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34 The inner regions of protoplanetary disks

Figure 1: Pictogram of the structure and spatial scales of a protoplanetary disk.
Note that the radial scale on the x-axis in not linear. Above the pictogram it
is shown which techniques can spatially resolve which scales. Below it is shown
which kind of emission arises from which parts of the disk.
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Fig. 2.— Measured sizes of HAeBe and T Tauri objects vs. central luminosity (stellar + accretion shock); and comparison with

sublimation radii for dust directly heated by the central luminosity (solid and dashed lines) and for the oblique heating implied by the

classical models (dotted line). A schematic representation of the key features of inner disk structure in these two classes of models is

also shown. Data for HAeBe objects are from: IOTA (Millan-Gabet et al., 2001), Keck aperture masking (Danchi et al., 2001, Tuthill

et al., 2001), PTI (Eisner et al., 2004) and KI (Monnier et al., 2005a). Data for T Tauri objects are from PTI (Akeson et al., 2005b) and

KI (Akeson et al., 2005a, Eisner et al., 2005). For clarity, for objects observed at more than one facility, we include only the most recent

measurement.

bution from scattered light originating from these relatively

small spatial scales is negligible, allowing to consider fewer

model components and physical processes.

3.1 Disk Sizes and Structure

The geometry of proto-planetary disks is of great im-

portance for a better understanding of the processes of disk

evolution, dissipation and planet formation. The composi-

tion of the dust in the upper disk layers plays a crucial role

in this respect, since the optical and UV photons of the cen-

tral star, responsible for determining the local disk tempera-

ture and thus the disk vertical scale-height, are absorbed by

these upper disk layer dust particles. The disk scale-height

plays a pivotal role in the process of dust aggregation and

settling, and therefore impacts the global disk evolution. In

addition, the formation of larger bodies in the disk can lead

to structure, such as density waves and gaps.

Spatially resolved observations of disks in the MIR us-

ing single telescopes have been limited to probing relatively

large scale (100s AU) thermal emission in evolved disks

around main-sequence stars (e.g., Koerner et al., 1998;

Jayawardhana, 1998) or scattering by younger systems

(e.g., McCabe et al., 2003). Single-aperture interfero-

metric techniques (e.g., nulling, Hinz et al., 2001; Liu et

al., 2003, 2005 or segment-tilting, Monnier et al., 2004b)

as well as observations at the Infrared Spatial Interferome-

ter (ISI, Tuthill et al., 2002) have succeeded in resolving the

brightest young systems on smaller scales for the first time,

establishingMIR sizes of∼ 10s AU. Although the observed

samples are still small, and thus far concern mostly HAe

objects, these initial measurements have already provided

a number of interesting, albeit puzzling results: MIR char-

acteristic sizes may not always be well predicted by simple

(flared) disk models (some objects are “under-sized” com-

pared to these predictions, opposite to the NIR result), and

may not always connect in a straightforward way with mea-

surements at shorter (NIR) and longer (mm) wavelengths.

These pioneering efforts were however limited in res-

olution (for the single-aperture techniques) or sensitivity

(for the heterodyne ISI), and probing the MIR emission on

small scales has only recently become possible with the ad-

vent of the new-generation long baseline MIR instruments

(VLTI/MIDI, Leinert et al., 2003; KI/Nuller, Serabyn et

al., 2004).

Two main factors determine the interferometric signa-

ture of a dusty protoplanetary disk in the MIR: The overall

geometry of the disk, and the composition of the dust in the

disk “atmosphere.” The most powerful way to distentangle

these two effects is via spectrally resolved interferometry,

and this is what the new generation of instruments such as

MIDI at the VLTI are capable of providing.

