 ± 33 4.30 ± 0.18 249 ± 33 133 ± 49 1.16 ± 0.24 461 ± 131 4.81 ± 0.20 307 ± 32 168 ± 44 10.54 ± 0.18 586 ± 9 131 ± 28 1.00 ± 0.15 60.72 ± 0.30 699 ± 5 347 ± 39 4.99 ± 0.16 114 ± 37 4.29 ± 0.16 97 ± 22 41.32 ± 0.23 310 ± 3 310 ± 9 < 0.51 19.79 ± 0.21 369 ± 9 183 ± 11	PA (deg) 35 ± 57 -51 ± 4 158 ± 57 67 ± 57 125 ± 1 -84 ± 57 266.50 ± 1.40 M dust (M ⊕ ) 1.84 ± 0.32 < 0.93 < 1.19 34.08 ± 0.20 28.47 ± 0.22 17.95 ± 0.16 8.44 ± 0.15 5.85 ± 0.18 6.21 ± 0.19 < 0.64 247.80 ± 0.09 0.60 ± 0.10 < 2.28 4 ± 9 6.57 ± 0.22 < 0.61 < 0.59 4.26 ± 0.23 -1 ± 7 14.61 ± 0.35 64 ± 57 5.71 ± 0.19 -70 ± 10 4.58 ± 0.19 1.72 ± 0.35 65 ± 8 5.59 ± 0.35 12 ± 6 7.01 ± 0.12 1.09 ± 0.16 61 ± 1 51.12 ± 0.25 4.23 ± 0.13 4.98 ± 0.19 -11 ± 57 33.05 ± 0.17 < 0.65 83 ± 1 26.56 ± 0.28

Table 3 .

 3 Integrated fluxes for the CO isotopologues derived from the line profiles and 12 CO size of the detected sources.

	Source J13022287-7734494 J13071806-7740529 J13082714-7743232 CM Cha Hn 22 Hn 23 Hn 24 A Hn 24 B Hn 25 Hn 26 IRAS12496-7650 IRAS12500-7658 IRAS12535-7623 ISO-CHAII 13 J130059.3-771403 J130521.7-773810 J130529.0-774140 Sz 46 Sz 49 Sz 50 Sz 51 Sz 52 Sz 53 Sz 54 Sz 56 Sz 58 Sz 59 A Sz 59 B Sz 61 Sz 62 Sz 63	F 12 CO (Jy km s -1 ) < 0.14 < 0.15 < 0.11 0.67 ± 0.04 < 0.13 < 0.13 0.35 ± 0.04 0.33 ± 0.04 < 0.15 < 0.13 20.58 ± 1.66 5.26 ± 0.33 F 13 CO (Jy km s -1 ) (Jy km s -1 ) F C 18 O < 0.14 < 0.12 < 0.14 < 0.10 < 0.16 < 0.10 < 0.19 < 0.09 < 0.15 < 0.10 < 0.14 < 0.10 < 0.15 < 0.11 < 0.15 < 0.11 < 0.14 < 0.11 < 0.13 < 0.12 < 0.16 2.93 ± 0.22 0.60 ± 0.06 < 0.14 < 0.15 < 0.15 < 0.10 < 0.14 < 0.15 < 0.09 < 0.15 < 0.16 < 0.16 < 0.14 < 0.13 < 0.14 0.12 ± 0.01 < 0.13 < 0.11 0.61 ± 0.04 < 0.17 < 0.10 < 0.17 < 0.17 < 0.14 < 0.15 < 0.13 < 0.16 0.84 ± 0.06 < 0.15 < 0.10 < 0.14 < 0.12 < 0.11 < 0.13 4.01 ± 0.24 < 0.15 < 0.11 < 0.16 < 0.14 1.14 ± 0.09 < 0.14 < 0.11 1.31 ± 0.08 < 0.16 < 0.11 < 0.14 < 0.14 1.04 ± 0.07 0.21 ± 0.03 < 0.12 < 0.11 < 0.11 < 0.09 < 0.11 < 0.12 < 0.09 < 0.13 < 0.11 < 0.10 < 0.11	R 50%, 12 CO (mas) 680 ± 100 540 ± 160 950 ± 400 1520 ± 110 840 ± 100 1020 ± 270 1360 ± 280 1370 ± 220 1990 ± 220 780 ± 130 1020 ± 150 1190 ± 150	R 50%, 12 CO / R 50%, 1.3mm 2.2 ± 0.3 2.8 ± 0.9 4.3 ± 0.3 3.3 ± 0.4 3.2 ± 0.4 3.3 ± 0.5 8.0 ± 2.3 2.8 ± 0.3 4.5 ± 0.9 3.4 ± 0.7 4.6 ± 1.6	1

Table 4 .

