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Abstract The direct images of giant extrasolar planets recently obtained around
several main sequence stars represent a major step in the study of planetary
systems. These high-dynamic range images are among the most striking results
obtained by the current generation of high-angular resolution instruments which
will be superseded by a new generation of instruments in the coming years. It is,
therefore, an appropriate time to review the contributions of high-angular resolu-
tion visible/infrared techniques to the rapidly growing field of extrasolar plan-
etary science. During the last 20 years, the advent of the Hubble Space Tele-
scope, of adaptive optics on 4- to 10-m class ground-based telescopes, and of
long-baseline infrared stellar interferometry, has opened a new viewpoint on the
formation and evolution of planetary systems. By spatially resolving the opti-
cally thick circumstellar discs of gas and dust where planets are forming, these
instruments have considerably improved our models of early circumstellar envi-
ronments and have thereby provided new constraints on planet formation theories.
High-angular resolution techniques are also directly tracing the mechanisms gov-
erning the early evolution of planetary embryos and the dispersal of optically thick
material around young stars. Finally, mature planetary systems are being studied
with an unprecedented accuracy thanks to single-pupil imaging and interferome-
try, precisely locating dust populations and putting into light a whole new family
of long-period giant extrasolar planets.
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1 Introduction

The formation and evolution of (extrasolar) planetary systems is one of the astro-
physical fields that has seen the most dramatic changes in its understanding during
the past 25 years, fuelled by a wealth of breakthrough observations such as the
first discovery of infrared excesses around main sequence stars due to circumstel-
lar dust (Aumann et al.||1984; /Aumann|/1985)), the first resolved observation of a
circumstellar disk (Smith and Terrile||1984)) or the first discovery of an extraso-
lar planet around a main sequence star (Mayor and Queloz||1995). Besides high
resolution spectroscopy, tremendous progress in high-angular resolution opticaﬂ
imaging during that same period has been one of the key drivers of the renewal
of planetary science. In this article, we aim to review and illustrate how high-
angular resolution imaging in the visible and infrared regimes has impacted the
field of extrasolar planetary studies, from the earliest stages of planet formation in
protoplanetary discs up to the late evolution of mature planetary systems. After a
brief introduction—setting the scene on planet formation and high-angular resolu-
tion studies—the article is divided into three main sections dealing with the study
of extrasolar planetary systems at various ages: it starts with the earliest stages
of their formation (Sect. [2), describes the gradual evolution from young to fully
formed systems (Sect. [3)), and concludes with the study of mature planetary sys-
tems (Sect. [d). Finally, Sect. [5] summarises the impact of high-angular resolution
optical observations on the field of extrasolar planetary studies and gives some
perspectives for the years to come.

1.1 The standard model for planetary formation

The first step in understanding planetary formation consists in characterising
the environment where these bodies form, i.e. the surroundings of young stel-
lar objects (YSO). We will focus here on low- and intermediate-mass stars,
because high-mass stars (M, > 8My) spend their whole pre-main sequence time
as obscured objects, and are, therefore, not suited to the observing techniques used
here. Moreover, massive stars are evolving so quickly into supernovae that plan-
ets are not supposed to have enough time to form or evolve in meaningful ways.
Nowadays, the most widely accepted paradigm for star formation includes the
following steps (e.g./Adams et al.[1987; McKee and Ostriker;2007):

— Star formation starts with the gravitational collapse of a dense molecular
cloud. In this first phase, ‘Class 0’ objects are generally not detected in the
visible and infrared regimes, because light is blocked by a thick spheroidal
infalling envelope. Such objects have a significant luminosity in the submil-
limetre to radio regime, produced by their cold envelope with typical temper-
atures around 15-30 K.

— As gas accretes onto the star, an accretion-driven wind develops which begins
to clear the envelope gas away from the rotational poles of the system. This is

1 'We refer to as ‘optical’ any observing technique in which the light is collected and focused
by means of standard optical devices. More specifically, our article is restricted to operating
wavelengths ranging from the visible to the mid-infrared regime, where the high-angular reso-
lution studies of planetary systems have been the most successful.
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the embedded YSO phase with a ‘Class I’ spectral energy distribution (SED)
rising beyond 2 um. At this stage, almost all the light from the star is still
absorbed and reradiated by the circumstellar envelope of dust and gas at long
wavelengths. The embedded phase is thought to last for a few times 10 year,
during which the envelope partially settles into a circumstellar disc.

— As the infalling envelope disperses, the central YSO and its circumstellar disc
become progressively detectable in the optical regime while accretion con-
tinues. During this ‘Class II’ epoch, the near- to far-infrared SED still shows
significant emission in excess to the photosphere but with a flat or falling spec-
trum longward of 2 yum. Circumstellar discs are generally thought to be com-
posed of 99% gas and 1% dust (either rocky or icy), similarly to the molecular
clouds from which they originate.

— Draining of the circumstellar material through accretion and other processes
(such as planet formation) eventually leads to an optically thin disc mostly
devoid of gas. This is the ‘Class III" phase, where signs of accretion are scarce
or absent, and the SED is dominated by the stellar photosphere up to the mid-
infrared regime. In this phase, the star has finally reached the main sequence
and planets (or at least planetary embryos) are supposed to be mostly formed.

In this article, we will mostly focus on the phases where planet formation and
evolution are supposed to be mostly at play, i.e. for Class I, II and III objects.
Planet formation requires growth through at least 12 orders of magnitude in scale,
from sub-micron-sized interstellar dust particles to bodies with radii of thousands
of kilometres. The details for these complex processes are not yet fully under-
stood, and standard models are still largely based on seminal studies from the
early 1980s, when the study of planet formation was almost exclusively based on
observations of our solar system (Safronov||1969; Wetherill|[1980; [Pollack||1984)).
The first step of planet formation, thought to take place in the circumstellar discs
around Class I/II objects, consists in the agglomeration of small interstellar dust
grains into larger particles. Theoretical models suggest that the growth to cen-
timetre size is very efficient (Weidenschilling|1984), a stage at which dust particles
decouple from the gas and start migrating towards the disc midplane (dust settling)
and towards the central star. A rapid growth of particles beyond the ‘metre barrier’
is then required to counteract the expected rapid radial inner drift of particles in
this size range, which would quickly drive them to the inner evaporation zone.
In this size range, fragmentation is thought to become dominant, and the mecha-
nisms leading to the rapid growth of agglomerates beyond the metre size despite
the effect of fragmentation are not yet fully understood (e.g.|{Johansen et al.|2007;
Cuzzi et al.|2008)).

Once the metre-size barrier is crossed and kilometre-size planetesimals are
formed, runaway growth is expected to take over and produce protoplanets of
Mercury- to Mars-size by gravitational accumulation within about 10° year. These
oligarchs are then expected to have strong dynamical interactions and eventually
merge to produce a few planetary cores. The fate of planetary cores then depends
on whether they are located inside or outside the ‘snow line’, the stellocentric
radius at which the temperature becomes low enough for ices to condense. Inte-
rior to the snow line, they will constitute the pool of terrestrial planets, which
are thought to be fully formed in a few tens of Myr, while outside the snow
line, they are subject to ‘core accretion’ where large planetary cores (typically
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10 Mg ) capture large amounts of volatile species and thereby produce giant plan-
ets with massive atmospheres. The estimated timescale for this process (about
10 Myr, Pollack et al|[1996) is, however, uncomfortably close to the estimated
timescale for gas dispersal in protoplanetary discs (about 5 Myr, e.g. Haisch et al.
2001). Several processes have been proposed to speed up the accretion of massive
atmospheres, most notably planetary migration (Alibert et al.[2004)), which allows
planetary cores to form at more ‘suitable’ distances from the star and to gradu-
ally extend their ‘feeding’ region. A completely different formation mechanism
for gas giant, based on direct gravitational collapse of young protoplanetary discs,
has also been proposed (Boss|1997)). Observational evidences, such as the correla-
tion between stellar metallicity and extrasolar planet abundance, have nevertheless
mostly favoured the core accretion model so far.

1.2 High-angular resolution observing tools

Within the multiple observing techniques that have been used to constrain plan-
etary formation and evolution, high-angular resolution techniques in the visible
and near-infrared regime hold a very important place because they are among the
few which have the potential of spatially resolving the various bodies and physical
phenomena at play in planetary systems. In nearby star-forming regions, located
at distances of a few hundred parsecs, they provide a direct view at the AU-scale
of the protoplanetary discs where planets are being formed. In addition, for nearby
main sequence stars, they are capable of isolating the faint signal of circumstellar
material (dust, planets) from the blinding stellar light.

The near-infrared regime has been one of the most important spectral range in
this context. On the one hand, it is sensitive both to the thermal emission from dust
close to its sublimation temperature (~ 1500 K) and to the stellar light scattered
by its surrounding material. On the other hand, it provides both the sensitivity
and the technical prerequisites (optical elements, detectors, etc.) for an optimum
implementation on the ground. Two main types of observing techniques can be
distinguished: single-pupil observations with large telescopes working close to
their diffraction limit, and interferometric observations coherently combining the
light from a few individual telescopes with ground separations up to a few hundred
metres. In the first case, typical angular resolutions of 50 mas can be reached (i.e.
5 AU at 100 pc), while in the latter case, angular resolutions down to ~ 1 mas are
achievable.

1.2.1 Single-pupil imaging

Modern observatories have opened the access to unprecedented spatial scales,
thereby revealing the complexity of planetary system formation. Two major tech-
nological advances have revolutionised observations at high-angular resolution:
space telescopes and adaptive optics systems. Both advances are used to miti-
gate the prime threat in the formation of good astronomical images: atmospheric
turbulence. Theoretically, a diffraction-limited telescope provides images with a
‘finesse’ close to A /D, with A the observing wavelength, and D the diameter of
the telescope. Unfortunately, after propagating through the mere 20 km of our
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atmosphere, the resolution is degraded to A /ry, where ry is the Fried parameter
indicative of the seeing cell size—typically about 10 cm in the visible but strongly
dependent on wavelength and on the observing site. Two types of solutions to this
problem have emerged in the early 1990s, either with a complete by-pass of the
Earth atmosphere by going into space (e.g. Hubble Space Telescope), or with the
design of adaptive optics systems correcting the optical effect of the turbulence in
real time, and thereby restoring the full resolution of the telescope.

Both solutions, each benefiting from the revolutionary advances in electronic
detection techniques (CCDs and infrared focal plane arrays), have allowed tremen-
dous progress in astronomy (see Table [I] for a non-exhaustive list of single-pupil
high-angular resolution imaging facilities). Besides achieving the full potential of
large telescopes, high-angular resolution techniques also help when the scene to
image contains multiple objects with orders of magnitude of difference in lumi-
nosity. The dynamic range of the best detectors is physically limited by their full-
well capacity, but also in practice by the number of bits of the analogue-to-digital
converter (65,536:1 for 16 bits). However, diffraction from the brightest object,
i.e. the central star, usually overwhelms the faint signal scattered by circumstellar
material or putative low-mass companions. In order to mitigate this effect, coro-
nagraphic imaging is nowadays routinely used, by placing an opaque mask at the
focus of the telescope on top of the central core of the diffraction pattern of the star,
and a well-dimensioned diaphragm in the relayed pupil plane to block diffraction
residuals (Ferrari et al.|2007). The optical system improves the dynamic range of
instruments by several orders of magnitudes, allowing faint objects to be isolated
in high-contrast scenes, such as circumstellar discs around stars.

Scattered light imaging of circumstellar discs in nearby star-forming regions,
using ground-based telescopes equipped with adaptive optics systems in the near-
infrared or space-based telescopes such as the HST in the optical, reveals physical
phenomena at the 10 AU scale down to the very first tens of AUs from the cen-
tral star. In addition, in the direct solar neighbourhood (10-20 pc), the 50—100 mas
angular resolution allows features to be distinguished at the AU scale in the disc
images, some of them being possible sign-posts of dynamical interactions with
planetary bodies (e.g. rings, clumps, warps, asymmetries, etc.). Besides the iden-
tification of planet-related features, single-pupil imaging is most useful in studying
the structure and composition of circumstellar discs, as extensively discussed in

Sect.2.11

1.2.2 Stellar interferometry

By coherently combining the light collected from a few individual telescopes, stel-
lar interferometry achieves an angular resolution equal to A /2B with B the sep-
aration between the telescopes, referred to as ‘baseline’ (see e.g. [Lawson|[2000;
Quirrenbach|[2001}; [Monnier|[2003)). With baselines up to a few hundred metres in
the world’s leading facilities, interferometry currently reaches a resolving power
equivalent to that of single-pupil telescopes much larger than even the most ambi-
tious Extremely Large Telescope projects considered so far. By principle, interfer-
ometry samples the target’s brightness distribution in its Fourier plane, by mea-
suring the amplitude and phase of interference fringes, and, hence, images are not
directly accessible. Until the late 1990s, fitting simple models to the measured
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Table 1 Single-pupil telescopes and instruments benefiting from high-contrast imaging/high-
angular resolution capabilities, used in the study of planetary formation and evolution

Instrument Telescope Wavelength Ang. res. Coronagraph
(pm) (mas)

WFPC2' HST 0.12-1.1 10-100 -

NICMOS' HST 0.8-24 60-200 Lyot

ACS HST 0.2-1.1 20-100 Lyot

STIS HST 0.2-0.8 20-60 Lyot

NAOS-CONICA VLT 1.1-3.5 30-90 Lyot/FQPM

VISIR VLT 8.5-20 200-500 -

COME-ON+" ESO 3.6-m 1-5 60-280 Lyot

PUEO CFHT 0.7-2.5 4-140 Lyot

CIAO Subaru 1.1-2.5 30-70 Lyot For

AO-NIRC2 Keck 0.9-5.0 20-100 Lyot

LWS Keck 3.5-25 70-500 -

MIRLIN' Keck 8.0-20 160-400 -

ALTAIR-NIRI Gemini N. 1.1-2.5 30-70 Lyot

NICI Gemini S. 1.1-2.5 30-70 Lyot

T-ReCS Gemini S. 1.1-25 30-70 -

Lyot project’ AEOS 0.8-2.5 60-140 Lyot/FQPM

PALAO-PHARO Hale 200" 1.1-25 60-140 Lyot/FQPM

WCS-PHARO Hale 200" 1.1-2.5 60-300 Lyot/FQPM

AO-IRCAL Shane 120" 1.1-2.5 100-150 -

ground-based near-infrared instruments, the first acronym is usually for the adaptive optics
system, while the second one is for the camera. The type of coronagraph (either Lyot mask or
Four Quadrant Phase Mask) is given in the last column, when available. Note that the contrast
performance of these instruments varies a lot, depending on the instrument design itself and on
the observing strategy. Instruments marked with a symbol ‘{’ are no longer available

fringe amplitude (‘visibility’) was almost the only way to derive physical infor-
mation from interferometric observations, based on two-telescope arrays. Since
then, multi-aperture interferometers have given access to partial information on
the fringe phase through closure phase measurements (Monnier2003), thereby
allowing more complex morphologies to be investigated and even first images to
be reconstructed from interferometric measurements.

With its exquisite angular resolution of typically 1 mas in the near-infrared on
hectometric baselines, stellar interferometry is the tool of choice to investigate the
innermost parts of circumstellar discs in nearby star-forming regions. In partic-
ular, interferometry is currently the only suitable method to directly characterise
the most important region of protoplanetary discs where dusty grains sublimate
and where accretion/ejection processes originate. It also provides a sharp view of
the region where terrestrial planets are supposed to be formed. For more evolved
planetary systems, interferometry can be used to constrain the presence of cir-
cumstellar material in the inner few AUs, including large amounts of warm dust,
(sub-)stellar companions or even hot planetary-mass companions. The main inter-
ferometric instruments and facilities used in the study of planetary systems are
listed in Table [2] together with their main characteristics.
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Table 2 Interferometric instruments used for the study of planetary formation and evolution.
Note that the number of available telescopes (or telescope stations in case of mobile telescopes
as for IOTA and VLTI) may exceed the number of individual apertures combined by a given
instrument

Instrument Interf. Baseline Bands Ang. res. Spec. res. Apert.
(m) (mas) #)

AMBER VLTI 16-200 JLH, K 0.6-14 35-15,000 3
VINCI' VLTI 16-200 H, K 0.9-14 None 2
MIDI VLTI 16-200 N 4-80 20-220 2

V2 Keck-1 85 H K, L 2-5 25-1800 2
Nuller Keck-1 85 N 10-16 40 2
Mask Keck 1-10 JtoL 13-400 None 15-21Instruments
Classic CHARA 34-330 H, K 0.5-7 None 2
FLUOR CHARA 34-330 K 0.7-7 None 2
MIRC CHARA 34-330 JLH 0.4-5 40-400 4
IONIC3T I0TA 5-38 H 4-33 38 3

V2 IOTA 5-38 H,K 4-45 None 2
V2 PTI 85-110 K 2-3 22 2
BLINC MMT 4 N 250 None 2

marked with a symbol “f” are no longer available

2 Protoplanetary discs

As already mentioned in Sect. [T} high-angular resolution optical imaging is pre-
cluded for the study of Class 0 objects: the optical depth of molecular envelopes
around newly born systems is too high to allow visible or infrared radiation to leak
through the opaque veil. For this reason, though high-angular resolution mapping
has been made available for Class O objects by radio and submillimetre interferom-
etry, we only deal here with evolutionary phases for which most of the surrounding
matter has settled into a disc, allowing us to see the star in the optical domain. It
is precisely during these phases (Classes I and II) that planetary formation is sup-
posed to start, in the optically thick discs surrounding young stars.