First results establishing the MIR sizes of young circum-

stellar disks were obtained by VLTI/MIDI for a sample of

seven HAeBe objects (Leinert et al. 2004). The characteris-

tic sizes measured, based on visibilities at the wavelength of

12.5 µm, are in the range 1–10 AU. Moreover, as shown in
Fig. 4, they are found to correlate with the IRAS [12]–[25]

color, with redder objects having larger MIR sizes. These

observations lend additional support to the SED-based clas-

sification of Meeus et al. (2001) and Dullemond and Do-

minik (2004), whereby redder sources correspond to disks

with a larger degree of flaring, which therefore also emit

7

Monnier & Millan-Gabet: 2002

Pinte et al. 2008
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Figure 20 – Reconstruction d’image avec MIRA : lissage. Comparaison avec les résultats de

l’analyse des données. L’ellipse correspond à la taille caractéristique déterminée dans la table 5. Pour

plus de clarté, j’ai adapté le grand axe de l’ellipse pour qu’il corresponde au double de la largeur à

mi-hauteur obtenue.

Reconstruction avec la régularisation : variation totale

La régularisation ”variation totale” va favoriser des gradients brusques mais locaux et va mini-

miser le gradient total de l’image. Cette régularisation est définie comme suit :

fprior(x) =

�

n

�
�∇xn�2 + �2

où le terme �∇xn� est le gradient local de l’image au nième pixel et � > 0 est un seuil qui permet

d’éviter une discontinuité en zéro. La minimalisation de fprior(x) favorisera des plateaux de même

valeur reliés par des gradients brusques.

J’applique la même méthode qu’avec l’image précédente en incluant un masque de 12,5 mas

de rayon. L’hyper-paramètre choisi est µ = 103 car il correspond le mieux à cette régularisation

(Renard, 2010). Les images reconstruites avec cette régularisation sont semblables aux images issues

de la régularisation ”lissage”. On distingue néanmoins sur la figure 21(b) deux parties distinctes dans

la région centrale : une partie circulaire liée probablement à l’étoile et deux ”ailes” moins brillantes.

Ces ailes forment des plateaux de pixels ayant la même valeur. Cet effet est issu de la régularisation.

On remarque la même structure circulaire environnante que dans la reconstruction avec lissage. Cette

structure n’est pas vue sans la correction.

La figure 22 montre que l’ellipse issue de l’analyse des données correspond à la reconstruc-

tion d’image avec cette régularisation. Les deux images corrigée issues de régularisation différentes
présentent des caractéristiques semblables. Il n’y a donc peu de probabilité de biais dû à la régularisation

appliquée.

5.3 Analyse des composantes de l’image

Ce qui ressort des images, après avoir appliqué la correction des données, ce sont deux composantes

principales. La première peut être assimilée à une enveloppe gaussienne et la seconde à un anneau

orienté perpendiculairement à la première composante.

Afin de déterminer le rôle de ces deux composantes sur les visibilités j’ai masqué l’une et l’autres

composante puis j’ai appliqué la transformée de Fourier afin de retrouver les visibilités correspon-

32

Kluska in prepBlind 2011

Kervella in prep
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26-OCT-2011 Ten Years VLTI : Pionier Scientific Results 13

Results : HD45677

! The sublimation ring of HD45677
! B. Lazareff, J.P. Berger, M. Benisty, W.F. Thi, J.B. Le Bouquin,

G. Zins, W. Traub, R. Millan-Gabet
! Parametric image of star and bright inner ring at sublimation radius
! Radius (9.5mas) and temperature (1300K) of emitting ring in 

agreement with puffed up ring model

(a) Fit complexe : Dirac + 2 An-
neaux gaussiens : V2

(b) Fit complexe : Dirac + Gaus-
sienne + Anneau gaussien : V2

(c) Fit complexe : Dirac + 2 An-
neaux gaussiens : CP

(d) Fit complexe : Dirac + Gaus-
sienne + Anneau gaussien : CP

(e) Fit complexe : Dirac + 2 An-
neaux gaussiens : Image

(f) Fit complexe : Dirac + Gaus-
sienne + Anneau gaussien : Image

Figure 7 – Comparaison de deux fits complexes χ2 très proches, mais deux résultats
différents. Le nombre de paramètres est-il trop grand ?
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Lazareff
Kluska

Constraints:

• There is a star 
• Emission has an inner/outer 
boundary
• It is contained in an ellipse
• It can have various 
components
• It is a allowed to show 
azimuthal asymetry of m=1,2
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Impact of inner rims on SEDs 719

ratio between the gas and dust temperature. The gas and dust tem-
perature are equal at vertical optical depths AV > 1 for a 10−2

M" disc. The 2D dust continuum radiative transfer results confirm
the analytical two-zone decomposition popularized by Chiang &
Goldreich (1997). The SED of the fiducial model is shown in solid
red lines in Fig. 4. Model images of the inner disc at 1.98 and 4.96
µm are shown in Figs 5 and 6, respectively. The flux at 1.98 µm
comes mostly from the inner rounded rim. The region just behind
the rim is deprived of stellar photons, is cooler, and thus does not
emit strongly (shadowing effect).