 4 Parameters of star-forming regions.

	Region Upper Sco Cha II IC 348 Cha I Lupus Lupus Taurus	Published age (Myr) 5 -11 1,2 2 -6 3 2 -3 4 2 -4 5,6 1 -3 7 1 -2 8	Distance (pc) 145 ± 10 198 ± 6 9 310 ± 20 10 192 ± 6 9 160 ± 4 9, * 141 ± 7 11	Obs freq M dust,min (GHz) (M ) 341.1 0.17 225.7 0.60 225.7 0.52 338.0 0.54 335.8 0.16 225.5 0.60 225.0 1.08	Detections/ Total sources 53/75 19/23 33/67 60/76 51/57 62/66 92/164	Median M dust Median M dust /M (M ⊕ ) (10 -5 ) 0.6 ± 0.2 1.6 ± 0.3 5.6 ± 1.0 4.9 ± 1.4 ∼ 1.5 5.4 ± 0.7 3.5 ± 1.0 5.9 ± 1.2 5.3 ± 1.6 6.4 ± 1.4 5.4 ± 1.7 5.8 ± 1.1 3.3 ± 0.8 15.2 ± 3.1

Table 5 .

 5 Article number, page 10 of 14 M.Villenave et al.: Probing protoplanetary disk evolution in the Chamaeleon II region Results of pair comparisons with the logrank test applied on the ratio M dust /M . 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 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.

	Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus	Upper Sco Cha II IC348 Cha I Lupus B7 Lupus B6 Taurus ** *** *** *** *** *** 0.01 --** * *** 9e-7 0.3 ---** < 1e-7 0.2 0.6 --** < 1e-7 0.04 0.5 0.8 --< 1e-7 0.06 0.8 0.9 0.4 * < 1e-7 3e-4 0.02 0.04 0.2 0.07

  Table A.1. Results of pair comparisons with the logrank test applied on the ratio M dust /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

Table 1 .

 1 Stellar parameters.

	Full name	Adopted name RA (h m s) Dec ( •	)	SFR	SpT a,b	M c (M )
	2MASS J04202144+2813491 Tau 042021 HH 30 HH 30 IRAS 04302+2247 IRAS 04302 HK Tau B HK Tau B HV Tau C HV Tau C IRAS 04200+2759 IRAS 04200 FS Tau B Haro 6-5B IRAS 04158+2805 IRAS 04158 2MASS J16313124-2426281 Oph 163131 ESO-Hα 569 ESO-Hα 569 ESO-Hα 574 ESO-Hα 574 HH 48 NE HH 48 NE	04 20 21.4 04 31 37.5 04 33 16.5 04 31 50.6 04 38 35.5 04 23 07.8 04 22 00.7 04 18 58.1 16 31 31.3 11 11 10.8 11 16 02.8 11 04 22.8	+28 13 49.2 +18 12 24.5 +22 53 20.4 +24 24 16.4 +26 10 41.3 +28 05 57.5 +26 57 32.5 +28 12 23.4 -24 26 28.5 Ophiuchus K4-K5 d Taurus M1 Taurus M0 Taurus K6-M3.5 Taurus M0.5 Taurus K6 Taurus M3.5-M6 0.52 ± 0.04 1.3 -1.7 0.89 ± 0.04 1.33 ± 0.04 Taurus K5 Taurus M5.25 1.2 ± 0.2 d -76 41 57.4 Cha I M2.5 -76 24 53.2 Cha I K8 -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.

Table 2 .