Rigourous classification of young systems into an evolutionary sequence (e.g.
between Classes I and II) is generally difficult and somewhat empirical. Indeed,
observations have shown a great variety of characteristics, which are difficult to
link with the system age, itself determined only with large error bars from inde-
pendent and, sometimes, inconsistent photometric and spectroscopic measure-
ments (lithium abundance, Ha equivalent width, X-ray flux, evolutionary track).
Moreover, classifications are generally not an exact representation of an evolu-
tionary sequence because the disc mass distribution and the angle from which it
is observed affect the way radiation is emitted towards us. Consequently, stars in
different observational subclasses may have similar ages.

A less ambiguous distinction can be made between T Tauri stars, with stellar
masses below 2 M., and Herbig Ae/Be stars, with stellar masses between 2 and
8 M. Both of them have SEDs spanning Classes I-1I, showing a flat or falling
SED with strong excess above the photosphere from the near-infrared to the sub-
millimetre regime, dominated by the emission of an optically thick accretion disc:

— T Tauri stars (TTS) are low-mass pre-main sequence stars named after T Tauri,
their prototype. Their spectral types range from F to M, their age from about 1
to 10 Myr, and they are usually found in the molecular clouds that have engen-
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Fig. 1 Pictographic representation of the geometrical models associated with the SED classifica-
tion of Meeus et al.|(2001). Credit:[Dullemond and Dominik]|(2004)), reproduced with permission
© ESO

dered them. TTS are very active, showing evidence of starspot coverage and
powerful stellar winds, which are thought to account for their X-ray and radio
variable emissions. In this section we focus on classical TTS (CTTS), which
have significant signs of on-going accretion unlike weak-line TTS (WTTS).
The latter lack Hor emission in excess of 10 A in equivalent width, are suppos-
edly in a more advanced evolutionary state, and are known to show a lower
frequency of detected circumstellar discs.

— Herbig Ae/Be (HAeBe) stars, named after George Herbig (1920-), are
intermediate-mass pre-main sequence stars of spectral type A or B, showing
strong emission lines (especially Ho and calcium lines). HAeBe stars have
been classified into various groups depending on the shape of their infrared
SED. Most notable is the classification of Meeus et al.| (2001), where group I
objects have flat double-peaked SEDs in the 2—100 pm region while group II
objects have weak and declining 2—100 ptm SEDs. This classification has been
interpreted as the spectrophotometric signature of two distinct disc geometries:
flared discs where the scale height increases with radius for group I, and flat
self-shadowed discs for group II (see Fig.[I)). This geometrical interpretation
was later backed up by advanced theoretical models and by resolved images.

In the following, any young object that cannot be classified in either of these two
categories, e.g. when considering edge-on discs where the central star is occulted
by the disc mid-plane (see Sect.[2.1), will be referred to by the generic term young
stellar object, which includes both HAeBe and TTS but also higher mass stars.

Determination of the structure of protoplanetary discs is a mandatory first step
in understanding the physical processes leading to the formation of large plan-
etary bodies. Studies based on the sole SED of such objects result in ambigu-
ous results, which can only be disentangled by resolved images. This has been
the main aim of first resolved observations of YSO discs. Besides investigating
the large-scale structure of protoplanetary discs, resolved images can be used
to investigate more detailed morphological aspects (e.g. persistence of spherical
envelopes, wind-created cavities, accretion and outflow phenomena, location of
planetary building blocks, non-symmetric features, etc.), as well as the timescale
for planet formation. In this section, we will first discuss the large-scale structure
of protoplanetary discs seen in scattered light by high contrast single-pupil imag-
ing facilities. Then, the second part of the section will explore the inner zone of
the discs as seen by near-infrared interferometers.

2.1 The large-scale structure of protoplanetary discs

Before the advent of adaptive optics on large ground-based telescopes and even
the full power of the Hubble Space Telescope, the detection of infrared excess
emission around young solar-type stars in star-forming regions already pointed
towards the presence of circumstellar dust (e.g.Strom et al.[[1989). Ground-based



Formation and evolution of planetary systems at high-angular resolution 9

observations soon revealed that many Class I YSOs were nebulous in the opti-
cal and near-infrared, in particular those associated with outflows (Tamura et al.
1991). The cometary morphology of the surrounding nebulae could be fitted by
models of flattened envelopes with polar outflow cavities. Many of these objects
were also found to be highly polarised in the optical and near-infrared due to the
dominance of scattered light at short wavelengths. The strong linear polarisation
in the bipolar lobes was found to be caused by single scattering on dust grains,
revealing the location of the illuminating source. However, the final proof that pro-
toplanetary discs do exist came from imaging with the Hubble Space Telescope
(e.g. Burrows et al.|[1996; McCaughrean and O’delll|{1996; Padgett et al.|[1999).
Since then, single-pupil imaging has been most useful in studying the structure
and composition of protoplanetary discs.

Disc structure from scattered light. Deriving physical parameters from images
is a difficult task as the two-dimensional projection of a three-dimensional object
compresses a lot of information. The inclination of the disc with respect to the
line of sight is one key parameter in determining the number of physical param-
eters that can be constrained from the observation. Three major orientations are
generally distinguished (edge-on, face-on and intermediate):

— The majority of observed discs so far are viewed edge-on (see e.g. HH 30
in Sect.[2.1.T): this is the most favourable orientation for high-contrast imag-
ing of the circumstellar material since the central source is occulted by the
equatorial plane of the optically thick disc. On each side of the mid-plane
are observed two nebulae of light scattered by dusty particles away from the
equatorial plane of the disc. Scattered light images from edge-on discs provide
limited but essential information on the disc properties: inclination, relative
opacities at different wavelengths, scale height in the outer part of the disc and
degree of forward scattering.

— Face-on discs are also a very interesting case in that any departure from radial
symmetry in the observed image is dominated by inclination rather than verti-
cal structure, which means that any departure from constant ellipticity implies
non-axisymmetric illumination or disc structure. For example, the disc around
TW Hya (see Sect.[2.1.2) is elliptical between 70 and 140 AU, and essentially
circular further out, which suggests that the disc is warped. The most impor-
tant structural information that can be extracted from images of such discs is
the dependence of the surface brightness on radius (from which temperature
and density profile can be calculated) and ellipticity (warped discs).

— The third kind of orientation is the intermediate-inclination regime where the
star is directly visible but both nebulae on each side of the disk mid-plane
are still present, although one may be too faint to be detected. Scattered light
images of those discs are more difficult to interpret than those of edge-on discs
because the mass-opacity product and the inclination are degenerate, so that
ancillary data (e.g. SED or submillimetre images) are needed to break the
inclination degeneracy. The outer radius of the discs is the only parameter that
can be cleanly extracted.

Composition from multi-wavelength imaging. When visible or near-infrared
light interacts with dust, it can be either scattered or absorbed. The fate of an
individual photon depends on its wavelength and on the dust-scattering proper-
ties (composition, size, shape). When scattered, photons are deviated by an angle
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Fig. 2 Hubble Space Telescope image of HH 30, a prototype edge-on YSO. The images of this
edge-on seen disc show an evolving compact bipolar reflection nebula bisected by a dark lane.
Courtesy of K. Stapelfeldt, with acknowledgements to NASA and STScl

whose probability distribution is called the scattering phase function, characterised
by the asymmetry factor —1 < g < 1. Forward scattering (g ~ 1) is found for larger
grains, whereas small grains preferentially scatter isotropically (g ~ 0). For opti-
cally thick protoplanetary discs, the scattered stellar photons seen by an outside
observer have interacted mostly with the uppermost layers of the disc (optical
depth 7 < 1), so that scattered light imaging of YSOs only probes the surface
layer of disc. This inevitably causes degeneracies in the parameters, which can
only be alleviated by multi-wavelength analysis.

In the following, we review the characteristics of three families of protoplane-
tary discs based on the geometry and mass classifications introduced here above.
We deliberately chose to present a few prototypical objects, which are well known
from the observational standpoint, and theoretically dissected. In this section, we
focus on the large-scale structure of circumstellar discs without discussing direct
signatures of planetary formation (grain growth, evidence for planetary-mass com-
panions); this will be the topic of Sect.[3]

2.1.1 Large-scale structure of prototypes edge-on YSOs

As already mentioned, any object that cannot be unambiguously classified as TTS
or HAeBe star will be referred to by the generic term YSO. This is usually the case
when considering edge-on discs, where the central star is occulted by the disc mid-
plane, thereby preventing the identification of specific spectral features. Edge-on
YSOs, such as HH 30 (Burrows et al.[[{1996]), CB-26 (Stecklum et al.||2004) or
Haro 6-5B (Padgett et al.||1999) and other prototypes, share many common fea-
tures, though the detailed morphologies of the individual objects are unique. When
seen edge-on, optically thick protoplanetary discs naturally occult their central
stars and offer their vertical structures to direct view. All of the observed circum-
stellar reflection nebulae are crossed by dark lanes from 450 to 900 AU in extent
and from <50 to 350 AU in apparent thickness. The absorption lanes extend per-
pendicularly to known optical and millimetre outflows in these sources. The dark
lanes are optically thick circumstellar discs seen in silhouette against bright reflec-
tion nebulosity. The bipolar reflection nebulae extending on both sides of the dust
lanes appear to be produced by scattering from the upper and lower surfaces of
the discs and from dusty material within or on the walls of the outflow cavities.
If we were to pick a prototypical edge-on YSO, we would certainly choose HH
30 (Burrows et al.||[1996). This well-studied object is located in the L1551 molec-
ular cloud at a distance of 140 pc. HST images taken in 1995 already revealed a
complex system, showing a compact bipolar reflection nebula bisected by a dark
lane (Fig. [2). HH 30 is actually an edge-on, flared optically thick circumstellar
disc, about 450 AU in diameter. Noticeably, and reinforcing its status of proto-
type, HH 30 shows highly collimated bipolar emission-line jets. The analysis of
the jet wiggling has recently led to the conclusion that the HH 30 system is a
binary system (Anglada et al.|2007). The energy source for these jets is believed
to be the gravitational energy of the matter accreted by the central protostars, and
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their collimation is believed to be caused by a helical magnetic field that is cou-
pled either to the inner part of a circumstellar disc or to the central binary. It seems
almost certain that both rotation and magnetic fields are involved in the origin of
the bipolar outflows.

YSOs and their protoplanetary discs are dynamical systems. We see them
evolving on time-scales of a few years (Watson and Stapelfeldt 2007, Fig. [2).
Variability is thought to originate from the accreting star (or binary system) itself,
which would explain uniform photometric variability, and from something close
to the star that would create non-uniform asymmetric morphological variability.

Very few exhaustive surveys of YSOs actually exist, which can be mainly
explained by the observational difficulties. Connelley et al.| (2007) have, never-
theless, presented a unique sample of nearby Class I YSOs. Their 106-YSO atlas,
compiled with the modest 2.2-m telescope of the University of Hawaii, is not
biased towards well-known star-forming regions or famous individual objects.
The general trend from this imaging survey is that the near-infrared luminosi-
ties and physical sizes of the nebulae increase with the bolometric luminosity of
the illuminating sources. The great variety of nebulae makes it difficult to classify
them based on morphology. However, as expected, a strong correlation between
the spectral index ¢ (slope of the linear regression through the infrared SED data
points) and the flux ratio between the nebulae and the central star is noted.

The subtle observational variety in edge-on YSOs (characteristic scales of the
dark lane, relative brightness of the bipolar reflection nebulae, etc.) appears to be
entirely due to variations in disc mass (Padgett et al.[[{1999). It seems plausible
that once the envelope has dispersed, the disc begins to diminish in mass owing to
accretion onto the forming star and planetary system, as well as associated outflow
events.

2.1.2 Large-scale structure of T Tauri prototypes

The majority of classical TTS (CTTS) have been known for quite a long time
to possess infrared excess-producing circumstellar material (Strom et al.||1989).
For weak-line TTS (WTTS), considered to be the missing link between YSOs
and more evolved debris discs, the fraction of objects presenting such excesses
is much smaller, especially for those objects that are located outside major star-
forming clouds (Padgett et al. 2006)E] About a dozen TTS discs have been imaged
at high-angular resolution in the optical regime (see Table [3). The most interest-
ing results in terms of morphological characterisation have been obtained by the
Hubble Space Telescope, chronologically using better-performing instruments:
WEFC2, NICMOS, STIS and ACS. The typical resolution of HST for this kind
of object is of the order of 10 AU, a scale at which the large-scale morphology of
the circumstellar material becomes observable.

Perhaps, one of the most significant discs imaged around a directly visible TTS
is that of TW Hydrae, a K8V star approximately 55 pc away in the constellation
of Hydra. This star is the closest TTS to the solar system, which makes it one
of the most studied targets in its class. TW Hydrae is similar in mass to the Sun,

2 The infrared excess frequency increases by a factor between 3 and 6 for WTTS located in
major star-forming clouds, but remains significantly lower than for CTTS (Cieza et al.[2007).
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Table 3 Discs around TTS that have been imaged in scattered light (see http://www.
circumstellardisks.org/|/for more details and an up-to-date list)

Name Type Dist. Diam. Incl. Ref.

(p) (AU) ) -
PDS 70 K5 140 350 62 Riaud et al.|(20006)
HH 30 K7 140 420 83 Burrows et al.|(1996)
GG Tau K7 140 800 37 Guilloteau et al.|(1999)
TW Hya K7 56 448 0 Kirist et al.[(2000)
GM Aur K7 140 700 54 Schneider et al.[(2003)
CoKu Tau 1 MO 140 896 - Padgett et al.|(1999)
LkHa 263C MO 275 302 87 Jayawardhana et al.|(2002)
HV Tau C MO 140 168 84 Stapelfeldt et al.|(2003)
IM Lup MO 150 210 50 Pinte et al.[(2008b)
HK Tau B M1 140 210 84 Stapelteldt et al./(1998)
DG Tau B - 140 550 75 Padgett et al.| (1999)
IRAS 04325 +2402 - 140 60 83 Hartmann et al.[(1999)
ASR 41 - 316 6,320 80 Hodapp et al.|(2004)

Fig. 3 Left PSF-subtracted, roll-combined HST NICMOS image of the face-on disc around
TW Hya in the F160W filter (credit: [Weinberger et al.|2002| reproduced by permission of the
AAS). The disc becomes visible just outside the coronagraph (0.3”) and continues out to a radius
of 4” (~230 AU). The noise is dominated by subtraction residuals in the disc. Right The disc
around IM Lup, as seen by NICMOS at F160W, after PSF subtraction (credit: Pinte et al.|2008b|
reproduced with permission (€) ESO). Both images are shown on a logarithmic stretch

but is only about 5-10 Myr old. The star appears to be accreting from a face-
on protoplanetary disc of dust and gas, which has been resolved in images from
the Hubble Space Telescope (Krist et al.|[2000). TW Hydrae is accompanied by
about 20 other low-mass stars with similar ages and space motions, which form
the TW Hydrae association or TWA, one of the closest regions of recent ‘fossil’
star formation.

HST observations of this isolated TTS revealed the presence of a compact cir-
cumstellar nebula (Fig. [3). After subtraction of a reference point-spread function
(PSF)—a widely used technique, with or without a coronagraph—a smooth, sym-
metrical, circular halo can be seen in both R- and I-band WFPC2 images (Krist
et al. 2000). Its intensity at those wavelengths declines with radius until reach-
ing an outer sensitivity limit at 3.5” (200 AU). The radial brightness profile of
the face-on disc is complex and can be described with multiple, contiguous zones
with individual power-law intensity relations. The halo appears slightly blue rela-
tive to the star, especially in the outer zones. The zonal structure found in the disc
could arise from radial variations in the dust properties that determine the local
equilibrium temperature or perhaps via dynamical effects of unseen companions.

Stellar light scattered from the optically thick dust disc is also seen from 20
to 230 AU in the J and H bands, from the ground (Trilling et al.[|[2001)), and from
space (Weinberger et al.|2002). The surface brightness seen with HST/NICMOS
declines following the power law r~2*0-1 between 45 and 150 AU. The scatter-
ing profile indicates that the disc is flared, not geometrically flat, showing a sharp
break in slope at a radius of 150 AU. The disc also presents a strong polarisation
signature between 0.1” and 1.4” (i.e. 577 AU) from the star (Apai et al.[2004).
The polarised intensity is consistent with shorter wavelength surface brightness
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Fig. 4 Left Sketch of the scattering geometry of the circumbinary disc around GG Tau (reprinted
from Duchéne 2008, with permission from Elsevier (©)). Right HST/ACS image of the same
disc (credit: Krist et al. 2005b, reproduced by permission of the AAS). In this representative
scattering example, with the observer on the right, the scattering anisotropy between the top/front
part and the bottom/back one is well illustrated

observations. Polarimetry is an excellent imaging technique to be used from the
ground. Simultaneous imaging in orthogonal polarisation channels allows unpo-
larised atmospheric turbulence effects to be removed, while gaining further knowl-
edge of the disc geometry dust grain properties, since polarisation is caused by
scattering and its amplitude depends on the scatterer geometry with respect to the
emitter.

Roberge et al.| (2005) also show evidence that the disc around TW Hya is
elliptical between 65 and 140 AU and circular beyond this region, consistent with
the previously detected break in the surface brightness distribution at 150 AU from
the central star. This observation suggests that the disc is warped, the deformation
being presumably caused by perturbing bodies.