The gas temperature remains above 1000 K in the disc atmosphere
up to a few au. Together with the decrease in the vertical gravita-
tional pull, they explain the emergence of a secondary density bump
at ∼1.3 au. The presence of the hot ‘finger’ in disc atmospheres is
typical of disc models that compute the gas and dust temperature
independently (Jonkheid et al. 2004; Kamp & Dullemond 2004;
Nomura & Millar 2005; Ercolano, Clarke & Drake 2009; Glass-
gold, Meijerink & Najita 2009; Woitke et al. 2009).

The shape of the disc photospheric height (AV = 1 contour)
is shown in Fig. 7. The height at 0.6 au is located at z/r ∼
1. The curvature exhibits the same shape than in models where
grains of different sizes sublime at different radii (Isella & Natta
2005) or with density-dependent sublimation temperature (Tan-
nirkulam et al. 2007). The curvature of the inner rim is caused by
gas angular momentum conservation and pressure gradient and is
independent on the dust physics. Likewise, the location of the inner

rim is set by hydrodynamic constraints (disc truncation or pres-
ence of a companion) and not by dust sublimation physics (see
Section 3.1). However we have assumed that the gas and the dust
are well mixed. Therefore, the gas and dust grain density structures
may be independent if grain-growth and settling occur.

4.2 Fixed-structure model

The inner disc structure for the H0 = 0.72 au and flaring index
p = 1.25 fixed-structure model is shown in the upper right panel of
Fig. 8. The inner rim height is ∼0.1 au. The SEDs that correspond
to the fixed-structure models are drawn for inclination 0◦ (p = 1.25)
and 45◦ (p = 1.2, 1.25, 1.3) on the two top panels of Fig. 4. The
flaring index p impacts on the amount of warm dust grains in the
disc atmosphere that emit beyond 100 µm. The SED of the fixed-
structure model with flaring index p = 1.25 matches relatively well
the SED of the fiducial model. The images at 1.98 and 4.96 µm for
the p = 1.25 model are shown on the upper right panel of Figs 5
and 6.

When viewed exactly face-on, the SEDs at 3 µm of a fixed-
structure disc show very weak near-IR fluxes, which arise from
the rim (Meijer et al. 2008). The cause of this feature is that the
projected inner rim emission area is null when the disc is seen face-
on. In contrast, the hot-dust emitting area in the soft-edge models
with rounded inner rim show much less dependency on the viewing
angle.

Figure 8. Inner rim density structure for the fiducial model but with different disc structure prescriptions as indicated above each panel.

C© 2011 The Authors, MNRAS 412, 711–726
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Thi et al 2011

• Dust sublimation
• Dust/Gas coupling
• Dust settling
• Inner gas screening
• Accretion flow
• Disk/Mass loss relation

Friday, March 23, 2012
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Absil et al.: Searching for faint companions with VLTI/PIONIER

Fig. 2. Left. Map of the 3σ upper limit on the flux ratio of companions around Fomalhaut (top), tau Cet (middle) and Regulus
(bottom). The uppermost 1% values have been clipped to reduce the colour scale range. Right.Associated sensitivity as a function of
angular distance, for two completeness levels (50% or 90%). The 50% completeness level corresponds to the median 3σ sensitivity.

mum χ2r ranging from 1.00 to 1.16, i.e., at less than 1σ from
each other), and are respectively located at (E: 31.0 ± 0.10mas,
N: 21.0 ± 0.26mas), (E: 28.6 ± 0.18mas, N: 29.4 ± 0.34mas),
and (E: 26.6 ± 0.12mas, N: 38.2 ± 0.27mas). All other posi-
tions have probabilities below 10−3. The best-fit flux ratio, which
amounts to 2.05 × 10−2 ± 0.16 × 10−2, is compatible within 1σ

for the three possible positions. The closure phases associated to
the three best-fit solutions are displayed in Fig. 3.