 2 ALMA observations. 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.

	Source (1) Survey Tau a Survey Cha b HH 30 Tau 042021 Oph 163131	Band (2) 7 4 7 7 6 4 6 6	Obs. date (3) 24/11/2016 18/08/2017 27/09/2017 15/11/2016 14, 15, 21/10/2016 C40-6 Config. (4) C40-4 C40-7 C40-8/9 41 m-14.9 km Baselines (5) 15 m-0.7 km 21 m-3.6 km C40-4/6 15 m-0.9 km 19 m-2.5 km 19, 21/07/2015 C34-6/7 13 m-1.6 km 23/10/2016 C40-6 19 m-1.8 km 12/09/2017 C40-8/9 41 m-9.5 km 05/12/2016 C40-3 15 m-0.7 km 21/10/2016 C40-6 18 m-1.8 km 25/04/2017 C40-3 15 m-0.5 km 07/07/2017 C40-5 17 m-2.6 km	Nant (6) 43 43 43 42 42-46 42 48 44 41 44 41 44	tint (min) vCASA (7) (8) 1.1 4.7 3.7 5.1 6.7 5.1 1.1 4.7 174 4.7 78 4.3 12 4.7 31 4.7 7.5 4.7 25 4.7 8.5 4.7 27 4.7	Project ID (9) 2016.1.00460.S 2016.1.00460.S 2016.1.00460.S 2016.1.00460.S 2016.1.01505.S 2013.1.01175.S 2016.1.01505.S 2016.1.01505.S 2016.1.00771.S 2016.1.00771.S 2016.1.00771.S 2016.1.00771.S

Table 3 .

 3 Millimeter fluxes.

	Sources Tau 042021 HH 30 IRAS 04302 HK Tau B HV Tau C IRAS 04200 Haro 6-5B IRAS 04158 259.2 ± 25.9 * F B7 (mJy) 124.2 ± 12.4 54.5 ± 5.5 267.5 ± 26.8 55.6 ± 5.6 90.6 ± 9.1 65.6 ± 6.6 340.9 ± 34.1 Oph 163131 125.8 ± 2.4 b ESO-Hα 569 40.2 ± 4.0 ESO-Hα 574 9.3 ± 0.9 HH 48 NE 31.0 ± 3.1	F B6 (mJy) F B4 (mJy) 47.2 ± 4.7 15.4 ± 1.5 22.3 ± 0.1 a 6.9 ± 0.7 37.2 ± 3.7 4.4 ± 0.4 11.6 ± 1.2 11.6 ± 1.2 35.3 ± 3.5 2.0 ± 0.2 * 44.8 ± 4.5

Table 4 .

 4 2 https://almascience.eso.org/documents-andtools/latest/documents-and-tools/cycle8/alma-technicalhandbook Peak brightness temperatures.

	Sources Tau 042021 HH 30 IRAS 04302 HK Tau B HV Tau C IRAS 04200 Haro 6-5B IRAS 04158 ESO-Hα 569 ESO-Hα 574 HH 48 NE	B7 (K) B4 (K) 6.9 † 5.3 † 7.2 3.7 10.3 6.7 † 11.4 5.4 † 13.5 6.8 9.1 † 8.7 † 15.8 † 9.9 † 5.2 6.5 4.3 4.9

Table 5 .

 5 Position angle, inclination, major axis sizes, and estimates of the mean deconvolved major axis sharpness of the millimeter data.

	Sources Tau 042021 HH 30 IRAS 04302 175 PA i AxisRatio ( • ) ( • ) -16 > 85 121 > 85 a > 84 HK Tau B 41 > 83 HV Tau C 108 > 80 IRAS 04200 129 69 ± 2 Haro 6-5B 145 74 ± 2 IRAS 04158 92 62 ± 3 Oph 163131 49 > 80 ESO-Hα 569 144 > 64 ESO-Hα 574 141 > 69 HH 48 NE 75 > 68	B7 ( ) 4.10 ± 0.01 3.76 ± 0.02 3.67 ± 0.01 B6 B4 ( ) ( ) 1.85 ± 0.01 1.82 ± 0.02 1.73 ± 0.01 3.15 ± 0.03 2.84 ± 0.01 0.99 ± 0.01 0.99 ± 0.01 1.20 ± 0.01 1.18 ± 0.01 1.00 ± 0.01 0.85 ± 0.01 2.06 ± 0.01 1.74 ± 0.01 7.47 ± 0.03 2.50 ± 0.01 1.88 ± 0.04 1.35 ± 0.04 1.72 ± 0.03	Optical-NIR ( ) 5.0 3.1 1.3 0.8 2.3 13.6 2.6 2.0 1.2 1.3	∆r/r 0.6 ± 0.2 0.2 ± 0.1 0.7 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 1.0 ± 0.4 0.8 ± 0.3 † 0.7 ± 0.2 0.9 ± 0.2 0.7 ± 0.2 0.4 ± 0.1

Table 7 .

 7 Integrated spectral indices.Notes. The millimeter spectral indices were calculated using the fluxes from Table3together with literature measurements (references for these are reported below). No spectral indices are reported for ESO-Hα 574 and HH 48 NE because they were observed in only one millimeter band.