The case of IM Lup is also particularly interesting. This star has recently been
the subject of the most exhaustive study so far, using a novel method that couples
multi-wavelength spatially resolved and spectral data into a single data set, fits the
whole data set with a single general radiative transfer model (MCFOST), and uses
a Bayesian approach to constrain the large parameter space (Pinte et al.|2008b).
This study certainly represents the future of circumstellar disc analysis, but neces-
sitates a wealth of data which is not always available. The results on the IM Lup
case presented in Pinte et al.| (2008b) are impressive, with a single model that can
reproduce satisfactorily all the observations of the disc. This analysis illustrates
the importance of combining a wide range of observations to fully constrain the
disc model, with each observation providing a strong constraint only on some
aspects of the disc structure and dust content. PSF subtracted images reveal, at all
wavelengths, a compact nebula adjacent to the SW of the star (Fig. [3). Morpho-
logically, the nebula is a broad, symmetrical arc nearly 4” in size. The nebulosity
is the brightest to the SW, but is clearly seen circumscribing the star. A strong
front/back asymmetry is detected in F6O6W, F814W and F160W indicating that it
is dominated by scattered light from the star. To the SW of the elliptically shaped
circumstellar nebulosity, an arc-like dark band (presumably the higher opacity disc
midplane centred at 1.5” along the disc morphological minor axis), bifurcates into
an isophotally concentric lower surface brightness scattering region (presumably
the ‘lower’ scattering surface of the back side of the disc) extending to 2.5” on
the morphological minor axis of the disc. This feature is the most obvious in the
F814W and F160W images. The dark lane between the upper and lower scattered
light nebulae is best seen 1.4 southwest of the star. This coincides with the prob-
able forward scattering direction given the purported disc inclination in the range
40-60°.

GG Tau is another particular example of TTS disc. Its unique feature is its
confirmed circumbinarity. Krist et al.| (2005b) used HST/ACS to take the most
detailed images of this system to date (Fig.[d). They confirmed features in the disc
including a gap apparently caused by shadowing from circumstellar material, an
asymmetric distribution of light on the near edge of the disc, enhanced brightness
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Table 4 Discs around HAeBe stars that have been imaged in scattered light (see http://
www.circumstellardisks.org/ for more details and an up-to-date listing)

Name Type Dist. Diam. Incl. Ref.

(po) (AU) ©) -
AB Aur AQe 144 2,592 21.5 Grady et al.| (1999)
HD 163296 Ale 122 902 60 Grady et al.| (2000)
HD 150193A A2IV 150 390 38 Fukagawa et al.[(2003)
PDS 144N A2IV 1,000 800 83 Perrin et al.| (20006)
HD 169142 B9 145 435 0 Kuhn et al.[(2001)
HD 100546 B9 103 721 51 Grady et al.| (2001)
HD 142527 F6 140 980 30 Fukagawa et al.|(2006)

along the near edge of the disc due to forward scattering, and a compact reflection
nebula near the secondary star. New features are seen in the ACS images: two
short filaments along the disc, localised but strong variations in the disc intensity
(‘gaplets’), and a ‘spur’ or filament extending from the reflection nebulosity near
the secondary (Fig.[d). The brightness asymmetries along the disc suggest that it is
asymmetrically illuminated by the stars due to extinction by nonuniform circum-
stellar material or that the illuminated surface of the disc is warped by tidal effects
(or perhaps both). Localised, time-dependent brightness variations in the disc are
also seen.

In general, the large-scale structure of discs seen around TTS in scattered light
is dominated by inclination effects (edge-on versus face-on, or intermediate incli-
nation regimes). The variety is, therefore, mainly due to the observer viewpoint
with respect to the disc orientation. Most of the observed disc structures, when
deconvolved of projection effects, have in common an optically thick flared geom-
etry, consistent with hydrostatic equilibrium. When interpreting images of such
objects, as already noted, one must keep in mind that protoplanetary discs are
optically thick. Subsequently, the scattered photons have only interacted with the
uppermost layers of the disc.

2.1.3 Large-scale structure of Herbig Ae/Be disc prototypes

HAeBe stars are excellent targets for disc imaging since they are bright and
massive, and susceptible of possessing large amounts of circumstellar material.
Table []lists the protoplanetary discs around HAeBe stars that have been resolved
through their near-infrared scattered light. Thermal emission from such discs has
also been resolved in the mid-infrared regime using ground-based telescopes in a
few cases. One of the most striking indications for a flared disc structure around
a group I HAe star actually comes from this type of observations, when [Lagage
et al.|(2006) have used the VISIR instrument at the VLT to study the protoplan-
etary disc around HD 97048. With the choice of a filter centred around a promi-
nent Polycyclic Aromatic Hydrocarbon (PAH) emission band at 8.6 pum, they have
been able to probe the disc surface layer up to about 600 AU from the central star.
A strong east—west asymmetry is detected: the brightness isophotal contours are
elliptical in shape, and the ellipses’ centres are offset from the peak of emission
with the offset increasing at lower fluxes. Such features are characteristic of a flar-
ing disc (i.e. with a scale height H(r) = Hy(r/ro)P), vertically optically thick and
inclined to the line of sight. Modelling the isophotal contours provides a flaring
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Fig. 5 Left Subaru H-band image of the circumstellar disc around AB Aur (credit: [Fukagawa
et al.|2004} reproduced by permission of the AAS). Directions of the spider patterns are indicated
by dashed lines. Right Polarimetric differential imaging of the central part of the same system
seen through the Lyot project coronagraph (credit: (Oppenheimer et al.|[ 2008, reproduced by
permission of the AAS)

power-law exponent 3 =1.26 +0.05, consistent with hydrostatic, radiative equi-
librium models of passive flared discs. This study supports the classification of
Meeus et al.|(2001), where group I HAeBe objects are associated with flared discs.
Other mid-infrared images of HAe discs (Doucet et al.|[2006)) seem to further con-
firm this classification, with strong disc flaring found only around group I objects.

Since it is bright (V =7) and close (144 pc), the prototype protoplanetary disc
around the young star AB Aur is presumably one of the best studied HAeBe stars.
This star belongs to the Taurus—Auriga star-forming region, about 1-3 Myr old.
Similar to many other HAeBe stars, AB Aur shows a variety of phenomena and
a wealth of structures in its disc. It is surrounded by a large reflection nebula
extending up to thousands of AUs from the star (Grady et al|[1999). At millime-
tre wavelengths, an annular region 100-750 AU radius indicates the presence of
molecular gas of CO, HCO and H;. The gas melange seems to be depleted closer-
in in favour of dust, which is a direct consequence of the strong radiation pres-
sure and wind from the massive central AOVe star. According to |[Fukagawa et al.
(2004), who took images at near-infrared wavelengths using adaptive optics coro-
nagraphy on the Subaru telescope, the inner dust disc extends within 130 AU,
spiralling inwards down to a few AUs (Fig. [5). Recently, in the framework of the
Lyot project on the AEOS telescope at Maui (the first on-sky extreme adaptive
optics systems), |Oppenheimer et al.| (2008)) have imaged the dust in an annulus
between 43 and 300 AU in polarised light. Remarkably, they detected a region of
lower polarised intensity towards the position angle PA ~330°, which was inter-
preted as an azimuthal physical gap at a radius of 102 AU, presumably suggesting
the presence of an unseen low-mass companion at this orbital distance (Fig. [5).
However, very recent polarisation images taken with NICMOS not only reveal the
same pattern of polarised intensity, but also provide a measurement of total inten-
sity (M. Perrin et al., in preparation). The ratio of polarised intensity and total
intensity represents the polarisation fraction, which is a more meaningful physical
quantity. Based on this measurement, the darker area is now interpreted as a region
of lower polarisation, and not a physical gap. The region of lower polarisation is
consistent with the back-scattered light polarisation fraction as predicted by Mie
scattering theory. The gap interpretation is subsequently discarded. As noted by
Perrin et al., this cautionary tale indicates the need for measuring the polarisation
fraction to draw firm conclusions about the nature of disk geometries or scattering
bodies.

Another typical object belonging to the HAeBe family is PDS 144. This sys-
tem consists of a V ~ 13 primary (south) and a fainter companion (north), with
the spectra of both stars showing evidence for circumstellar discs and accretion.
In Lick adaptive optics polarimetric imaging studies of this system, [Perrin et al.
(2004, 20006) resolved the extended polarised light scattered from dust around
the northern star. Follow-up Keck-adaptive optics and mid-infrared observations
showed that this star is entirely hidden by an optically thick disc at all wavelengths
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from 1.2 to 11.7 microns. The disc major axis subtends ~0.8” on the sky, corre-
sponding to ~ 800 AU at a distance of 1,000 pc. Bright ‘wings’ extend 0.3 above
and below the disc ansae, most likely due to scattering from the edges of an out-
flow cavity in a circumstellar envelope.

HD 100546, yet another HAeBe star, possesses a disc showing two bright
apparent spiral arms (Grady et al.|[2001), and some weaker ones only recently
observed with HST/ACS (Ardila et al.|2007)). |Quillen| (2006b) first proposed that
the spiral structures could be caused by the illumination of a warped outer disc
outside 200 AU, which could be the result of precession induced by a Jupiter-
mass body embedded in the disc. However, Ardila et al.| (2007) argue that only the
geometrically thick, optically thin envelope of the disc is seen, while the optically
thick disc responsible for the far-IR emission is undetected. The observed spiral
arms are then structures on this envelope. The disc colours, indicating that the
extended nebulosity is not a remnant of the infalling envelope but a reprocessed
disc material, are similar to those derived for Kuiper Belt objects, suggesting that
the same processes responsible for their colours may also be at work here.

The general trend for discs around intermediate-mass HAeBe stars follows
that of TTS except for the greater variety of disc substructures. The larger mass
of those systems certainly triggers dynamical effects that can explain the wealth
of features (asymmetries, spirals, etc.). However, again, because young discs are
optically thick, caution must always be applied to the interpretation of features. It
may be tempting to conclude that they trace spiral density waves generated by a
protoplanet formation in the disc, but optical effects, due to opacity and the prop-
agation geometry, can generally explain the same phenomenon (Duchéne|2008).
Moreover, enhanced density does not necessarily mean increased scattered light
flux in an optically thick medium.

2.2 The interferometric view of the first 10 AUs

Long-baseline infrared interferometry provides a suitable resolving power to
explore the innermost part of protoplanetary discs: assuming a B = 100 m base-
line, the angular resolution A /2B ranges between about 2 mas in the near-infrared
and 10 mas in the mid-infrared, which corresponds to a linear resolution between
0.25 AU and 1.5 AU at the distance of the nearest star-forming region (Taurus—
Aurigae, 140 pc). Interferometry is, therefore, one of the most appropriate tools to
study the physical phenomena at play in this most important region where star—
disc interactions are taking place.

The most straightforward information brought by interferometric observations
is an estimation of the size of the emitting region at the observing wavelength,
which can be directly derived from simple visibility measurements assuming a
given model for the object brightness distribution. Since a large part of the infrared
flux in YSOs is produced by the circumstellar disc, interferometry can determine
the size of the main emitting region within the disc, and thereby constrain theoret-
ical models.

The first successful observation of a YSO with stellar interferometry was
reported by Malbet et al.,| (1998)), who resolved the young outbursting star FU
Ori on a 103-m long baseline in the K band with the Palomar Testbed Interfer-
ometer (PTI). Although the single visibility measurement presented in this article
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Fig. 6 Top Cross section in the inner disc region for the ‘inner cavity” disc model proposed by
Monnier et al.| (2005) to explain interferometric observations of HAeBe stars. The presence of a
pufted-up inner rim is predicted by theoretical models (Natta et al. 2001} |Dullemond et al.[2001).
Bottom Classical accretion disc model. The presence of optically thick gas in the midplane
partially shields the innermost dust from stellar radiation, causing the dust sublimation radius
to shrink for the same sublimation temperature. Credit: Monnier et al.| (2005), reproduced by
permission of the AAS

Fig. 7 Measured sizes of HAeBe and T Tauri objects from the literature plotted as a function of
the central object’s luminosity (stellar + accretion). Observations are generally inconsistent with
a standard accretion disc model (Hillenbrand et al.|1992), and are more plausibly reproduced by
a puffed-up inner rim model with an evacuated central cavity (here plotted for two different dust
sublimation temperatures, following |Dullemond et al.|2001). A significant deviation from the
expected inner dust radius of puffed-up models is, however, noted at large luminosities, where
observations are more consistent with standard accretion disc models. The inner radii of TTS
discs also seem to disagree with puffed-up rim model predictions at low masses

only provides limited constraints on the size and morphology of the circumstel-
lar disc, an accretion disc model of the type proposed by [Hartmann and Kenyon
(1985) was shown to be in good agreement with both the interferometric obser-
vations and the SED of FU Ori. The success of standard accretion disc models
to reproduce interferometric observations of YSOs was, however, short-lived, as
Millan-Gabet et al.| (1999) soon obtained resolved interferometric observations of
the Herbig Ae star AB Aur with the Infrared Optical Telescope Array (I0TA).
Fitting simple geometric models to these observations indicates a characteristic
size of 5 mas (0.7 AU) for the K-band emission, significantly larger than predicted
by classical accretion disc models such as those proposed by Hillenbrand et al.
(1992)). This early result, suggesting the presence of a large inner hole (or of an
optically thin cavity), was then confirmed on a larger sample of 15 HAeBe stars
by Millan-Gabet et al.|(2001), and extended to two TTS by |Akeson et al.| (2000).

2.2.1 Inner cavities in HAeBe dust discs

Direct evidence for the presence of inner holes in the circumstellar discs around
HAe- Be stars was provided by interferometric images of LkHa 101 (Tuthill et al.
2001), one of the brightest Herbig Be stars in the near-infrared. These images
were reconstructed from visibilities and closure phases obtained by placing an
annulus-shaped aperture mask close to the secondary of the Keck I telescope,
thereby providing diffraction-limited imaging in the H and K bands (Tuthill et al.
2000). Based on these observations, the authors propose that the position of the
disc inner edge is related to the sublimation of dust grains by direct stellar radi-
ation, rather than to disc-reprocessing or viscous heating processes. By means of
modelling state-of-the-art SEDs of four Herbig Ae stars, Natta et al.| (2001) inde-
pendently proposed a similar scenario, where dust evaporation clears up the inner
disc and produces a puffed-up inner wall of optically thick dust at the sublimation
radius. This scenario, illustrated in Fig.[6] was then further developed in a seminal
article by |Dullemond et al.| (2001)), where the description of the disc structure is
formalised, based on the flaring disc models of (Chiang and Goldreich/(1997).
This new circumstellar disc model has been tested and refined in many ways
during the past years, and interferometric observations have played a leading
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role in this context. One of the first tests was to investigate the colour depen-
dence of the measured inner disc radii. Millan-Gabet et al.| (2001) found that the
sizes were similar in the H and K bands, as predicted by a spatially localised
emission region. This result was also confirmed in the mid-infrared regime by
Tuthill et al.| (2002) in the case of the bright Herbig Be star LkHa 101. Another
important test was performed by Monnier and Millan-Gabet|(2002) who examined
the correlation between near-infrared disc size and stellar luminosity for HAeBe
stars. Even though this first version of the now famous size—luminosity diagram
showed a large scatter in its data points, the authors clearly showed that the dust
inner radius increases with stellar luminosity following a power-law close to the

expected Rgyp o< L,l/ % relation for the dust sublimation radius, and that the mea-
sured near-infrared sizes are consistent with the dust sublimation radii of relatively
large dust grains (>1 um) with sublimation temperatures of around 1500 K. The
size—luminosity diagram, displayed in Fig. [/| for an enlarged sample, was, how-
ever, already showing some discrepancies with the inner wall model in the case
of high-luminosity Herbig Be stars, for which the dust sublimation radius gen-
erally overestimates the disc inner radius measured by interferometry. This trend
was confirmed (with much less scatter in the diagram) by subsequent surveys of
HAeBe stars, suggesting that the inner wall model should be replaced by standard
accretion models in the case of high-luminosity (>10°L.,) Herbig Be stars (Eisner
et al.|[2003| 2004} Monnier et al.|[2005). This distinction is assumed to be due to
enhanced inner gas disc, which may shield the inner dust disc and thereby lead
to reduced dust sublimation distance (Monnier and Millan-Gabet/2002)), or even
extend down to the stellar surface due to increased accretion rate and/or reduced
stellar magnetic fields (Eisner et al.|[2004)).

Further constraints on the inner wall model have been obtained with the first
closure phase survey of HAeBe stars (Monnier et al.|2006), which has shown only
small departures from centrosymmetry in the brightness distribution of the inner
disc. This result is consistent with the puffed-up inner wall model, provided that
the inner rim is smoothly curved as predicted by [Isella and Nattal (2005). Vertical
inner rims are incompatible with the data as they would produce large skewness
in the brightness distribution, even for moderate inclinations. The curvature of the
inner rim is a natural consequence of the dependence of grain evaporation tem-
perature on density, due to the large vertical density gradient. Isella et al.| (2006)
further show that archival visibility measurements of Herbig Ae and late Herbig
Be stars are consistent with this model. However, it must be noted that the puffed-
up inner rim wall is still a controversial topic, and that it is not the only model
to simultaneously reproduce the interferometric and SED observations: a compact
(<10 AU) optically thin dusty halo around the disc inner region is another possi-
ble explanation (Vinkovic et al.[2006). Such a halo could potentially be produced
by a dusty outflow above the disc (Vinkovi¢ and Jurkic¢|[2007).

2.2.2 Larger cavities for T Tauri discs?

First observations of a few bright T Tauri objects with small-aperture interfer-
ometers have shown that, as in the case of HAeBe stars, the inner disc radii are
significantly larger than those inferred from classical accretion disc models, and
are rather consistent with the estimated dust sublimation radii predicted by puffed-
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up inner wall models (Akeson et al.[2000, 2002, [2005b). However, the analysis of
a larger sample of TTS with more typical luminosities using the Keck Interferom-
eter (KI) soon revealed that the inner radii inferred from simple geometric models
(e.g. uniform disc or ring) are often even larger than the expected dust sublimation
radii by a factor up to 2-3 (Colavita et al.|2003}; [Eisner et al.|2005; [Akeson et al.
2005a)).