In the case of Regulus, three successive OBs have been ob-
tained (see Table 1). This is representative of the quantity of data
one would get in a large survey for companions around main
sequence stars, although the number of files per OB (3 to 5)
was rather low in the present case. The analysis of this data set

6
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A. Müller et al.: HD 135344B: a young star has reached its rotational limit

Further four spectra were obtained using the Object-Sky mode
where the second fiber is pointing to the sky, which allows the
subtraction of the sky background from the target spectrum. The
reduction of the raw data was performed using the online data
reduction pipeline available at the telescope1. The pipeline does
the bias subtraction, flat-fielding, traces and extracts the single
echelle orders, applies the wavelength calibration, and corrects
for the barycentric motion. For each exposure, it produces 39
individual sub-spectra representing the individual echelle orders
as well as one merged spectrum.

3. Astrophysical parameters of HD 135344B
HD 135344B (SAO 206462) belongs to the Sco OB2-3
(Upper Centaurus Lupus, UCL) star-forming region, whose
center has a distance of 140 ± 2 pc (de Zeeuw et al. 1999).
Preibisch & Mamajek (2008) also list the individual distances of
81 group members. The median and standard deviation of these
values gives 142 ± 27 pc for the distance. Note that this spread
reflects the true extent of Sco OB2-3, rather than observational
errors in distances to individual stars. We thus adopt a value of
142 ± 27 pc for the distance of HD 135344B in the following.

HD 135344B is the secondary star of the visual binary
system of HD 135344 (SAO 206463). The two components
are separated by 21′′ (PA=197◦, Mason et al. 2001), which
translates to a projected separation of 3000 ± 600 AU for the
given distance of 142 ± 27 pc. Therefore, a gravitational inter-
action between the primary and the disk of HD 135344B can be
ruled out for this large separation. Using the HST/NICMOS2
camera at λ = 1.6 µm, Augereau et al. (2001) found a close
binary system lying 5.8′′ from HD 135344B. A companionship
was ruled out by the detection of different proper motions by
Grady et al. (2009) which used the same instrument.

The disk around HD 135344B was subject to numerous
studies carried out over a large wavelength range using imaging,
spectroscopy and interferometry (e.g. Thi et al. 2001; Dent et al.
2005; Doucet et al. 2006; Brown et al. 2007; Fedele et al. 2008;
Pontoppidan et al. 2008; Grady et al. 2009; Verhoeff et al.
2010) and revealed a complex structure. An outer radius of
200 AU for the dusty disk was derived by Doucet et al. (2006)
at 20.5 µm. From modeling the Spitzer spectrum, Brown et al.
(2007) found a gap in the dusty disk between 0.45 AU and
45 AU. We should note, that Brown et al. (2007) do not resolve
the inner disk but estimated the location of the inner rim of
the gap based on potentially ambiguous SED model fits. This
is in agreement with the mid-IR observations of Verhoeff et al.
(2010). One explanation for the presence of a gap in the disk,
besides grain growth and photo-evaporation, is the formation of
a (sub-)stellar companion which causes a dynamical clearing.
Pontoppidan et al. (2008) rule out the presence of a stellar
companion around HD 135344B based on their detection of
molecular CO gas (λ = 4.7 µm) at 0.3–15 AU.
The value for the disk inclination derived from different observa-
tions at different wavelengths varies from 11◦ to 61◦ (Dent et al.
2005; Doucet et al. 2006; Fedele et al. 2008; Pontoppidan et al.
2008; Grady et al. 2009). We should note, however, that differ-
ent methods probe different spatial scales in the disk. Therefore
those different values may not be in contradiction to one another
but may reflect the presence of a more complex morphology
than assumed in the simple symmetric models by which these
1 http://www.eso.org/sci/facilities/lasilla/instruments/feros/

Fig. 1. A pictographic sketch of the HD 135344B system. The
star, the dusty disk (brown color) with its large inner gap, the
gaseous disk (blue), and an hot spot emerging from the inner
rim of the inner disk caused by active accretion (red) are shown.