	Sources Tau 042021 2.5 ± 0.1 α mm HH 30 2.5 ± 0.1 IRAS 04302 2.3 ± 0.1 HK Tau B 3.0 ± 0.2 HV Tau C 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

Table 8 .

 8 Effect of inclination on the apparent edge sharpness ∆r/r for our radiative transfer models.

	Normalized intensity	0.5 1.0	High Mass model High Mass model High Mass model High Mass model High Mass model High Mass model High Mass model High Mass model High Mass model High Mass model	Settling No Settling	Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model Low Mass model	75deg 80deg 85deg 87.5deg 90deg
		0.0				
					1.0	0.5 Offset (arcsec) 0.0 0.5	1.0
	Fig. 8. Normalized major axis intensity profiles for the high mass (left) and low mass (right) models at 0.89 mm, for different inclinations between 75 • and 90 • .
	Incl (deg) S -HM NS -HM 75 1.7 ± 0.3 1.7 ± 0.2 1.5 ± 0.4 1.5 ± 0.3 S -LM NS -LM 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

Table 9 .

 9 Mass limits.

	Sources 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	M dust B7 (M ⊕ ) > 25.5 > 11.2 > 54.8 > 11.4 > 18.6 > 13.4 > 69.8 > 53.1 > 25.8 > 13.6 > 3.1 > 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).

  D.1.Table A.1. Beam sizes of our observations and restored beam used to compute brightness temperatures and spectral index maps.

		A&A proofs: manuscript no. edge-on-survey_arxiv
	Sources 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	B7 FWHM ( ) PA ( • ) FWHM ( ) PA ( • ) FWHM ( ) PA ( • ) FWHM ( ) PA ( • ) B6 B4 Restored B4 & B7 0.12×0.08 -13 0.37×0.18 38 0.11×0.04 33 0.12×0.08 -13 0.14×0.13 2 0.26×0.18 -2 0.15×0.12 39 0.15×0.12 0.30×0.24 -17 0.09×0.04 34 0.30×0.24 -17 0.11×0.07 3 0.12×0.04 42 0.12×0.08 0.11×0.08 4 0.12×0.04 41 0.12×0.08 -4 0.11×0.07 -8 0.11×0.04 35 0.11×0.11 0.12×0.07 -19 0.10×0.04 30 0.12×0.08 -19 0.48×0.33 8 0.11×0.04 36 0.23×0.13 -70 0.48×0.28 -8 0.47×0.28 -10 0.48×0.28 -5
		Article number, page 21 of 24

Table B .

 B 1. Peak brightness temperatures for our radiative transfer models

Table 1 .

 1 Stellar parameters.

	Parameters		J1608	J1852
	RA Dec Distance a Av SpT T eff R Ṁ M b Age b	(h m s) (deg ) (pc) (mag) (K) (R ) (M •yr -1 ) (M ) (Myr)	16 08 30.7 -38 28 26.8 -37 00 11.9 18 52 17.3 156 ± 6 146 ± 1 0.1 1.0 K2 K2 4800 4850 2.00 1.17 10 -9 10 -9 1.4 ± 0.1 1.0 ± 0.1 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

Table 2 .

 2 Parameters for our radiative transfer models.

		J1608	J1852
	Inclination ( • ) PA ( • )	74 19	30 34
			Inner disk
	a min -a max (µm) R in -R out (au) Mass (M ) H 100au (au)	----	0.01-5 0.1-5 9 • 10 -11 0.9
		Small grains	Small grains
	a min -a max (µm) R in -R out (au) Mass (M ) H 100au (au)	0.01-0.5 50-150 2 × 10 -6 12	0.01-0.5 15-22 42 -65 2 × 10 -8 7 × 10 -7 15
		Large grains	Large grains
	a min -a max (µm) R in -R out (au) Mass (M ) H 100au (au)	10-1000 77-87 5 × 10 -5 5	10-1000 15-22 42-65 3 × 10 -7 7 × 10 -5 1

Table 3 .

 3 Position of millimeter and scattered light cavities for 22 transition disks, ordered by increasing millimeter cavity size.