Even though part of the discrepancy can be explained by taking into account
the accretion luminosity in addition to the intrinsic stellar luminosity (Muzerolle
et al.|2003)), a large dispersion remains in the inner radii of T Tauri discs. This
spread could directly result from different dust properties around the observed
stars. In particular, smaller grains are expected to lead to larger dust sublimation
distances (e.g. Monnier and Millan-Gabet]2002). Alternatively, the spread could
be due to the evolutionary status of the objects. This hypothesis is backed up by
the fact that the ratio of measured-to-predicted inner radii increases for smaller
accretion rates (Akeson et al.|[2005a), so that the inner cavity might be progres-
sively cleared up while the accretion rate decreases, assuming that objects with
lower accretion rates are older (Hartmann et al.||1998). [Eisner et al.| (2007b) fur-
ther propose that the dust disc around TTS with low accretion luminosity may
actually be truncated by the stellar magnetic field, as lower accretion rates allow
the magnetospheric radius to extend further away from the star.

Very recently, a re-analysis of all the interferometric measurements of TTS by
Pinte et al.[(2008a)) has shown that the spread in the inner disc sizes estimated with
simple geometric models may be entirely due to the effect of scattered light, which
is negligible for HAeBe stars but not for cooler TTS. The low interferometric vis-
ibilities recorded on several T Tauri objects may, therefore, be due to the contri-
bution of extended scattered emission. In that case, the inner disc radii estimated
from dust sublimation temperature are entirely compatible with the interferomet-
ric observations, so that including additional physical phenomena to reproduce
them is not required any more.

Notably among T Tauri objects are the young outbursting FU Ori stars. The
first observations of FU Ori itself by Malbet et al.| (1998), which supported classi-
cal accretion disc models, was later confirmed by Malbet et al.|(2005) and \Quanz
et al.| (2006), who have collected additional visibility measurements of FU Ori
with various interferometers and at various wavelengths. Although accretion discs
alone could not reproduce the observations of three other FU Ori type objects by
Millan-Gabet et al.| (2006a), who suggested that additional extended dusty struc-
tures must be present (as already proposed by Kenyon and Hartmann|[1991), the
structure of outbursting YSO discs seems significantly different from quiet YSO
discs. Further observations of such objects are required to disentangle the contri-
butions of discs, envelopes and putative close companions, and thereby perform
detailed test of accretion models.

2.2.3 Middle disc structure and composition

While near-infrared interferometry is the most sensitive to the inner rim of circum-
stellar discs, mid-infrared observations on 50—100-m baselines have the potential
to unveil the structure of the disc in the 1-10 AU region thanks to a lower spatial
resolution and to a better sensitivity to colder dust (at a few hundred Kelvins). First
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interferometric observations in the mid-infrared have, however, been strongly lim-
ited in baseline length, as they were either based on single-aperture experiments
such as the BLINC nulling interferometer (Hinz et al.|2001} [Liu et al.|2003), or
performed with the ~ 10-m baseline Infrared Spatial Interferometer (ISI, [Tuthill
et al.|2002). They have nonetheless, resolved a few of the brightest HAeBe stars,
and shown that simple flared models might not always be appropriate to describe
the disc geometry.

The advent of long-baseline mid-infrared instruments such as VLTI/MIDI or
KI/Nuller has provided a new view of circumstellar disc structure and of the dust
chemical composition in the disc ‘atmosphere’. In particular, the low spectral res-
olution offered by MIDI across the N band provides a way to disentangle the
contribution of these two effects. The first observations with MIDI, performed by
Leinert et al.| (2004) on a sample of seven HAeBe objects, have shown that the
characteristic mid-infrared size of circumstellar discs around intermediate-mass
stars is in the range of 1-10 AU. Moreover, these observations have shown that the
reddest objects in the sample are also those with the largest size, a result consistent
with the classification of Meeus et al.[ (2001}, in the sense that group II objects,
which are assumed to be self-shadowed, have a smaller mid-infrared excess and a
smaller size as they are dominated by the bright inner rim, while the flared group
I objects have larger mid-infrared excesses and also larger mid-infrared sizes as
stellar light directly reaches the disc (see illustration in Fig.[T). Additional obser-
vations of the Herbig Ae star HR 5999 are in broad agreement with the size/colour
correlation, although they show a rather complex structure with a potentially trun-
cated disc (Preibisch et al.[2006)). It is expected that further mid-infrared observa-
tions of Herbig Ae stars will definitively answer the question of the presence of
puffed-up inner walls and confirm the hypothesis that group I and group II sources
correspond to flaring and self-shadowed discs (van Boekel et al.[2005]).

The size/colour correlation might also extend to lower mass stars, as shown
in the case of an eruptive TTS by Abraham et al. (2006). However, [Schegerer:
et al.|(2008) show that the presence of a puffed-up wall is not mandatory to repro-
duce the mid-infrared observations of another TTS, RY Tau. By means of self-
consistent radiative transfer modelling, the authors fit both the SED and the inter-
ferometric data with an active accretion disc, possibly surrounded by an optically
thin dusty envelope as suggested by |Vinkovic et al.| (2006). MIDI observations
of FU Ori (Quanz et al|[2006) also show that a flat accretion disc is appropri-
ate to reproduce both interferometric and photometric observations without any
additional component (either a puffed-up wall or an extended dusty envelope), as
already suggested by [Malbet et al.| (1998],2005).

Besides unveiling the middle disc structure, mid-infrared interferometric
observations have provided new constraints on the dust composition and its gradi-
ent within the disc. By comparing spectrally dispersed visibility measurements at
different baselines with an unresolved spectrum of the whole disc, and analysing
the shape of the silicate features in the spectra, van Boekel et al.|(2004) have shown
that the dust grains within the first two AU of three Herbig Ae stars are signifi-
cantly more crystalline and significantly larger than in the outer (2-20 AU) disc
region. Combined with the very young ages of the observed objects, these obser-
vations imply that crystallisation of almost the entire inner disc takes place very
early in the disc history, most probably, well before the onset of planet formation.
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Moreover, the spectral shape of the inner disc spectra shows remarkable similarity
with the spectra of outer solar system comets, suggesting that the building blocks
of planetesimals are formed early in the inner part of circumstellar discs and are,
at some point, transported outwards by radial mixing as suggested by theoreti-
cal models (Gail|2004). The gradient of dust composition (more olivine and less
pyroxene in the inner disc) observed towards one of the three objects is also in
qualitative agreement with such models.

More recently, spectrally dispersed mid-infrared observations have also been
obtained for TW Hya and RY Tau, two classical TTS (Ratzka et al.[2007;
Schegerer et al.|2008). They suggest that crystalline grains are mostly located
in the innermost part of the circumstellar discs as in the case of Herbig Ae stars.
On the contrary, in the peculiar case of FU Ori, the MIDI observations obtained by
Quanz et al.|(2006)) do not show any evidence of crystalline grains, which could
be related to the very early evolutionary stage of this object. This hypothesis is,
however, contradicted by the fact that some level of dust processing (in particular,
grain growth) seems to have already taken place.

2.2.4 Gas:accretion and winds

A number of the aforementioned studies have suggested that the presence of gas
and related accretion processes in the inner disc of YSOs may play a significant
role in the interpretation of interferometric observations. Detection and location
of circumstellar gas in the inner region has therefore become a major subject of
study during the last couple of years. The advent of multi-colour and/or spectrally
dispersed interferometric observations has played a preponderant role in this con-
text.

A first type of constraint on the presence of an inner gas accretion disc comes
from enhanced studies of the dust sublimation region in the near-infrared. |[Eisner
et al.| (2007a) obtained resolved visibility measurements of 11 HAeBe stars with
the PTT across five spectral channels in the K band, and showed a global increase
of the infrared emission region size as a function of wavelength. This result is
inconsistent with a single-temperature ring at a fixed radius, as expected from
inner wall models, and rather suggests a two-ring model (which also nicely fits
the SEDs). The best-fit temperatures of the two rings support a model where the
inner ring emission traces hot gas, while the outer ring emission arises from dust.
The low spectral resolution used in this study did not provide evidence for spec-
tral line emission of CO or H,O. Similar results have subsequently been obtained
on a number of HAeBe stars with various instruments. |Kraus et al.| (2008b)) com-
bined VLTI/AMBER, PTI and VLTI/MIDI data to show that the characteristic
emission size of the Herbig Be star MWC 147 increases strongly towards longer
wavelength and is 2—4 times smaller than the size predicted by dust sublimation.
The addition of optically thick gas emission from an active gaseous disc inside
the dust sublimation zone is proposed to fit both the interferometric data and the
SED, so that MWC 147 may be dominated by accretion luminosity emerging from
an inner gaseous disc. [Isella et al.| (2008) and Tatulli et al.| (2008) came to simi-
lar conclusions, respectively, for a HAe and a late HBe star, as their observations
show significant emission within the expected dust sublimation radius. By means
of significantly longer baselines (~300m) at the CHARA Array, Tannirkulam
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et al.|(2008bja) show that a single ring model is incompatible with the broadband
observation of two HAe stars, because it would produce oscillations in the visi-
bility curve which are not seen in the data. They also suggest that the inner gas
disc proposed to explain the observations may partially shield the dust from direct
stellar emission, and thereby reduce the dust sublimation distance as proposed
by the model of [Muzerolle et al.| (2004). Very recently, spectro-interferometric
observations at the KI (Eisner et al.|[2009) further confirmed the two-component
model on an enlarged sample of HAeBe and TTS, with hot gas within the dust
sublimation ring needed to explain the increase of visibility as a function of wave-
length. Among the possible sources for gaseous continuum emission, Eisner et al.
(2009) argue that free—free transitions of hydrogen is the most viable mecha-
nism, but no firm conclusion can be given yet. All these observations seem to
provide a smoother transition between the accretion-dominated high-luminosity
HBe stars and the lower-luminosity HAeBe stars, whose near-infrared emission is
now understood to arise from both dust and gas. Observations of a larger sample
will, however, be needed to understand the trends in inner disc properties with
respect to stellar type, stellar mass, accretion rate, etc.

A second type of constraint comes from the variations of complex visibility
within the spectral lines associated to circumstellar gas. This hypothesis requires
a spectral resolution of at least a few hundred in the near-infrared, which has
recently been enabled by VLTI/AMBER and by the new grism mode of the KI.
The first AMBER observations of a YSO in medium spectral resolution (MR, R =~
1500) performed by |[Malbet et al.| (2007) on an early-type Herbig Be star (MWC
297) have shown that the visibility amplitude across the Bry line, tracing atomic
hydrogen, is significantly smaller than in the continuum, which implies a larger
size for the Bry emission region than for the dusty disc. This result was interpreted
as the signature of an outflowing stellar radial wind, although the exact nature of
the wind could not be constrained. The Bry emission line has subsequently been
observed around a number of HAeBe stars with spectro-interferometry, showing
a large diversity in physical size for the line emission region, and, therefore, most
probably a large diversity in the emission mechanisms. In practice, the size of the
Bry emitting region seems to be generally smaller than (or similar to) the size of
the dusty disc emission region (Tatulli et al.|2007} [Kraus et al.[2008a; Eisner et al.
2009). Depending on its actual size, the Bry emission could originate either from
a compact disc wind or stellar wind when larger than the corotation radius, or
from magnetospheric accretion in the most compact cases. The latter hypothesis
is supported by an apparent correlation between the Ha line profile shape and
the size of the Bry emission region. The unique behaviour of MWC 297, showing
an increased size for the Bry emission region, could be due to the fact that the
continuum emission is dominated by optically thick inner gas instead of pure dust
emission. These observations imply that, for some HAeBe stars (at least), Bry is
not a primary tracer of accretion, which makes the empirical correlation between
the Bry luminosity and the accretion luminosity quite remarkable, and suggests a
tight connection between accretion and ejection processes in YSOs (Kraus et al.
2008a).

Besides atomic hydrogen, two molecular species have recently been resolved
around HAeBe stars by infrared interferometry: water vapour around MWC 480
(band at 2.0 um, [Eisner||2007) and carbon monoxide around 51 Oph (band at
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2.3 um, [Tatulli et al.||2008). CO emission is also tentatively observed towards
several objects in the survey of [Eisner et al| (2009). In all these cases, the line
emission seems more compact than the adjacent continuum emission, suggesting
that it originates in a dust-free hot gaseous disc. The replenishment of molecular
gas is supposedly due to the infall of icy bodies in the case of H,O, or to chemical
reactions in the case of CO. Self-shielding may also be invoked in the case of CO
molecules, provided that the column density is high enough. Note, however, that
follow-up high-resolution K-band spectroscopy of MWC 480 has not confirmed
the presence of water vapour in the inner disc (Najita et al.[2009), and strongly
questions the interpretation of spectrally dispersed visibilities by [Eisner| (2007)).

3 Transition from protoplanetary to debris discs

The so-called transition discs have been identified for about 20 years (Strom et al.
1989; Skrutskie et al.[[1990), but have only recently become well defined: one of
the first thorough investigations of a transition object was actually done by (Calvet
et al.| (2002) on TW Hya, suggesting the presence of an inner hole that was later
on confirmed by millimetre imaging (Hughes et al.[|2007). Transition objects are
characterised by a low dust content in their inner disc regions (<1 to 10 AU), based
on the absence of significant near-infrared excess combined with strong excess
emission at longer wavelengths. When compared to standard Class II objects, this
is suggestive of an evolved nature, where the inner disc is depleted while the outer
disc is still optically thick.

The evolutionary processes transforming massive, gas-rich circumstellar discs
into tenuous, gas-poor debris discs are still not well understood. Several mech-
anisms for disc dispersal have been proposed to explain the apparent inside—out
dispersal of protoplanetary discs:

— Grain growth, possibly followed by the formation of rocky planetary cores
(e.g.|Dullemond and Dominik|2005));

— Dynamical clearing of a large gap by a Jovian mass planet (e.g. [Lin and
Papaloizoul |1979; |Artymowicz and Lubow||1994), possibly followed by the
isolation and viscous draining of the inner disc in the case of high-mass plan-
ets (Lubow et al.|[1999);

— Disc photoevaporation by ultraviolet starlight (Clarke et al.|2001; |Alexander
et al.|20006);

— Magneto-rotational instability (Chiang and Murray-Clay|[2007)).

Since this class of objects only makes up a small fraction of the total disc
population, the transition phase from primordial to debris discs is suspected to
be short-lived. There is, however, no evidence for transition objects to be older
than typical members of the cluster or group they belong to, suggesting a large
diversity of disc properties. It must also be noted that some transition discs still
exhibit signatures of accretion, implying that gas can accrete through the dust-free
inner regions.

Transition from primordial to debris disc seems to happen first in the inner
disc. Infrared interferometry is, therefore, a privileged tool to directly witness
the processes at play during this important epoch. A direct view of these regions
can bring crucial constraints on the various dust-dispersal scenarios, which cannot
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be distinguished based solely on the SED (Henning|[2008). Furthermore, infrared
interferometry can help determine the composition and properties of the dust in
the upper disc layer, where optical and UV photons are absorbed, thereby deter-
mining the local disc temperature, and, hence, its vertical scale-height.

Angular resolution from 1 to 100 mas is typically needed to resolve the inner
regions where dust depletion is thought to start, allowing single pupils to only
partially resolve the closest individuals. Nevertheless, single-pupil imaging can
also be used to constrain planet formation, for instance, by investigating the grain
size at larger stellocentric distances (>10 AU) in the upper layer of optically thick
discs or in the whole vertical profile of bright optically thin discs. Single-pupil
imaging can also be used to reveal the formation of larger bodies in the inner disc,
which can lead to the appearance of structures such as density waves or gaps at
several tens of AUs from the central star.

3.1 Evidence for grain growth and evolution

The most common way to probe the growth and processing of circumstellar dust
grains has been based for long on the interpretation of SED shapes in the (sub-
)millimetre region (e.g. Beckwith et al.|[1990), and more recently on the shape and
strength of silicate features in the mid-infrared region (e.g. Bouwman et al.|[2001}
Kessler-Silacci et al.|2006). These studies have shown that dust grains around
young stars are generally significantly larger and more crystalline than in the
interstellar medium, where grains are mostly sub-micronic and amorphous. Dust
settling has also been suggested by SED modelling in several cases (e.g. |Sicilia-
Aguilar et al.[2007). In this context, high-angular resolution observations provide
a more direct means to confirm and further refine models for grain growth and
processing. Grain growth can be interpreted as the first sign of planet formation in
circumstellar discs, although it is not clear whether this process actually starts in
the prestellar phase (dense molecular cloud) or in the disc phase.

3.1.1 Single-pupil observations

The first evidence for grain growth from resolved single-pupil imaging was
obtained by probing the opacity law of dust grains in young circumstellar discs
seen in silhouette against background nebular light. (Cotera et al. (2001) and
Throop et al.| (2001) obtained similar results on two silhouette discs located in
Taurus (HH 30) and Orion (114-426): the measured extinction law is flatter than
the typical reddening produced by interstellar dust grains. This is almost unam-
biguously interpreted as the evidence for significant grain growth, as composition
and shape of dust grains have little influence on opacities. These results were
confirmed at different wavelengths by Watson and Stapelfeldt/ (2004) and Shup-
ing et al.| (2003), suggesting, however, that grains are not much larger than a few
microns in the first case (HH 30), and that visible and near-infrared opacities are
still dominated by small grains in the second case (114-426).