values are derived. Grady et al. (2009) ruled out inclinations
greater than 20◦ for the outer disk which is in good agreement
with the value of 11◦ ± 2◦ measured by Dent et al. (2005).
Therefore, the outer disk is seen almost face-on as it is already
indicated by direct imaging (Doucet et al. 2006; Grady et al.
2009). Interferometric N-band observations of the inner part
of the star-disk system revealed the presence of a much higher
inclined (53◦-61◦) structure with an estimated inner radius of
about 0.05 AU and an outer radius of 1.8 AU (Fedele et al.
2008).
The disk of HD 135344B contains (2.8 ± 1.3) · 10−3 M$ of
gas and dust (Thi et al. 2001). The detection of polycyclic
aromatic hydrocarbon (PAH) features (e.g. Coulson & Walther
1995; Brown et al. 2007; Fedele et al. 2008) implies a rich
chemistry in the vicinity of the star. From J=3-2 12CO measure-
ments, Dent et al. (2005) derived an inner radius of ≤10 AU
and 75 ± 5 AU for the outer radius where emitting gas is present.

HD 135344B also shows signs of active mass accretion.
This matches the findings of Pott et al. (2010), who studied
young transitional disk systems with a gap in the circumstellar
dust distribution, similar to HD 135344B (Fig. 1). They sys-
tematically found sub-AU scale dust in accreting transitional
disk systems. Garcia Lopez et al. (2006) derived a value for the
mass accretion rate of Ṁacc ≈ 5.4 · 10−9 M$ yr−1 using the Brγ
emission line in the NIR. From FUV data, Grady et al. (2009)
concluded that HD 135344B drives no jet, but found indications
for a stellar wind leading to a mass-loss rate between 10−11 to
10−8 M$ yr−1.

Summarizing all results from the previous observations,
the following picture of the disk geometry can be drawn: dust
is present within an inner ring from 0.05 AU to 1.8 AU. This
structure is highly inclined compared to the outer disk. There
are indications that mass accretion from the inner disk onto the
star is still present. Between 1.8 AU and 45 AU, a large gap
is present. At 45 AU the outer disk begins and is extended to
about 200 AU and is seen almost pole-on. See Figure 1 for a
pictographic sketch.

3.1. Stellar parameters

Table 1 lists the derived stellar parameters of HD 135344B. The
luminosity, L#, was computed from integrating the total flux un-
der the SED. Teff, log g, and v sin i# were computed by a self-
developed tool for retrieving stellar parameters of Herbig stars
based on fitting synthetic spectra to the observed stellar spec-
trum. The computation of the synthetic spectrum was carried
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Figure 5 – Best-fit with a ring model (April data) together with the parameters probability (left). Idem w/
gaussian (right).

Figure 6 – Best-fit with a ring model LitPro : i=PA=0, Rin=0.94±0.7 mas

Check Fig. 6 : LitPro gives similar results when considering the entire dataset : a face on ring, with zero
width, located at 0.94 mas in radius.

2.2 MIDI 2011 data only

Fitting the four MIDI (2011) baselines together with a single geometrical model such a ring or a gaussian is
impossible : the emission is extended over a large range of radii. A good fit is found for the intermediate baselines
for a ring (similarly a gaussian) at 0.9-1.0 AU at 8µm and at 2.0-2.2 AU at 12µm, i∼20◦ and PA∼20◦. At long
baseline, the emission is seen as a ring located at 0.47-0.53 AU at 8µm and 0.97-1.05 AU at 12µm (same i, PA).

Baselines Model PA (◦) i (◦) R8µm (mas) / R8µm (AU) R12µm (mas) / R12µm (AU)

Intermediate Ring (Dirac) 80-120 ≤30 7.45 / 1.05 15.5 / 2.18
Gauss 80-120 ≤30 6.4 / 0.9 14.2 / 2.0

Long Ring (Dirac) 80-120 ≤30 3.7 / 0.53 7.46 / 1.05
Gauss 80-120 ≤30 3.3 / 0.47 6.8 / 0.97

Table 3 – Good parameters for geometrical models (2011 data only) with fixed i,PA (see Fig. 7).