	Source	d (pc) Band	R peak,mm (au)	R in,PI (au) R peak,PI (au)	Ratio
	HD 100546 HD 169142 V4046 Sgr UX Tau A HD 100453 T Cha HD 143006 DoAr44 CQ Tau J1852 HD 135344B HD 97048 LkCa 15 Oph IRS 48 RY Lup MWC758 PDS 70 J1608 RXJ1604.3-2130A 150 ± 1 B6 -R' 110 ± 1 B7 -R' 114 ± 1 B6 -J 72 ± 1 B6 -H 140 ± 2 B6 -H 104 ± 1 B6 -R' 110 ± 1 B3 -H 166 ± 4 B6 -J 146 ± 1 B7 -H 163 ± 2 B6 -J 146 ± 1 B3 -H 136 ± 2 B7 -R 185 ± 1 B7 -J 159 ± 1 B7 -J 134 ± 2 B9 -Q 159 ± 2 B7 -H 160 ± 2 B7 -Y 113 ± 1 B7 -J 156 ± 6 B6 -H Sz 91 159 ± 2 B7 -Ks HD 34282 312 ± 5 B7 -J HD 142527 157 ± 1 B7 -Ks	15.0 21.7 27.0 33.2 33.3 36.8 40.0 42.7 47.3 43.8 54.6 55.4 64.0 70.6 71.9 80.0 81.0 81.0 83.0 87.5 133.9 165, 205	12.0 16.0 15.3 < 14 14.6 28.8 18.2 < 14 < 4 34.7 18.3 45.9 53.7 33.3 < 15 < 15 45.0 45.0 54.9 46.0 124.2 78.5	14.0 20.5 26.9 18.5 31.4 30.0 43.1 23.5 54.4 64 59.1 54.0 49.9 63.7 50.9 132.7 157.0	0.81, 0.96 0.74, 0.94 0.57, 0.99 < 0.42 0.44, 0.55 0.78, 0.85 0.45, 0.75 < 0.33 < 0.08 0.79, 0.98 0.34, 0.43 0.83, 0.98 0.84, 1.0 0.47, 0.84 < 0.20 < 0.19 0.56, 0.67 0.56, 0.82 0.66, 0.77 0.52, 0.58 0.93, 0.99 0.38, 0.95

https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/almatechnical-handbook

When taking a constant T dust = 20 K, those studies usually find M dust ∝ M 2 (e.g.,Ansdell et al., 2017).

See documentation at http://lifelines.readthedocs.io/

http://svo2.cab.inta-csic.es/theory/vosa50

Calibrated in phase with selfcalibration

https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/almatechnical-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.

https://almascience.nrao.edu/documents-and-tools/latest/documents-andtools/cycle7/alma-technical-handbook

https://almascience.eso.org/documents-and-tools/latest/documents-and-tools/cycle8/almatechnical-handbook

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

When taking a constant T dust = 20 K, those studies usually find M dust ∝ M 2 (e.g.,Ansdell et al. 2017).Article number, page 8 of 14 M.Villenave et al.: Probing protoplanetary disk evolution in the Chamaeleon II region

See documentation at http://lifelines.readthedocs.io/ Article number, page 9 of 14
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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 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.

We show the faint southwest emission with a more favorable dynamic range in Fig. A.1.

http://svo2.cab.inta-csic.es/theory/vosa50 A7, page 4 of 16

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. 
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12 CO line profiles 13 CO line profiles 12 CO integration range 13 CO integration range Fig. 3. Line profiles (left panels), 12 CO normalized moment 0 maps (middle panels) and 13 CO normalized moment 0 maps (right panels) for the sources detected in 12 CO. 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 12 CO and 13 CO 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 12 CO and in red for 13 CO.
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Appendix A: Beam sizes

We present the beam sizes obtained for the different observations in Table A.1. The last column describes the beam size of the maps used to compute the brightness temperatures 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 resolution 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 HH 30 are significantly larger than the restored 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 direct comparison of brightness temperature between sources is difficult as they would have different levels of beam dilution.

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 IRAS 04302 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 resolved 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 transfer 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 temperatures 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 differences in brightness temperature measured in the observations. non-coronagraphic images. We note that 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.

S -HM model

In Sect. 4.3, we will focus on the modeling of the coronagraphic H-Band image as the data were taken in better observing conditions, 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 Q φ 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. We show the position-velocity (PV) diagram of the 12 CO 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 (assuming 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 thermochemical 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 intensity along the major axis, located at 0.4 from the star, denote emission coming from an optically thin ring. 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 performing 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 computed using the VO SED Analyser 2 (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 and7.

The SEDs of the two disks show a steep increase longwards of 20 µm, typical of transition disks. Although J1852 does not 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 

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 population, 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.