Single-pupil observations of light scattered off the upper layers of protoplan-
etary discs can also probe the grain size distribution in various ways. However,
because young discs are optically thick, this type of diagnostic brings informa-
tion only on the uppermost layers of the disc. Examining the colour of scattered
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light can be used to some extent to assess grain sizes: observations of TW Hya
(Weinberger et al.|2002; [Roberge et al.|2005) have shown scattered light to have
the same colour as the star in the visible and near-infrared, at all radii except in
the innermost regions. This indicates that the grains are larger than about 1 um all
the way out to large radii, since smaller grains would produce blue colours. The
colour structure of the outer nebula of silhouette discs has also been investigated
by |Stapelfeldt et al.| (2003)), giving results consistent with the size of interstellar
dust grains. This discrepancy with previous opacity-based studies might be due to
the fact that different regions are probed by these two techniques, suggesting that
larger grains are more abundant in the disc mid-plane and/or in the inner regions.

Another successful way to exploit the properties of scattered light is based
on the scattering phase function: large grains tend to scatter preferentially for-
ward, while small grains scatter isotropically. This type of study can, however, be
entirely successful only when the disc geometry and orientation are known from
other observations, as the appearance of young discs in scattered light is a complex
combination of dust properties and disc geometry. Azimuthal intensity measure-
ments have the decisive advantage over colour measurements in that they do not
depend on grain models. Reconstruction of the scattering phase function from
azimuthal intensity variations in discs with known geometry has allowed grain
size to be estimated in the upper layers of GG Tau (McCabe et al.[2002; Duchéne
et al.|[2004). The phase function was found to be strongly forward scattering and
only weakly dependent on the wavelength, which are both direct evidences for the
presence of large (>1 um) grains. By means of scattered light observations at sev-
eral wavelengths up to 3.8 um, Duchéne et al.| (2004) were furthermore capable of
probing different depths in the disc upper layers, and proposed a stratified struc-
ture in which the uppermost layers contain grains very similar to interstellar grains
while deeper layers contain significantly larger grains (Fig.[8). This result suggests
that vertical settling of dust grains is on-going in this disc. Further evidence for
grain growth and stratification in GG Tau comes from the first detection of mid-
infrared scattered light from its disc (McCabe et al.|[2003): in the mid-infrared,
only grains a few microns in size or larger can scatter efficiently, so that the detec-
tion of significant scattered light implies copious amounts of grains larger than
1 um. In addition, because mid-infrared imaging penetrates deeper in the disc,
these large grains are thought to be located deeper in the disc than the small grains
seen in the short-wavelength (A ~1 pm) images. More recently, hydrodynamical
simulations of GG Tau have shown that the expected amount of vertical settling is
fully consistent with those observations (Pinte et al.[2007).

Polarisation measurements of scattered light images can also be used to probe
grain size, as the degree of linear polarisation decreases for larger dust grains.
Such studies have been performed at 1 gm for the GG Tau disc (Silber et al.[2000)
and in the JHK bands for the TW Hya disc (Hales et al[[2006), showing high
polarisation degrees for both objects (up to ~50%). This has been interpreted as
the signature of small dust grains. This result may seem in contradiction with the
aforementioned studies, unless grain stratification is invoked. In the small polari-
metric imaging survey of |[Hales et al.|(2006), extended polarised signals have only
been found for objects that are suspected to harbour flared discs based on previ-
ous modelling. The fact that high polarisation degrees are observed towards such
objects may also be consistent with on-going settling of large grains.
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Fig. 8 Evidence for grain growth from scattered images of GG Tau at multiple wavelengths: the
apparent morphology of the circumstellar disc is best reproduced with large grain populations
(>1 um) thanks to their forward-scattering properties. Credit:|Duchéne et al.|(2004)), reproduced
by permission of the AAS

Finally, let us note that the most comprehensive theoretical study of a TTS disc
so far, performed by simultaneously fitting photometry, spectroscopy, millimetre
interferometry and visible and near-infrared imaging with a 3D continuum radia-
tive transfer code (Pinte et al.|2008b)), has brought to light several signs of early
planetary formation, including grain growth up to a few millimetres in size, ver-
tical settling, and possibly the presence of fluffy aggregates and/or ice mantles
around dust grains.

3.1.2 Interferometric observations

Grain growth has also been suggested by infrared interferometry observations of
the innermost part of circumstellar discs. Near-infrared observations of six inter-
mediate mass pre-main sequence stars obtained with PTI and IOTA, already dis-
cussed in Sect. have been re-analysed by [Isella et al. (2006) with a more
detailed physical model, computing self-consistently the shape and emission of
the disc inner edge based on a puffed-up inner rim model (Dullemond et al.|2001)).
While fitting three free parameters (grain size, disc inclination and position angle)
to the measured visibilities, they show that grains larger than ~ 1 um are either
required or consistent with the observations in four cases. This suggests that grains
in the disc inner rim are often much larger than interstellar grains, confirming that
grain growth also takes place in the innermost disc regions. A similar result was
subsequently obtained in the case of MWC 758 with VLTI/AMBER (Isella et al.
2008). Besides these observational results, radiative transfer and hydrostatic equi-
librium calculations by [Tannirkulam et al.| (2007) show that dust growth and set-
tling can significantly affect the shape of the inner dust rim, which will be within
reach of imaging interferometers in the coming years.

Many of the interferometric constraints on dust size and composition actually
come from the mid-infrared regime, where silicates have strong emission features.
van Boekel et al.| (2004) were the first to perform a compositional analysis of dust
grains with mid-infrared interferometry. Three protoplanetary discs were spec-
trally and spatially resolved with VLTI/MIDI, showing the grain population to
be highly crystalline in the innermost two astronomical units of these discs and
dominated by large olivine grain (>1 um). Thanks to spectrally dispersed visi-
bilities obtained at different baseline lengths (i.e. probing different regions of the
disc), a significant compositional difference was observed with the outer disc (2—
20 AU), where grains are less crystalline and smaller, and where pyroxene grains
are proportionally more abundant (see Fig. [9). The measured chemical gradient
is in qualitative agreement with theoretical models accounting for chemical equi-
librium and radial mixing of disc material. These observations also indicate that
silicate dust in the inner regions is already highly crystalline before planet for-
mation occurs. It is, however, not clear whether standard crystallisation processes
(gas-phase condensation and thermal annealing) can account for the high degree
of crystallinity of the inner discs. The similarity of the observed spectra with those
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Fig. 9 Mid-infrared spectra of the inner (1-2 AU) and outer (2-20 AU) disc regions of three
HAeBe stars, as seen with VLTI/MIDI (van Boekel et al.|2004} reprinted by permission from
Macmillan Publishers Ltd: Nature 432:479-482, (©) 2004). The differences in shape between
the inner and outer disc spectra indicate a difference in dust mineralogy, with more crystalline
grains located in the inner part

of solar system comets also suggests that the building blocks of larger bodies are
present early on in protoplanetary discs.

Similar results have subsequently been obtained with VLTI/MIDI for two
TTS: TW Hya (Ratzka et al.|2007) and RY Tau (Schegerer et al.|2008). In both
cases, grains are found to be more crystalline in the innermost disc region. In the
case of TW Hya, the observations, furthermore, show that dust settling is effi-
cient in this disc, as the presence of large grains has been inferred from previous
millimetre observations while only small grains (<1 um) are seen in the upper-
most disc layers probed by VLTI/MIDI. Together with the relative segregation
of crystalline grains, this hypothesis suggests that mixing (both radial and verti-
cal) is not very efficient in this case. Another kind of mid-infrared interferomet-
ric observation of young discs was obtained by controlling the tilt and piston of
individual Keck mirror segments to produce four independent and non-redundant
interference patterns, using six segments each. This method was used by [Tan-
nirkulam et al.| (2008a)) to observe MWC 275 and AB Aur. The size and flux of
the MWC 275 outer disc were found to be significantly smaller than in the case
of AB Aur, and could only be reproduced if the disc is depleted in small grains
beyond ~7 AU. This result indicates that dust grains have undergone significant
growth and settling in the outer region of this disc.

3.2 Planet formation and disc dissipation

When dust grains have grown to sufficiently large aggregates and have settled in
the mid-plane of the disc, the next step is the building of large bodies, i.e. plan-
ets. Indeed, once planetesimals have grown beyond the km-size through physical
processes that are still poorly understood (e.g. Henning|2008), runaway growth is
thought to drive such protoplanets to planetary size. Those which are far enough
from the central star are then expected to accrete the surrounding gas located in
their ‘feeding zone’. In order to produce giant gas planets, this process must, how-
ever, happen on a timescale smaller than the disc dissipation timescale, i.e. the
timescale of the process(es) through which the disc gas and dust content is pro-
gressively depleted. Disc dissipation is likely to occur through a set of different
and interrelated mechanisms which eventually lead to the formation of the evolved
planetary system. The interplay between disc dissipation and planet formation can
be probed by high-angular resolution imaging, either by revealing direct signs of
planetary core formation or by constraining the disc dissipation mechanisms and
timescale.

One of the most striking pieces of evidence for disc dispersal and/or planet
formation is the observation of ubiquitous inner holes in young debris discs. This
will be discussed in Sect. while we focus here on earlier stages where discs
are still optically thick. The presence of inner holes in young, optically thick discs



28 O. Absil, D. Mawet

has been more elusive than in young debris discs, especially with single-pupil
imaging for which only large inner holes (> 10 AU) can be detected. Large inner
holes have nevertheless been detected with mid-infrared imaging on 8-m class
telescopes around one Herbig Ae star (HD 142527, Fujiwara et al.[[2006)) and one
T Tauri star (IRS 48, |Geers et al.|2007). Similar results have also been recently
obtained around a few other young stars with submillimetre interferometry (Piétu
et al.|2006; Hughes et al.||2007; Brown et al.|2008}; |Dutrey et al.|2008)). In the case
of IRS 48, the inner hole has a radius of 30 AU and is not completely empty: it
is filled with PAH emission, suggesting that very small grains are still present in
this part of the disc. This behaviour could either be a pure effect of grain growth,
although the presence of a sharp inner edge would be difficult to explain, or the
evidence for a (possibly low-mass) companion to the central star. In the latter case,
large grains would be filtered at the outer edge of the hole due to gravitational
interactions with the companion, while smaller grains (e.g. PAHs) would continue
to accrete inwards along with the gas.

In the case of HD 142527, evidence for copious amounts of warm dust in the
innermost part of the disc argue for a gap-like structure rather than a hole, which
could have been opened by a secondary companion within the disc. This, however,
cannot be considered as direct evidence for planetary formation, as the gap could
also be formed by a (sub-)stellar companion. This actually turned out to be the
case for CoKu Tau/4, which was until recently considered as a bona-fide transi-
tion disc. Aperture-masking observations on the Keck II telescope by [Ireland and
Kraus| (2008) demonstrated the presence of a near-equal binary companion at an
angular distance of 53 mas (~ 8 AU). The authors argue that more transition discs
could actually be circumbinary discs around compact binary systems, although
first results around other transition objects show no evidence of companions in the
20-160 mas projected separation range (Ireland et al., in preparation). Closer com-
panions could eventually be detected with infrared interferometry, provided that
the sensitivity of current instruments can be improved by one or two magnitudes
(e.g.upto K ~9).

Besides inner holes, single-pupil imaging is sensitive to gaps at large orbital
distance formed through the dynamical clearing by a bound low-mass compan-
ion. This has recently been illustrated by the detection of a low-density cavity
within the optically thick disc of AB Aur, as already discussed in Sect. 2.1.3](see
also Fig.[3). This could be the first evidence for dynamical interactions between a
forming extrasolar planet and its parent disc, although this interpretation must be
taken with care (see Sect. 2.1.3).

Inner holes have also been investigated with interferometry, down to much
smaller stellocentric radii. TW Hya, in particular, has been the focus of two stud-
ies which aimed at confirming the presence of a 4-AU inner hole as suggested
from SED modelling by (Calvet et al.|(2002)). Near-infrared observations with the
Keck interferometer first showed that optically thin dust must be present within
the hole, down to a radius of 0.06 AU (Eisner et al.||2006). The second study,
performed in the mid-infrared at the VLTI, further refined the disc geometry by
showing the inner hole to extend only up to 0.5 AU, followed by a region with a
progressive transition from zero to full disc height between 0.5 and 0.8 AU (Ratzka
et al.|2007). Combined with the near-infrared interferometric observations of [Eis-
ner et al.| (2006)), these observations further confirm that optically thin material
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is present within the inner hole. These two studies strikingly illustrate the need
for resolved images in the interpretation of young star SEDs. The physical pro-
cesses producing this peculiar disc structure are, however, not constrained by the
observations. Planet formation, locally enhanced particle growth and inside—out
disc dispersal are all possible explanations. Recent spectroastrometric imagings
of TW Hya and two other transition discs with VLT/CRIRES (Pontoppidan et al.
2008) also indicate the presence of gas within the inner hole and favour planetary
formation (either through grain growth or the influence of a planetary companion)
as the mechanism for inner disc clearing.

Another type of interferometric study was performed by recombining two
parts of the 6.5-m MMT pupil in the mid-infrared with the BLINC nulling inter-
ferometer. While efficiently dimming the stellar radiation thanks to destructive
on-axis interference, Liu et al.| (2003) have been able to study the disc emission
of HD 100546 at several wavelength from 10 to 25 um. The fact that the disc size
(measured by the null depth) appears similar at all wavelengths suggests the pres-
ence of a large inner disc gap, whose size was, however, not possible to directly
constrain. Such an inner hole, extending out to about 10 AU, was already proposed
by Bouwman et al| (2003) from SED modelling. Subsequent spatially resolved
visible spectroscopy by |Acke and van den Ancker| (2006)) also supports this inter-
pretation.

Finally, direct evidence for bright hot spots in young accretion discs has
recently been reported around FU Ori (Malbet et al.|2005) and AB Aur (Millan-
Gabet et al.[2006b) based on near-infrared interferometry. In the first case, fitting
simple models to a large number (almost 300) of individual visibility measure-
ments suggests the presence of a bright spot at a projected distance of 10 AU
with an estimated blackbody temperature of 4,600 K, assuming a radius of 5R,.
An almost radial displacement of this spot is marginally detected over 5 years of
observations. This would suggest a stellar companion to FU Ori on a highly eccen-
tric orbit (or inclined with respect to the disc), although a young (accreting) planet
is not excluded by the observations. In the second case, localised off-centre emis-
sion is detected at 1-4 AU in the circumstellar environment of AB Aur, based on
closure-phase measurements with IOTA/IONIC. Here again, the nature of the disc
hot spot cannot be ascertained. The most likely explanations are viscous heating
due to gravitational instabilities in the disc, or the presence of a close stellar com-
panion or accreting substellar object. In both cases, model-independent imaging
based on a larger pool of closure-phase measurements would be needed to better
constrain the morphology of these hot spots.

3.3 Witnessing the last stage of the transition phase

Among intermediate age systems (5—10 Myr), the variety of disc evolution states
is very large. In the two previous sections, we have discussed optically thick discs
showing first signs of grain evolution and/or planetary formation. In this section,
we consider somewhat more evolved individuals where most of the circumstellar
gas has already cleared out, leaving optically thin discs of dust. Such discs are
thought to be still partly primordial, and partly replenished by collisional grinding
of larger rocky bodies. Since circumstellar gas has cleared, giant planets are sup-
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posed to be mostly formed in these systems, but are probably still subject to major
dynamical changes.

Discs at this age are relatively bright compared to their older counterparts but
not so dense as to be optically thick, with typical bolometric fractional luminosi-
ties around 1072, In addition to the fact that they are relatively easy to image, such
objects are particularly interesting to study because they trace the early evolution
of fully formed planetary systems. In particular, the influence of the early dynam-
ical evolution of massive planets can be traced in the structure of dusty rings. In
this section, we describe three striking examples of such optically thin transition
discs.

3.3.1 HD 141569: a prototypical HAeBe transition disc

The disc around the B9.5Ve star HD 141569, simultaneously imaged by |Augereau
et al.[(1999a) and |Weinberger et al.| (1999) using HST/NICMOS, is the prototype
of optically thin transitional discs ( Fig.[I0). Since it is bright, and given its tran-
sient state, it has been the subject of a great deal of both observational and theoret-
ical studies. It has an age of about 5-10 Myr and a fractional infrared luminosity
of 0.018 (Merin et al.[2004). Starlight scattered by the dust in its disc has been
resolved by HST in both optical and near-infrared coronagraphic images revealing
a complex structure with rings at 200 and 325 AU (Augereau et al.|[1999a; Wein-
berger et al.||1999; Mouillet et al.[|2001)), which are actually tightly wound spiral
structures (Clampin et al.[2003). Scattering from dust is seen up to 1,200 AU in a
more open spiral arm structure (Clampin et al.|[2003). Moreover, the mid-infrared
emission from the inner disc has been marginally resolved within 100 AU (Fisher
et al.||2000; Marsh et al.|2002), showing a significant depression in optical depth
for the region within 30 AU. Grains are inferred to be mostly sub-micronic from
multi-wavelength modelling, suggesting that the disc is dominated by collisional
debris. Circumstellar gas has also been detected within 50 AU of the star by mid-
infrared spectroscopy (Brittain and Rettig|2002).

The explanations for the complex structure of HD 141569 invoke either the
gravitational perturbations of binary companions, which might be the two coeval
M stars seen at about 1,000 AU (Augereau and Papaloizou|2004; |Quillen et al.
2005)), or the secular perturbations of a moderately eccentric, relatively low-mass
planet orbiting within the disc, between the two observed spiral structures (Wyatt
2005). On the basis of the study of |Ardila et al.| (2005)), a recent dynamical simu-
lation by Reche et al.| (2009) suggests that the spiral structure seen in the scattered
images of the disc can be explained by the cumulative influence of a single fly-by
of the binary companion between 5,000 and 8,000 years ago and of the presence of
a massive planet (a few Jupiter masses) in a low-eccentricity orbit with an apastron
at about 130 AU (i.e. within the innermost spiral structure). This study illustrates
how the structure of an optically thin debris disc bears the memory of dynamical
events that happened in the history of the planetary system.