4

MIDI
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Muller: 2011
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Description
4 Telescope Astrometry and 
Imaging
K band
3 Resolutions (22 -> 4000)
Astrometry: 10 muas in 5 min 
on K~15
Goal
Imaging of gas distribution in 
inner RIM (wind vs. disk), 
kinematics
Morphology of inner RIM
Planets in binary systems 
(astrometry)
Planets in clusters (astrometry)

Imaging Astrometry
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4 Telescope Imager

L,M,N bands (simultaneous)

3 Resolutions (30 -> 1000) 
depending on bands

Surface brightness profiles

Gaps, transitions, high 
accretion spots

43

Fig. 9 Characteristic features of a proto-planet in young circumstellar disks. [Left] L Band: The image shows
the scattering of the stellar radiation on the spiral density pattern caused by the planet-disk interaction. The
symbol marks the position of the planet (adapted from Wolf, 2008b). [Right] N Band: The planetary accretion
region appears as a bright spot / asymmetric feature in the disk (assumed distance: 140 pc; radius of the
displayed region: 19.7 AU; adpated from Wolf and Lopez, 2006).

Evidence for dust grain growth and sedimentation The most reliable conclusions about
grain growth - as the first stage of planet formation - are based on the millimeter slope in the
SED of circumstellar disks (Beckwith et al, 1990) and more recently on images of dust disks
provided by millimeter interferometry, such as the Butterfly Star in Taurus (Wolf et al, 2003)
and CQ Tau (Testi et al, 2003)). These images clearly reveal grain growth up to particles of
cm size. What is clearly missing, however, are a) observational constraints on the region,
where dust grain growth is presumably fastest, and b) a detailed knowledge of the verti-
cal distribution of the dust particles. The scattering parameter of dust grains significantly
changes from sub-micron to micron-size (or larger) grains in the wavelength range of stellar
emission. Together with the dust density structure, the forward vs. backward-scattering be-
havior of dust grains determines the temperature structure of the disk which in turn controls
the vertical structure of the disk.

As simulations of dust settling in circumstellar disks show, the disk flaring and thus the
ability to absorb stellar radiation even at large distances from the star depends on the grain
size distribution in the upper disk layers (e.g., Dullemond and Dominik, 2004b). Conclu-
sions about the importance of this effect may be derived by comparing the average intensity
profile for a large sample of sources (see e.g., Sauter and Wolf, 2011).

Evidence for the presence of planets Once (proto-)planets have been formed, they may
significantly alter the surface density profile of the disk and thus cause signatures that are
much easier to find than the planets themselves (for illustration see Fig. 9). The appearance
and type of these signatures depend on the mass and orbit of the planet, but even more on
the relevant physical processes (e.g., turbulence) and characteristics in the disk (e.g., mass,
viscosity, magnetic fields) and thus on the evolutionary stage of the circumstellar disk.

Status of disk clearing within the inner few AU Depending on the temperature and luminos-
ity of the central star, the sublimation radius for dust grains is of the order of 0.1 - 1.0 AU
(T Tauri - Herbig Ae/Be stars) – a spatial resolution which can be approximately reached
with MATISSE in the L band in the case of nearby YSOs. However, inner cavities in disks

L band M band

34 The inner regions of protoplanetary disks

Figure 1: Pictogram of the structure and spatial scales of a protoplanetary disk.
Note that the radial scale on the x-axis in not linear. Above the pictogram it
is shown which techniques can spatially resolve which scales. Below it is shown
which kind of emission arises from which parts of the disk.
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Concluding remarks

Optical interferometry has become a key observational tool for 
protoplanetary disks studies

Brings severe constraints on the inner disk boundary -> physical 
conditions up to 10/20 AUs

Aperture synthesis is in its infancy but likely to reveal unknown 
structures but takes telescope time (or more telescopes)

The first sistematic survey of protoplanetary disks inner rim from 
high mass stars to solar analogs is underway with PIONIER

Signposts of planets ...yes, planets ... probably very hard

MATISSE and GRAVITY are well tailored to enhance the sample of 
observed stars and  bring  unique astronomical unit scale 
constraints on the planet formation scenarios

check Wolf et al. (2012) AAR for a review 
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