Fig. 10 Left HST/ACS image of the disc around the transition star HD141569 (credit: |(Clampin
et al.|2003} reproduced by permission of the AAS). Right HST/STIS image of the disc around
HR 4796A (credit: Schneider et al.[2009, reproduced by permission of the AAS)
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3.3.2 HR 4796A: a young A-type main sequence star

The young (8 2 Myr) AOV star HR 4796A is the primary member of a binary
system at a distance of 73 pc. Resolved imaging of the disc was first performed in
the mid-infrared (Jayawardhana et al.|1998}; Koerner et al.|1998)), showing an inner
hole with a 55 AU radius. Koerner et al.| (1998) also found excess flux at the stel-
lar position at 12 and 20 um, with values that imply a dust temperature of 250 K
and subsequently, a position for this inner ring at 4.5 AU from the star. Subse-
quent coronagraphic observations by [Schneider et al.| (1999) with HST/NICMOS
resolved the dusty disc at 1.1/1.6 um, respectively, revealing a ring 1.05” (76 AU)
in radius with a photometric FWHM of 18.5 AU (Fig.[I0). Based on these images,
preferential forward scattering by the dust grains is studied in the disc models of
Augereau et al.[(1999b), showing a weak asymmetry consistent with blow-out size
of grains. The NICMOS imagery also suggests that the Northeast side of the disc
is brighter than the Southwest side, which is modelled by Wyatt et al.|(1999) as
the gravitational influence of a companion body in the system on a slightly eccen-
tric orbit. A similar brightness asymmetry is seen in mid-infrared observations by
Telesco et al.| (2000).

By means of Keck/MIRLIN at wavelengths of 7.9, 10.3, 12.5 and 24.5 um,
Wahhaj et al.| (2005) confirmed the presence of the outer ring and of an unre-
solved dust population at about 4 AU from the star. They further show that a
two-component outer ring is necessary to fit both Keck thermal infrared and
HST scattered-light images, with a narrow ring centred at 66 AU and a wide ring
extending from about 45 to 125 AU. Dust grains in the narrow ring are about
10 times larger and have lower albedos than those in the wider ring. These large
grains, which are less susceptible to radiation pressure, are considered as the direct
tracers of the parent body population. The properties of the narrow and wide dust
rings are consistent with a picture in which radiation pressure dominates the dis-
persal of an exo-Kuiper belt.

Schneider et al| (2009) recently presented high spatial resolution optical
images of the HR 4796A circumstellar debris dust ring using HST/STIS in coron-
agraphic mode. Two significant flux density asymmetries are noted: (1) preferen-
tial forward scattering by the disc grains and (2) an azimuthal surface brightness
anisotropy about the morphological minor axis of the disc with corresponding dif-
ferential ansal brightness. The debris ring is found to be offset from the location
of the star by ~ 14 AU, a shift insufficient to explain the differing brightness of the
Northeast and Southwest ansae simply by the 1/ diminution of starlight. The
STIS data also better quantify the radial confinement of the debris to a character-
istic region less than 14 AU.

The inferred spatial distribution of the disc grains is consistent with the possi-
bility of one or more unseen co-orbital planetary-mass perturbers, and the colours
of the disc grains are consistent with a collisionally evolved population of debris,
possibly including ices reddened by radiation exposure to the central star. The
presence of organic tholin-like material in the outer parts of the disc was even pro-
posed by Debes et al.|(2008) who used HST images of the disc at several wave-
lengths to isolate the contribution of the outer disc from 0.5 to 2.2 um. Porous
grains composed of silicates, carbons and ices offer another plausible explanation
to the observed SED of the outer disc (Kohler et al.[2008)).
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3.3.3 49 Ceti: a transition disc seen in the mid-infrared

In another proof of the utility of ground-based mid-infrared imaging, Wahhaj et al.
(2007) used the Keck telescope to resolve the disc thermal emission around the
young (8 =2 Myr) A1V star 49 Ceti. At 17.9 um, the emission is brighter and
more extended towards the Northwest than the Southeast. Here again, such an
asymmetry could be due to the perturbing influence of large bodies imposing a
forced eccentricity on the disc, which causes one side of the disc to be hotter and
brighter (an effect referred to as pericentre glow). Modelling of the mid-infrared
images indicates that the bulk of the mid-infrared emission comes from very small
grains (a ~ 0.1 um) confined between 30 and 60 AU from the star. This population
of dust grains contributes negligibly to the large excess observed in the spectral
energy distribution. Much of the non-photospheric energy is radiated at longer
wavelengths by an outer disc of larger grains (a ~ 15 um), with an inner radius
of about 60 AU and an outer radius of about 900 AU. The global properties of
the 49 Cet disc show stronger affinity with the HR 4796A disc than with typical
“Vega-like’ debris discs, confirming its classification as an optically thin transition
disc.

For all of the three transition discs discussed here, several structures such as
rings, brightness asymmetries, warps, etc., seem to reveal the presence of massive
Jupiter-type bodies at several tens of AUs from the central stars. Such an interpre-
tation of the observed features would be consistent with a rapid (and ubiquitous)
formation of giant gaseous planets in a few Myr, before the optically thick disk of
gas has cleared out. However, it must be noted that the confinement of dusty grains
could, at least in some cases, be explained without the influence of shepherding
planets. Besla and Wu| (2007)) propose that if a local enhancement of dust grains
(e.g. due to a catastrophic collision) occurs somewhere in the disc, then photoelec-
tric emission from the grains can heat the gas to temperatures well above that of
the dust. The gas then orbits with a super-Keplerian (resp. sub-Keplerian) speed
inward (resp. outward) of the associated pressure maximum, which tends to con-
centrate the grains into a narrow region. The rise in dust density leads to further
heating and a stronger concentration of grains, and a narrow dust ring forms as a
result of this instability. This mechanism does not only operate around early-type
stars that have high ultraviolet fluxes, but also around stars with later spectral types
such as K. This implies that this process is generic and may have occurred during
the lifetime of any circumstellar disc.

4 Mature planetary systems

By mature planetary systems, we refer to systems where planets are already
formed, where the primordial discs have dissipated, and gas is mostly absent.
These systems have ages larger than about 10 Myr and are in a state similar to the
solar system, where the dynamical evolution of large bodies and the collisional
grinding of rocky bodies dominate. The presence of circumstellar dust in optically
thin discs around stars with ages above about 10 Myr is attributed to populations
of planetesimals that were not used to make up planets (e.g. Mann et al.||2006).
These leftovers are supposed to produce dust by mutual collisions or cometary
activity, and, therefore, replenish the disc that can persist over much of the star’s
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Table 5 Debris discs around main sequence stars that have been imaged in scattered light

Name Type Dist. Diam. Incl. Colour Ref.

(pe) (AU) @) - -
HR 4796A A0 67 140 73 Red Schneider et al.|(1999)
HD 32297 A0 113 655 79 Blue Mawet et al.|(2009)
Fomalhaut A3 7.2 259 66 Red Kalas et al.[](2005)
B Pic A5 19.3 501 90 Red Boccaletti et al.[(2009)
HD 15745 F2 64 67 67 ? Kalas et al.[(2007a)
HD 15115 F2 45 872 90 Blue Kalas et al.| (2007b)
HD 181327 F5 50.6 172 31.7 Red Schneider et al.| (2006)
HD 139664 F5 17.5 96 87 ? Kalas et al.| (2006)
HD 10647 F8 17.3 130 50 ? Stapelfeldt et al.|(2007)
HD 107146 G2 28.5 399 25 Red Ardila et al.[(2004)
HD 61005 G8 34.6 207 63.5 ? Hines et al.[(2007)
HD 53143 K1 18.4 110 45 ? Kalas et al.| (2006)
HD 92945 K1 22 57 30 Gray Golimowski et al.| (2007)
AU Mic M1 9.9 290 90 Blue Krist et al.[(2005a)

lifetime. In our solar system, two main dust populations are distinguished: the
zodiacal dust cloud in the inner terrestrial planet zone and the Edgeworth—Kuiper
belt beyond the orbit of Neptune. Besides indicating the presence of planetesi-
mals (i.e. asteroids and comets), dusty debris discs can also show direct signs of
dynamical interactions with larger bodies under the form of clumps, asymmetries,
warps, etc.

More and more of those debris discs have been detected through indirect and
direct detection techniques. Indirect methods, such as SED modelling based on
spectro- photometric data in the infrared (mainly from IRAS, ISO and Spitzer)
and submillimetre regimes, allow the temperature of the emitting material to be
constrained, but fail to give precise and unambiguous spatial information. On the
contrary, imaging directly sees the scattered or thermal emission from the disc
in a given spectral band, only probing certain particles with proper sizes with
respect to the wavelength (i.e. the most efficient scatterers). Gathering spatially
resolved information, at multiple wavelengths, if possible, is necessary to allevi-
ate the degeneracies of SED modelling and construct a solid physical model by
locating the dust populations and improving the characterisation of dust grains,
to study planet/dust interactions, and possibly to find a new population of planets
and/or (hot) dust grains.

Despite the observing challenge (debris discs are faint, with a low fractional
luminosity), more than a dozen debris discs have been imaged in scattered light by
HST and ground-based adaptive optics instruments, often aided by coronagraphs
(see Table[5). Those coronagraphs provide a means to probe debris discs down to
the outskirts of the rocky planet region (5-10 AU), where warm dust is likely to
reside. Infrared interferometry provides a complementary view by giving access to
the innermost part of the discs (<5 to 10 AU). Imaging such spatial scales is nec-
essary to fully understand the planetesimal formation mechanisms as well as the
interactions between dust populations and (otherwise invisible) planetary bodies.



34 O. Absil, D. Mawet

4.1 The large-scale structure of debris discs

In debris discs, dust is present as a result of the collisional grinding of larger plan-
etesimals. Where protoplanetary discs are characterised by dust growth, debris
discs are, thus, characterised by planetesimal destruction. Studying their compo-
sition and structure is essential to understand their formation history. Dust grain
composition is presumably the same as the composition of their parent bodies, so
that their characterisation (elemental composition, crystalline/amorphous silicate
ratio) provides indirect constraints on the thermal and coagulation history of the
planetesimals. Those bodies are, on one hand, the original building blocks of larger
planets, and on the other hand potential contributors to the volatile element con-
tent of the formed planets (e.g. delivered during the Late Heavy Bombardment).
However, most importantly, the structure of dusty discs can reveal the distribution
of planetesimals and, therefore, constrain the architecture of the whole planetary
system. In this section, we first describe the general structure of debris discs as
seen by single-pupil imaging and its connection to the Edgeworth—Kuiper belt,
and then discuss three interesting cases in more detail.

4.1.1 Structure of debris discs and connection to the Edgeworth—Kuiper belt

Most debris disc observations are spatially unresolved and the debris discs are thus
generally identified from the thermal emission excess contributed by dust in their
spectral energy distributions. In a few cases, the discs are close and bright enough
so that spatially resolved images can be obtained. High angular resolution images
show a rich diversity of morphologies, predominantly governed by inclination:

— edge-on discs: HD 32297, AU Mic, HD 139664, HD 15115, 3 Pic;
— face-on discs: HD 53143, HD 106146, HD 181327,
— intermediate inclinations: HD 10647, Fomalhaut, HD 92945, HD 15745.

Morphological features also include warps (AU Mic, 8 Pic), offsets of the disc
centre with respect to the central star (Fomalhaut), brightness asymmetries (HD
32297, Fomalhaut, HD 10647, HD 15115, HD 15745), clumpy rings (AU Mic, 3
Pic, Fomalhaut, HD 139664, HD 181327) and sharp inner edges (Fomalhaut)—
features thought to be due to gravitational perturbations induced by massive plan-
ets (which is the case at least for 8 Pic and Fomalhaut, see Sect. . Similar
features have actually been observed in our own solar system, due to the gravita-
tional influence either of terrestrial planets on the zodiacal dust cloud (e.g. Kelsall
et al.|[1998; [Leinert and Moster|[2007) or of the outer giant planets on the struc-
ture of the Edgeworth—Kuiper belt (Morbidelli et al.[[2008)). Among the observed
structural features, also note the very unusual case of the disc around HD 61005,
exhibiting a strong asymmetry about its morphological major axis, but a mirror-
symmetry about its minor axis.

Even though the origin of individual features is still under discussion and the
associated models require further refinements (e.g. in the dust collisional pro-
cesses and the effects of gas drag), the complexity of these features, in particular,
the azimuthal asymmetries, indicates that planets likely play a major role in their
creation. This is of interest because such structures, in particular, those created
by the trapping of particles in mean motion resonances with planets, are sensi-
tive to the presence of moderately massive planets at large distances as illustrated
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by direct observations of planets in discs (see Sect. or by theoretical stud-
ies (Wyatt/2003; [Kuchner and Holman|2003; |Deller and Maddison|[2005}; Reche
et al.[2008)). In this context, high-angular resolution debris disc observations over
a wide wavelength range are of critical importance, and future observatories such
as Herschel, JIWST and ALMA will play a key role.

Besides the similarities in morphological features between resolved debris
discs and our solar system, the observed populations of cold dust at several tens
of AU from their parent star can generally be directly related to the Edgeworth—
Kuiper belt (EKB) in our solar system. Nowadays, almost 1,000 objects at least
100 km in size have been found in this region of the solar system extending from
the orbit of Neptune at 30 AU up to 85 AU from the Sun. Furthermore, the fre-
quency of low-inclination comets with periods <200 years indicates that there
must actually be more than 100 millions of such large bodies. In order to explain
the formation of 100- km bodies on time scales less than the age of the solar sys-
tem, Stern and Colwell| (1997) suggested that the original mass of the EKB was at
least 10 Earth masses. Most of this mass has since then been ejected or collision-
ally eroded to explain the current mass (0.1-1Mg) of the EKB. In order to match
the fractional luminosity of debris discs with an EKB-like model would require
between a couple of Earth masses in cometary objects and 100 Earth masses for
the brightest individuals (e.g. B Pic). Those are reasonable numbers, indicating
that the nature of debris discs may be similar to a young EKB. Besides the steady-
state collisional grinding of planetesimals, which reduces the dust content as a
function of age, major dynamical events such as the Late Heavy Bombardment
(Gomes et al.|2005) may explain the difference in mass between the outer discs of
solar and extrasolar systems.

In addition to morphological studies, high-angular resolution imaging (com-
bined with SED modelling) allows degeneracies to be lifted in theoretical mod-
els, and can be used to probe spatial variations in grain size and composition.
Scattered-light colours are known for about half of the 14 debris discs imaged
so far (see Table [3). For discs in which the mid-infrared emission has also been
resolved (e.g. HD 32297, |Schneider et al.|[2005), the amount of scattered light
compared to the mid-infrared emission from the same physical area provides a
means to compute the albedo of the dust, mostly believed to be composed of sili-
cate compounds. The canonical albedo of silicates gives us the following tenden-
cies regarding disc colours:

— grains smaller than 0.1 um produce Rayleigh scattering in the visible and near-
infrared regimes, and are thus blue;

— grains larger than 2 m scatter neutrally;

— grains around 1 um in size appear slightly red.

In the most general case of a grain size distribution created by a collision cascade,
scattering is dominated by small grains. It must, however, be noted that more
realistic grains may be porous aggregates mixed with ices, for which the albedo is
by far more complex (Lisse et al.|[2008).

4.1.2 AU Mic: a well-studied edge-on disc

AU Mic, a young and nearby M-type star (10 pc), possesses one of the best studied
edge-on debris discs. [Kalas et al.| (2004) used the University of Hawaii 2.2-m
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Fig. 11 HST/ACS F606W image (Krist et al.|[2005a) and Keck AO near-infrared images
(Fitzgerald et al.|2007) of the AU Mic debris disc. Credit: |[Fitzgerald et al.| (2007), reproduced
by permission of the AAS

telescope equipped with a coronagraph to image its edge-on disc for the first time,
tracing it in the red up to 210 AU. Later on, this system was imaged with Keck-
adaptive optics in the near-infrared by [Liu et al.|(2004)) and [Metchev et al.| (2005).
These higher resolution observations trace the disc from 17 to 60 AU, pointing to
a central clearing at least 20 AU wide. |Krist et al. (2005a) then took images in
the blue using HST/ACS, adding more colour information and tracing the disc in
this wavelength range from 7.5 to 150 AU (Fig. [T). The central clearing initially
suggested by SED modelling is also clearly confirmed, refining its size at ~ 12 AU.
Remarkably, the AU Mic disc appears blue, which could be due to a surplus of
very small grains compared with other imaged debris discs that have more neutral
or red colours. The origin of small grains in this system could be related to the low
radiation pressure exerted by the late-type star.

Comprehensive modelling of the AU Mic disc was performed independently
by two teams (Augereau and Beust|[2006; Strubbe and Chiang|2006) using com-
plementary approaches. Both teams interpret the break in the density profile seen
around 40 AU as the evidence of a narrow ‘birth ring’ at that location. The inner
disc is then expected to be populated by grains larger than 1 um that migrate
inwards by corpuscular drag due to the intense stellar wind and by Poynting—
Roberston drag due to the stellar photons, while the outer disc is populated by sub-
micronic dust grains pushed outward by radiation and stellar wind pressure. This
steady-state disc evolution picture is consistent with the colour gradient seen in
the outer disc, with the disc becoming bluer at larger distance due to an increased
amount of small grains.

The most recent high-angular resolution study of this system, performed by
Fitzgerald et al.[(2007) in the near-infrared JHK bands with Keck-adaptive optics,
confirmed a blue colour across the near-infrared bands and the presence of sub-
structure in the inner disc. Some of the structural features exhibit wavelength-
dependent positions. Recent measurements of the scattered-light polarisation
(Graham et al.|2007) indicate the presence of porous grains. The scattering prop-
erties of these porous grains are different from previously modelled grain types,
which has a significant effect on the inferred disc structure: the regions of the AU
Mic disc inside the birth ring must then be depleted of small grains.

4.1.3 Fomalhaut and B Pic: two discs with embedded planets

Fomalhaut and 8 Pic are amongst the most famous debris discs imaged so far.
Very recently, two teams almost simultaneously announced the discovery of the
exoplanets that had been suspected for long to be at the origin of the peculiar
structure of these two discs.

The arguably most spectacular example of an extrasolar Edgeworth—Kuiper
belt is found around the 200 Myr-old A4V star Fomalhaut. |[Kalas et al.| (2005)
imaged this system using HST/ACS and reported the detection of optical light
reflected from the dust grains orbiting Fomalhaut. The system is inclined 24°
away from edge-on, enabling the measurement of disc structure around its entire
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Fig. 12 Left The B Pic disc and its putative inner planet (credit: Lagrange et al.[2009, reproduced
with permission (©) ESO). Right The Fomalhaut disc and its outer planet (credit: [Kalas et al.
2008, reprinted with permission from AAAS)

circumference, at a linear resolution of 0.5 AU. The dust is distributed in a belt
25 AU wide, with a very sharp inner edge at a radial distance of 133 AU. |[Kalas
et al.|(2005) measured an offset of 15 AU between the belt’s geometric centre and
Fomalhaut itself. Both the sharp inner edge and the disc centre offset strongly sug-
gest the presence of planetary-mass objects orbiting Fomalhaut (Quillen|2006a)).

Recently, by means of HST/ACS, |[Kalas et al.| (2008)) have directly detected a
common proper motion companion, Fomalhaut b, with properties consistent with
the previously predicted exoplanet (Fig. [I2). Two epochs of optical data further-
more reveal its Keplerian orbital motion. The estimated mass of Fomalhaut b is
less than three Jupiter masses: a more massive object would disrupt the dust belt
and would have been detected in deep H and L’ images obtained with the Keck
and Gemini Observatories. Surprising features in the data set suggest contamina-
tion from other sources of optical luminosity, such as stellar light reflected from a
circumplanetary dust disc.

Since the discovery of its dusty disc in 1984 by |Smith and Terrile| (1984),
B Pic has become the prototype of young early-type planetary systems. In more
than 20 years of extensive studies of this system, indications of the existence of
a planet around it have accumulated. Among the most striking features in that
context are the 5° warp seen in the inner disc up to about 80 AU (Heap et al.
2000), the detection of ‘Falling Evaporating Bodies’” producing circumstellar gas
(Beust and Morbidelli|2000), the presence of a bright mid-infrared clump (Telesco
et al.[2005) and the identification of possible belt-like structures of planetesimals
(Okamoto et al.|2004). Most of these features have been shown by dynamical
models to be consistent with the presence of a Jupiter-sized planet at a distance of
about 12 AU from the central star (Freistetter et al.|2007).

In this context, Lagrange et al.|(2009)), recently revisited an archival data set of
deep adaptive-optics L'-band images of 3 Pic obtained with the NACO instrument
at the Very Large Telescope. They detected a faint point-like signal at a projected
distance of 8 AU from the star, within the northeastern extension of the dust disc.
Common proper motion has not been confirmed yet, but there is a very low prob-
ability for a background object, and atmospheric and instrumental artefacts have
been cautiously ruled out. Its L’ = 11.2 apparent magnitude would indicate a tem-
perature of ~1500K and a mass of 8 Mjy,. If confirmed, this companion could
explain the main morphological and dynamical peculiarities of the 8 Pic disc. Its
closeness and location inside the disc suggest a formation process by core accre-
tion rather than binary-like formation processes.

4.2 Spatially resolved exozodiacal discs

Contrary to single-pupil imaging, which is most suited to image scattered light
from dust grains located in the outer part of planetary systems, near- and mid-
infrared interferometry has the appropriate angular resolution and wavelength
range to probe the thermal emission from warm grains located in the terrestrial
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Fig. 13 Result of the fit of a star—disc model to squared visibilities obtained on Fomalhaut with
the VLTI/VINCI interferometer (Absil et al.[2009| reproduced by permission of the AAS). The
solid line represents the best fit star—disc model, while the dotted line represents the best fit with
a single star for comparison. In the latter case, a systematic offset between the model and the
observations is noticed at short baselines, which reveals the presence of resolved circumstellar
emission around Fomalhaut. The star—disc model provides a good fit to the full data set and gives
simultaneous estimations of the limb-darkened diameter of the star and of the star—disc flux ratio

planet region (<5-10 AU) around nearby main sequence stars. In fact, even with
the advent of the Spitzer Space Telescope, the presence of warm dust popula-
tions around mature main sequence stars has remained rather elusive. Owing to
the overwhelming stellar radiation at these wavelengths and to the limited accu-
racy of both spectro-photometric measurements and photospheric models, Spitzer
observations have probed warm dust discs only at least 1,000 times as dense as
the solar zodiacal cloud. Such exozodiacal discs are responsible for mid-infrared
excesses of the order of a few percent with respect to the stellar flux.

By means of infrared interferometry, it has recently become possible to
directly detect warm dust populations with similar sensitivity levels as Spitzer
in terms of exozodiacal disc density. Two types of observations have been carried
out in this context: near-infrared high-precision visibility measurements, and mid-
infrared nulling observations. The principle of debris disc detection by interfer-
ometric visibility measurements is based on the fact that the stellar photosphere
and its surrounding dust disc have different spatial scales. For an A-type star at
a distance of 20 pc, the angular diameter of the photosphere is typically about
1 mas, while the circumstellar disc extends beyond the sublimation radius of dust
grains, typically located around 10-20 mas for black body grains sublimating at
Tsup =~ 1500 K. In the near-infrared regime, debris discs are, therefore, generally
fully resolved at short baselines (10-20 m), while photo- spheres are only resolved
at long baselines (~200m). One can take advantage of this fact to isolate the
contribution of circumstellar dust by performing visibility measurements at short
baselines, where the stellar photosphere is almost unresolved. The presence of
resolved circumstellar emission, then, shows up as a deficit of squared visibility
with respect to the expected visibility of the sole stellar photosphere, which is pro-
portional to the disc/star flux ratio (see Fig.[I3)). Owing to the expected faintness of
the circumstellar emission (<1% in most cases), exozodiacal disc detection needs
both a high accuracy on the measured visibilities and on the estimated visibility
of the stellar photosphere at short baselines.

The first attempt to directly detect hot dust with near-infrared interferometry
was performed by Ciardi et al.| (2001) at the PTI around Vega, the brightest pro-
totype debris disc star. The absence of short baselines at the PTI precluded a firm
conclusion at that time, although a simple model of a star surrounded by a uni-
form dust disc producing a 3—-6% flux ratio was proposed to explain the residuals
seen in the fit of a single stellar photosphere. A second study was performed by
Di Folco et al.| (2004) on five debris disc stars with VLTI/VINCI, but only upper
limits on infrared excesses could be obtained, once again mostly due to inappro-
priate baseline lengths. Vega was later re-observed by |Absil et al.| (2006) using
an optimised set of short and long baselines at the CHARA array. When com-
bined with the high accuracy of the single-mode FLUOR instrument, this strategy
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has allowed hot dust to be directly detected around a main sequence star for the
first time. The main outcome of these observations is an accurate estimate of the
K-band flux excess due to the dust (1.26 4+ 0.29%). Based on this sole photomet-
ric information, complemented by (much less accurate) photometric data at other
infrared wavelengths, it is then possible to put useful constraints on the disc mor-
phology, composition and dynamics by using a standard radiative transfer code to
reproduce the disc spectral energy distribution. The resolved emission seems to
emanate mostly from hot sub-micronic carbonaceous grains located within 1 AU
of the photosphere, close to their sublimation limit. Although the estimated dust
mass is only about 10~7 My, the fractional luminosity Ly /L, of this dust popu-
lation amounts to ~ 5 x 10~* due to its high temperature.

Follow-up studies with CHARA/FLUOR performed by D1 Folco et al.|(2007),
Absil et al.| (2008) and |Akeson et al.| (2009) have allowed near-infrared excesses
to be detected around two more A-type stars (§ Agl and 8 Leo) and one G-type
star (7 Cet). The re-interpretation of archival VLTI/VINCI data also shows that
Fomalhaut has a K-band infrared excess at the 1% level (Absil et al.[[ 2009, see
Fig. [I3), while an on-going survey at the CHARA array is currently revealing
more detections of this kind. These results suggest that Vega is not an isolated
case, and that the presence of large amounts of hot dust might actually be com-
mon around A-type and even later-type main sequence stars. When transposed
to the solar system, the fractional luminosities of such discs would correspond
to density levels of a few thousand times the zodiacal dust cloud. However, their
composition and morphology seem quite different from the zodiacal cloud, with
smaller dust grains located closer to the star. Such dust has very short radiation
pressure and collision lifetimes, and is actually inconsistent with theoretical mod-
els for the steady-state evolution of debris discs (Wyatt et al.[2007; |[Lohne et al.
2008): even massive asteroid belts would not produce such amounts of small dust
so close to the central star at ages of a few hundreds Myr. Major dynamical pertur-
bations within these planetary systems, akin to the Late Heavy Bombardment that
happened early in our solar system, might be responsible for this hot dust popula-
tion. Such a scenario would require the presence of (migrating) giant planets at a
few tens of AUs from the target stars, and would make the solar system even more
common among planetary systems.

The second type of interferometric observations targeting inner debris discs
have been obtained in the mid-infrared with nulling instruments. The principle of
these observations is to combine the light beams collected by two separated pupils
in a destructive way, by adding a 7 phase shift in one arm of the interferometer.
In this way, the flux from the on-axis star is significantly reduced, while its sur-
rounding environment is transmitted for angular distances as small as A /4B, with
B the interferometer baseline. By means of the BLINC instrument, which com-
bines two sub-pupils of the 6.5-m MMT, [Liu et al.| (2004) were the first to apply
this technique to the study of debris discs, and to Vega in particular. With their
very short baseline, these observations were only sensitive to dust located farther
than about 1 AU and were used to put an upper limit of 2.1% on the excess due
to the dust at 10.6 um. This result, combined with the near-infrared detection of
Absil et al.|(2006), suggests that warm dust is confined to the first AU around the
star. Very recently, a refurbished version of BLINC has provided its first detection
of warm dust around 3 Leo, showing spatially resolved emission at the level of
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about 3% of the photospheric flux (Stock et al., in prep.). Together with the near-
infrared detection reported by |Akeson et al.| (2009), this should allow for a more
precise characterisation of the dust population. The Keck Interferometer Nuller
(KIN) should also soon bring more constraints on exozodiacal dust populations.
Thanks to a longer interferometric baseline than MMT/BLINC, the KIN is sensi-
tive to dust located closer to the star. Preliminary results include some constraints
on the mid-infrared excess around Vega (Serabyn et al.|2006)), the discovery of
a two-component inner debris disc around 51 Oph (Stark et al.2009), a marginal
detection around Fomalhaut (Mennesson et al., in prep.) and the detection of warm
dust around 1) Crv (Bryden, personal communication).

Finally, even though interferometry provides the most suitable angular resolu-
tion to study exozodiacal discs, single-pupil observations have been able to resolve
hot dust populations around main sequence stars in a few cases. In the first study
of this kind, |(Chen and Jura (2001) marginally resolved the dust disc around §
Lep, an A-type main sequence star at 21.5 pc, using Keck/LWS imaging at 11.7
and 17.9 um. The dust population, shown by this study to mostly reside within
6 AU, was recently re-observed with T-ReCS at Gemini South (Moerchen et al.
2007), yielding a characteristic radius of 3 AU for the dust disc, with a fainter dust
population at 4-8 AU. Grain size seems consistent with blow-out radius, and the
dust mass corresponds to only a small fraction (0.37%) of the total mass in the
solar asteroid belt. This population can be reproduced by the steady-state colli-
sional evolution of an asteroid belt only if { Lep is younger than 100 Myr, while a
transient event such as a catastrophic collision would be privileged at older ages.
Thermal emission from warm dust was also recently resolved around the young
(12Myr) A-type star 1) Tel with T-ReCS (Smith et al.|2009), showing the pres-
ence of two dust populations at 24 AU (resolved) and ~4 AU (unresolved). Such
a structure is consistent with a young analogue of our solar system. The inner-
most population might also be the signature of on-going terrestrial planet forma-
tion, while the 24 AU population could trace the recent formation of Pluto-sized
objects.

4.3 Direct observation of extrasolar planets

Direct imaging of exoplanets is a very challenging task, not only because of the
small angular separation between planets and stars (e.g. <500 mas for a 5-AU
orbital radius at 10 pc), but also and mostly because the contrast between a planet
and its host star ranges from 1073 for hot giant planets in the infrared to 1010 for
Earth-like planets in the visible. Nevertheless, direct imaging is a most promising
method as it provides a straightforward means to characterise planetary atmo-
spheres with spectro-photometric measurements.

4.3.1 Young low-mass objects at the planet—brown dwarf transition

The first resolved observation of a bound planetary mass object was obtained by
Chauvin et al.[(2004), using deep VLT/NACO infrared images of the brown dwarf
2MASSW1J 1207334-393254. This 25 My, brown dwarf located at about 70 pc is
identified as a member of the TW Hydrae association (age ~ 8 Myr). By means of
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Fig. 14 Low-mass substellar companions imaged at the VLT. Left 2M1207b (credit: |Chauvin
et al.|2004] reproduced with permission (©) ESO). Middle AB Pic b (Chauvin et al|2005, ©
ESO). Right GQ Lup b (Neuhiuser et al.[2005, © ESO)

adaptive optics infrared wavefront sensing to acquire sharp images of its circum-
stellar environment, (Chauvin et al.| (2004} discovered a very faint and red object
at an angular separation of 778 mas (55 AU, Fig.[14). This discovery is considered
as the first image of an exoplanet, obtained almost 10 years after the detection of
51 Peg b, which demonstrates the difficulty of the task. The observation was made
relatively easy by the large angular distance of the companion and the moder-
ate contrast in the near-infrared (Am ~ 5). According to evolutionary models, the
characteristics of the planet are a mass M = 5+ 2 My, and an effective tempera-
ture Tegr = 1250 £ 200 K.

A few months later, [Neuhduser et al.| (2005) announced the detection of a
potentially planetary-mass co-moving companion to the T Tauri star GQ Lup
(<10 Myr). While orbiting at a distance of 103 AU (Fig. [I4), GQ Lup b was later
on classified as a brown dwarf companion, with a still rather uncertain mass com-
prised between M = 13 My, and M = 36 My, (McElwain et al.|2007; Marois et al.
2007; Neuhiuser et al.|[2005)). In the same year, (Chauvin et al.|(2005) imaged AB
Pic b (Fig. [I4), a companion to the young K2V star AB Pic A (~30Myr), which
is orbiting far away from its host star (275 AU) and has a mass at the planet—
brown dwarf transition (~ 13.5 Mjy,). Imaging these three objects was made eas-
ier because young planets and substellar companions with ages of a few Myr are
generally much brighter than Gyr-old objects, because of the on-going contraction
of and possibly accretion onto these young bodies.

The planetary status of the objects discovered so far is, however, not clear yet.
Their masses are derived from spectro-photometric observations that are com-
pared to evolutionary models (Burrows et al.|[1997; [Baraffe et al.|[2003). Stan-
dard thermal evolution models of giant planets employ arbitrary initial conditions
selected more for computational expediency than for physical accuracy. Since the
initial conditions are eventually forgotten by the evolving planet, this approach
is valid for mature planets. However, the luminosities and early cooling rates of
young planets are highly sensitive to their internal entropies, which depend on the
formation mechanism and are highly model dependent.

Recently, Marley et al.| (2007) and [Fortney et al.| (2008)), using an original
implementation of the core accretion model, proposed a solution to the problem
of the sensitivity to initial conditions. As a result of the accretion shock through
which most of the planetary mass is processed, they find lower initial internal
entropies than commonly assumed in published evolution tracks, with a surpris-
ing result: young Jupiters are smaller, cooler and subsequently could be 1-6 mag
fainter than predicted by previous cooling tracks that include a ‘hot start’ ini-
tial condition. Furthermore, the time interval during which the young Jupiters are
fainter than expected depends on the mass of the planet. Jupiter mass planets (1Mj)
align with the conventional model luminosity in as little at 20 Myr, but 10Mj plan-
ets can take up to 1 Gyr to match commonly cited luminosities. Furthermore, early
evolution tracks should be regarded as uncertain for much longer than the com-
monly quoted 1 Myr.
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These results have important consequences both for detection strategies and
for assigning masses to young Jovian planets based on observed luminosities. If
correct, this would make true Jupiter-like planets much more difficult to detect at
young ages than previously thought. The modelling of substellar objects is thus
not perfect, and as the mass derived from spectro-photometry is highly model
dependent, more observations are then needed to break the degeneracy. The obser-
vation of an enlarged sample of brown dwarfs and massive planets is a possible
way to validate the evolutionary models developed for these objects, especially at
young ages. A more elegant avenue consists of determining the orbital parame-
ters of brown dwarf and planetary companions, so as to independently derive their
dynamical masses as already done for six systems so far (see [Dupuy et al.|2009,
and references therein).

Another reason for studying young brown dwarfs and bound brown dwarfs, in
general, in the context of planetary formation and evolution is that they occupy
the gap between regular stars and giant planets. The current paradigm for sub-
stellar objects identifies two distinct classes of stars later than M: the so-called
L and T types. The L class (Kirkpatrick et al.|[1999) includes objects with effec-
tive temperatures lower than M dwarfs (7 < 2000 K), featuring strong lines of
neutral alkali elements, an absence of TiO and VO absorption and strong H,O
absorption in the visible. Later than L, the T class was originally proposed by
Kirkpatrick et al.| (1999) to account for the methane brown dwarf Gl 229B, the
famous companion to an M dwarf 6.3 pc away, which was actually the first object
to be incontrovertibly identified as a brown dwarf by Nakajima et al.| (1995)) with
an allowed mass range from 20 to 50 My,p. These methane dwarfs are cooler than
L-type dwarfs (Teg < 1300 K) and exhibit strong HO and CHy4 absorptions in the
H and K bands. Their spectra resemble those of the solar-system objects, Jupiter
and Titan, more than those of stars, supporting the theoretical view that the ulti-
mate state of a cooling BD is a degenerate object much similar to a planet.

Even with all the observational efforts carried out so far, bound brown dwarfs
are still rare, and the so-called brown dwarf desert is only slowly being populated.
Up to now, the most successful method to detect close (<5 AU) substellar com-
panions has been the Doppler technique based on radial velocity measurements.
However, this method is currently insensitive to larger separations, and is difficult
to apply to young stellar systems. Thanks to the development of high contrast and
high-angular resolution imaging on large AO-assisted telescopes equipped with
coronagraphs or differential imagers, brown dwarfs can now be rapidly probed
at large separations (typically >10 to 100 AU). Since our knowledge of substel-
lar multiplicity at wide separations derives exclusively from imaging efforts, the
importance of developing new optimised techniques is vital. Nowadays, these
techniques are becoming mature enough to increase our knowledge of substellar
companions, and even to reach the exoplanet regime.

4.3.2 Many low-yield extrasolar planet imaging surveys

Since the discovery of |Chauvin et al.| (2004), and despite the extensive observa-
tional efforts produced by several teams around the world, only 11 other bound
low-mass objects have been imaged so far at or below the planet-brown dwarf
transition (see Table [6)). A significant number of surveys have been and are cur-



Formation and evolution of planetary systems at high-angular resolution 43

Table 6 List of bound substellar companions imaged so far at or below the planet—brown dwarf
transition

Name Mass Rad. Sep. Age Ref.

(Mip)  (Rip)  (AU) _ (Myn) -
2M1207 b 4 1.5 46 8 Chauvin et al.| (2004)
GQLupb 21.5 1.8 103 1 Neuhauser et al.|(2005)
AB Picb 13.5 - 275 30 Chauvin et al.| (2005))
SCR 1845 b 8.5 - 4.5 ? Biller et al.| (2006)
UScoCTIO 108 b 14 - 670 5 Kashyap et al.| (2008) Most
1RXS J1609-2105 b 8 1.7 330 5 Latreniere et al.| (2008)
CT Chab 17 2.2 440 2 Schmidt et al.| (2008)
Fomalhaut b i3 - 115 200 Kalas et al.| (2008)
HR 8799 b 7 1.1 68 60 Marois et al.[(2008)
HR 8799 ¢ 10 1.2 38 60 Marois et al.| (2008)
HR 8799 d 10 1.2 24 60 Marois et al.| (2008)
B Picb 8 — 8 12 Lagrange et al.[(2009)

of the values given in this table are actually affected by large error bars. See
http://exoplanet.eu for up-to-date information

rently being performed in almost every world-leading observatory, with an unan-
ticipated low yield. Among those surveys, let us cite the survey of McCarthy and
Zuckerman| (2004) at Lick, Steward and Keck observatories, the Cornell survey
at Palomar (Carson et al.|2005), the Gemini deep planet survey (Lafreniere et al.
2007), the survey of Masciadri et al.| (2005) with VLT/NACO, the survey of |Biller
et al.| (2007) at the VLT and the MMT, the survey by |Chauvin et al.| (2006) using
VLT and CFHT, an HST survey by |Lowrance et al.[(2005) and the Lyot project at
the AEOS telescope in Maui (Sivaramakrishnan et al.|2007). Those surveys have
mainly targeted young solar-type F, G, K stars in search for substellar companions,
such as brown dwarfs and massive young/hot exoplanets.

Nielsen et al.| (2008) examined the implications for the distribution of extraso-
lar planets based on the null results from two of the largest direct imaging surveys
published to date. Combining the measured contrast curves from 22 of the stars
observed with the VLT/NACO adaptive optics system by Masciadri and cowork-
ers and 48 of the stars observed with the SD]ﬂ mode on VLT/NACO and MMT by
Biller and coworkers (for a total of 60 unique stars), they set the following upper
limit with 95% confidence: the fraction of stars with young planets with semi-
major axis between 20 and 100 AU, and mass above 4 My, is 20% or less. Note
that this result is based on the ‘hot start’” COND model (Baraffe et al.|[2003) for
mass—luminosity conversion, which, as already discussed before, can highly over-
estimate the luminosity of young objects. It is then likely that the derived fraction
of 20% is underestimated.

The important conclusion of this study, though, is not only that even null
results from direct imaging surveys are very powerful in constraining the distribu-

3 SDI, for Spectral Differential Imaging, is a method of speckle subtraction/calibration that
makes use of spectral features in the observed target, most often the 1.6-um methane absorption
feature robustly observed in substellar objects cooler than 1,400 K (T dwarfs). Images are taken
simultaneously both within and outside the absorption feature. Owing to the simultaneity of
the observations, the star and the coherent speckle pattern are largely identical, while any faint
companion with the absorption feature is brighter in one filter than the other. Subtracting the two
images allows getting rid of the speckle pattern down to chromatic instrumental aberrations and
non-common path errors.
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Fig. 15 HR 8799 bed images (credit: Marois et al. 2008, reprinted with permission from AAAS).
Upper left A Keck image acquired in July 2004. Upper right Gemini discovery ADI image
acquired in October 2007. Both b and ¢ are detected at the two epochs. Bottom: A colour image
of the planetary system produced by combining the J-, H- and K-band images obtained at the
Keck telescope in July (H) and September (J and Ks) 2008

tions of young giant planets (0.5-13 Mjyp) at large separations, but also that more
studies need to be done to close the gap between planets that can be detected by
direct imaging, and those to which the radial velocity method is sensitive.

4.3.3 Planets around A-type stars: the case of HR 8799

Since higher stellar luminosities offer less favourable planet-to-star contrasts,
bright A-type stars have been mostly neglected in imaging surveys. However,
because of their higher masses, A-type stars have still some advantages:

— they can retain heavier and more extended discs;
— they can, therefore, form massive planets at wider separations.

Radial velocity surveys of evolved stars that were A stars when on the main
sequence confirm these hypotheses by showing a trend of a higher frequency of
planets at wider separations (Johnson et al.|[2008)). The recent discoveries of the
planetary companions to Fomalhaut and 8 Pic (see Sect. , both A stars, is
a testimony to the potential of these stars to sustain planet formation farther out
from the central star, making their planets easier to detect.

High-contrast observations with the Keck and Gemini telescopes have also
recently revealed three planets orbiting the young (~ 60 Myr) and nearby (39.4 pc)
A-type main sequence star HR 8799, with projected separations of 24, 38 and
68 AU. This star was previously known to harbour a debris disc, with a mean tem-
perature of about 50 K for the dust grains derived from a black body fit to Infrared
Astronomical Satellite (IRAS) and Infrared Space Observatory (ISO) photometric
measurements. Such black body grains, in an optically thin disc, would reside at
75 AU from HR 8799. Multi-epoch data show counter-clockwise orbital motion
for all the three imaged planets as seen from our terrestrial location. The low
luminosity of the companions and the estimated age of the system imply plane-
tary masses between 5 and 13 times that of Jupiter. The dust is presumably just
outside the orbit of the most distant companion seen in the images (see Fig. [T5),
similar to the way the Edgeworth—Kuiper belt is confined by Neptune in our solar
system. This system resembles a scaled-up version of the outer portion of our solar
system.

5 Conclusions
5.1 The early stages of planet formation
A considerable number of new constraints on planetary formation and evolution

processes have been brought by high-angular resolution observations in the optical
regime, especially during the last decade. In particular, the early phases of planet
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formation have been a major application of visible/infrared imaging on large
diffraction limited telescopes (either ground based with adaptive optics, or space
borne) and of infrared interferometry. With the obtainment of resolved observa-
tions of the environment of nearby Herbig Ae/Be (HAeBe) and T Tauri stars
(TTS), it has become possible to test the predictions of protoplanetary disc models
that were generally based solely on spectral energy distributions (SED) until the
late 1990s. A first important result was obviously to confirm that disc-like struc-
tures are actually ubiquitous around ‘Class I’ and ‘Class II’ objects. Regarding
large-scale morphology, single-pupil observations of light scattered by the upper
layers of these optically thick discs have confirmed that their structure comes in
two main flavours: geometrically flat (and usually self-shadowed), or flared with
an increasing scale height as a function of stellocentric radius. The morphology of
the disc inner regions has also been investigated by infrared interferometry, show-
ing unexpectedly large inner radii with respect to classical accretion disc models
for both TTS and HAeBe stars (except for the most luminous ones). These obser-
vations have called for a significant review of inner disc models, leading to the
now widely accepted ‘puffed-up inner rim’ model, where the inner disc radius is
set by the sublimation temperature of dust grains. The presence of circumstellar
gas within or just outside the dust inner rim has also been inferred in a few cases,
providing new constraints on accretion and wind-launching mechanisms. All these
studies have been most useful to characterise the environment in which planets are
formed.

Another very significant contribution of high-angular resolution techniques
has been the study of dust grain sizes and composition, which cannot be unam-
biguously determined from unresolved spectro-photometric observations. These
observations have shown that micron-sized grains are ubiquitous in young cir-
cumstellar discs, so that a significant growth with respect to the original sub-
micron interstellar grains is seen very early in the protoplanetary disc phase. It
is not clear, yet, whether grain growth actually starts when the circumstellar mate-
rial has settled into a disc (providing a higher particle density, and, therefore, an
enhanced collision rate), or already in the highly obscured ‘Class 0’ phase where
the protostar is still surrounded by an optically thick envelope. Several trends
have also been noted on the spatial distribution of grains. First, the settling of
larger grains towards the disc mid-plane (as predicted by theoretical models) has
been observed in several cases. These large grains (up to millimetre-sized) are
expected to be the seeds for further growth above the so-called ‘metre-barrier’.
Second, mid-infrared interferometry has suggested that dust grains are generally
even larger in the innermost parts of circumstellar discs (<2 AU) than in the 2—
20 AU region. Regarding grain composition and chemistry, the silicate nature of
dust grains inferred from spectroscopy has been shown to be mostly consistent
with spatially resolved observations. Gradients in dust composition throughout the
disc have been found in a few cases, showing dust grains to be more crystalline in
the inner disc (2 AU) than farther out. These observations provide much-needed
information on the poorly constrained mixing and turbulence processes in proto-
planetary discs, which are theoretically predicted to have a significant impact on
planet formation models.
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5.2 Evolution from freshly formed to mature planetary systems

Besides characterising protoplanetary discs and revealing the first phases of planet
formation through grain growth, high-angular resolution optical techniques are
also well suited to study the complete evolution of planetary systems, from the
very moment when planetary embryos of a few Earth masses are formed in proto-
planetary discs up to mature planetary systems such as our own. First, direct imag-
ing can be used to test whether the dispersal of optically thick circumstellar discs
is mainly driven by the run-away growth of planetary embryos or by other physical
processes such as photo-evaporation or magneto-rotational instabilities. Although
observations dedicated to such aims have just started, it has already been possi-
ble to show that some discs classified as ‘transitional’ by the lack of significant
near-infrared excess can actually be evacuated by the presence of a short-period
binary companion. In most cases, however, the physical origin of the progressive
disc clearing still remains ambiguous. High-angular resolution observations have
nonetheless provided some evidence for the presence of forming protoplanets in
optically thick discs, either through the detection of ‘hot spots’ or of evacuated
cavities within the discs. More observations of this kind will eventually give a bet-
ter view on the planet formation timescale, in particular, with respect to the disc
dissipation timescale.

As soon as the circumstellar disc becomes optically thin, direct imaging can
probe the whole vertical thickness of the disc and thereby becomes more sensitive
to the effects of dynamical interactions between dust, planetesimals and planetary
bodies. In particular, by characterising the various structures (spirals, warps, sharp
edges, etc.) seen in the outer parts of (young) debris discs with single-pupil imag-
ing, or the hot dust content in inner disc regions with interferometry, it becomes
possible to infer the dynamical history of the planetary system, including migra-
tion processes that are thought to affect young planetary systems. These obser-
vations can reveal the presence of otherwise undetectable planets. In two cases,
high dynamic range observations with coronagraphic devices have even allowed
the predicted planets to be directly detected, confirming the previous interpreta-
tions based on dynamical models. Precisely locating the dust populations around
main sequence stars can, furthermore, be used to lift the well-known ambiguity of
SED modelling and thereby derive significantly improved estimations of dust size
distributions and optical properties.

Finally, direct imaging has produced in the last 5years the first resolved
images of planetary-mass objects around several young stars as well as a few main
sequence stars. These pioneering observations open the way to the characterisation
of a whole new family of long-period massive extrasolar planets.

5.3 Open questions and perspectives

Although many important results have already been obtained by high-angular res-
olution techniques in the visible/infrared range, most of these techniques are still
in their infancy, and second generation instruments at various observatories will
soon provide a significantly improved view of planet-formation and evolution. In
particular, extreme adaptive optics on 10-m class ground-based telescopes will
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bring high dynamic range single-pupil observations to a new level, in combina-
tion with new coronagraphic devices. Interferometry, on the other hand, will rou-
tinely provide reconstructed images thanks to an increased number of simultane-
ously recombined telescopes, and is also being extended towards new atmospheric
windows. Larger apertures in space (JWST) and on the ground (30-m class tele-
scopes) will also significantly contribute to the blossoming of high-angular reso-
lution instruments and methods.

Among the many open questions that remain in the field of extrasolar plane-
tary systems, let us point to some topics that will strongly benefit from the new
capabilities of high-angular resolution imaging in the coming years. Regarding the
environment for planet formation, the improved imaging capabilities of infrared
interferometers will provide a new view on the disc inner regions, revealing fine
structures predicted by models such as curved inner dust rims, dead zones where
magneto-rotational instabilities are low, snow lines where ices start to condensate
on dust grains. Such structures are expected to have a significant influence on the
formation and migration of young planets. The confirmation and generalisation
of ‘hot spot” discoveries within protoplanetary discs should also provide much-
needed constraints on planet-formation mechanisms and timescales. Such phe-
nomena will also be accessible to some extent with single-pupil imaging, which
will still mainly focus on phenomena appearing at larger scales, such as the gaps
that have been predicted for long to appear as a consequence of giant planet for-
mation and migration. Global modelling efforts including resolved observations
at multiple wavelengths, which are just appearing now, will provide accurate esti-
mations of grain growth generalised to a large number of discs, and will allow
statistical studies to be performed on grain growth and settling, as well on their
structure and optical properties. In addition, most importantly, such studies will be
performed on larger samples to reveal statistical trends in planet-formation rates,
timescales, mechanisms, etc. Another significant improvement should also con-
cern the study of circumstellar gas, by combining spatially and spectrally resolved
observations, e.g. with new generation interferometric instruments.

For more evolved systems, where planetary-mass bodies have already formed,
a number of new results should also draw the attention in the coming years. One
example is the origin of protoplanet disc dispersal, which can be constrained by
precisely locating and comparing the remaining dust and gas populations, or by
directly looking for embedded planets and stellar companions in discs. The discov-
eries of massive planets sculpting more evolved debris discs around main sequence
stars should also flourish in the coming years. With the increased performance in
high-contrast imaging, dust populations will be resolved closer and closer to the
star, giving a direct indication on the environment of terrestrial planets.

Finally, regarding extrasolar planet imaging, the results obtained so far are
only the beginning of a brand new discipline. Imaging surveys of low-mass com-
panions around young nearby stars will provide in the coming years the necessary
inputs to constrain evolutionary models for giant planets, and in particular their
cooling and contraction tracks. Planets will also be detected at older ages, open-
ing the possibility to characterise the statistics of planetary system architectures
up to very long periods, which could have once again a profound impact on the
formation and migration theories. Interferometry is also expected to soon provide
its first direct detection of a short period giant planet, strongly irradiated by its
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parent star. Such studies would be very complementary to the photometric mea-
surements of the thermal emission of hot giant planets by providing an improved
spectral resolution and giving access to non-transiting systems.

Although the future seems quite bright, high-angular resolution optical tech-
niques alone will not solve all the open questions in planet formation and evo-
lution theories. The complementarity with future large submillimetre arrays such
as ALMA will be extremely useful to constrain the physical properties of proto-
planetary discs, and investigate, for instance, the poorly understood growth from
millimetre-sized to kilometre-sized particles. Collecting photometric information
at various wavelengths from the X-rays to the millimetre regime will always be
needed to provide a complete view of planetary systems. In addition, of course,
indirect planet-detection techniques such as radial velocity measurements, astrom-
etry, microlensing or photometric transits will continue to provide crucial (and
complementary) information on the structure and statistics of planetary systems.
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