
Astronomy & Astrophysics Review manuscript No.
(will be inserted by the editor)

Circumstellar disks and planets
Science cases for next-generation optical/infrared long-baseline
interferometers

S. Wolf1, F. Malbet2, R. Alexander3, J.-Ph. Berger4,
M. Creech-Eakman5, G. Duchêne6,2, A. Dutrey7, C.
Mordasini8, E. Pantin9, F. Pont10, J.-U. Pott8, E.
Tatulli2, L. Testi11

Received: October 2011 / Accepted: February 2012

Abstract We present a review of the interplay between the evolution of circumstellar disks
and the formation of planets, both from the perspective of theoretical models and dedicated
observations. Based on this, we identify and discuss fundamental questions concerning the
formation and evolution of circumstellar disks and planets which can be addressed in the
near future with optical and infrared long-baseline interferometers. Furthermore, the im-
portance of complementary observations with long-baseline (sub)millimeter interferometers
and high-sensitivity infrared observatories is outlined.
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1 Introduction

To understand the formation of planets, one can either attempt to observe them in regions
where they are still in their infancy or increase the number of discoveries of mature plane-
tary systems, i.e., of the resulting product of the formation process. Both extrasolar planets as
well as their potential birth regions in circumstellar disks are usually located between 0.1 AU
to 100 AU from their parent star. For nearby star-forming regions, the angular resolution re-
quired to investigate the innermost regions is therefore of the order of (sub)milliarcseconds.
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Furthermore, the temperatures of the emitting inner disk material or close-in planets are in
the range of hundreds to thousands of degrees Kelvin. Given these constraints, currently
operating optical to infrared (IR) long-baseline interferometers are well suited to investigate
the planet-formation process: They provide information at the milliarcsecond (mas) scale in
the wavelength range where the emission of these objects has its maximum. In this article,
we review the field of protoplanetary disks and exoplanets in the context of high angular
resolution techniques, emphasizing the role of optical/IR interferometry. Furthermore, we
illustrate the potential of the second generation VLTI1 instrumentation in this field, taking
into account synergies from observations obtained at complementary wavelengths and lower
angular resolution.

We first provide a brief review about currently existing theoretical models and observa-
tions of protoplanetary disks and exoplanets (resp., Sect. 2 and 3). Based on this knowledge,
the scientific potential of optical to mid-IR interferometers and the role of selected comple-
mentary observatories are discussed (resp., Sect. 4 and 5).

2 Theory of disk evolution and planet formation

In this section, we give an introductory overview about the theory of disk evolution and
planet formation. As a short introduction, it can necessarily only provide a simplified de-
scription of the most important lines of reasoning of these theories and many important
aspects have to remain unaddressed. Instead, relevant comprehensive reviews are referred to
if necessary. The objective is to have an overall understanding of planet formation from the
disk stage to mature planets.

2.1 Evolution of protoplanetary disks

The most common means of observing disks around young stars is the detection of contin-
uum emission from warm dust in the disk. This emission is brighter than the stellar photo-
sphere at IR and even more at longer wavelengths, and such “excess” emission is usually
associated with the presence of a dust disk at ∼ AU radii (Kenyon and Hartmann, 1995;
Haisch et al, 2001).

Observing gas in disks is much more difficult, as the trace dust component dominates
the disk opacity. We can detect line emission from atoms and molecules of heavy elements,
or from the warm surface layers of the disk, but the most common means of observing gas
in disks is through signatures of accretion onto the stellar surface. Typically we detect either
the accretion luminosity, observed as UV continuum emission or veiling of photospheric
lines, or broad emission lines (such as Hα) that originate in the hot accretion flow (Hartigan
et al, 1995; Gullbring et al, 1998; Muzerolle et al, 2000). There is a near one-to-one corre-
spondence between solar-mass objects showing accretion signatures (usually referred to as
classical T Tauri stars, henceforth CTTs) and those showing the IR excess characteristic of
inner dust disks (IR Class II). In addition, recent non-detection of warm H2 emission sets
very strict upper limits to the gas mass around non-accreting, also called weak-lined T Tauri
stars (WTTS; Ingleby et al, 2009), suggesting that the mechanism for clearing inner disks is
very efficient indeed.

The vast majority of young stars fall into the categories of disk-bearing CTTs or disk-
less WTTs, but some show properties intermediate between these two states. These latter
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objects were named “transitional” disks by Strom et al (1989), and typically show evidence
of inner disk clearing. These objects are rare, accounting for . 10% of the TT population,
and this relative lack of objects between the CTT & WTT states has long been interpreted as
evidence that the transition from disk-bearing to disk-less is rapid, occurring on a time scale
1–2 orders of magnitude shorter than the Myr disk lifetime (Skrutskie et al, 1990; Kenyon
and Hartmann, 1995; Simon and Prato, 1995; Wolk and Walter, 1996). In recent years, it has
become clear that the transitional disks are not a homologous class of objects (Salyk et al,
2009), and a number of different mechanisms have been proposed for their origin (Najita
et al, 2007; Chiang and Murray-Clay, 2007; Ireland and Kraus, 2008; Alexander, 2008a;
Cieza et al, 2008; Alexander and Armitage, 2009). It is clear, however, that transitional
disks have undergone significant evolution, and further investigation of them may be crucial
to our understanding of disk evolution and clearing.

Protoplanetary disks typically live for a few Myr, with a spread of lifetimes of at least
an order of magnitude. Disks have been found to cover a mass range of ∼ 0.1 − 0.001M�
(Andrews and Williams, 2005), and to possess accretion rates of ∼ 10−7− 10−10 M� yr−1

(Hartigan et al, 1995; Gullbring et al, 1998; Muzerolle et al, 2000). The relative lack of
objects seen between the disk-bearing Class II and disk-less Class III states implies that the
dust clearing time scale is short (∼ 105yr), and recent observations suggest that this two-
time-scale constraint applies to the gaseous component of the disk also (Ingleby et al, 2009).
Models of disk evolution must satisfy all of these constraints. Moreover, the mass budget
demands that all gas giant planets must form before their parent disks are dispersed, and
thus understanding protoplanetary disk evolution is crucial to understanding how planetary
systems are formed.

2.1.1 Role of accretion in the standard disk theory

Angular momentum conservation is fundamental to the evolution of protoplanetary disks.
Disks form because angular momentum is conserved during protostellar collapse, and esti-
mates of the rotational velocities of molecular cores (Goodman et al, 1993) imply that young
stars should be surrounded by centrifugally supported disks of tens to hundreds of AU in size
(as observed). Material in such a disk must lose angular momentum if it is to accrete, so fur-
ther evolution requires the transport of angular momentum through the disk. Understanding
how angular momentum is transported is therefore crucial to understanding how protoplan-
etary disks evolve. The theory of protoplanetary disk evolution has been discussed in depth
in a number of review articles in recent years (Dullemond et al, 2007; Alexander, 2008a;
Lodato, 2008; Armitage, 2007, 2010); here we present only a brief summary of the salient
points.

Classical accretion disk theory invokes a fluid viscosity as the source of angular mo-
mentum transport (Shakura and Sunyaev, 1973; Lynden-Bell and Pringle, 1974), but from
an early stage it was clear that ordinary molecular viscosity is many orders of magnitude too
inefficient to be responsible for the accretion we see in real astrophysical disks. Early mod-
els side-stepped this problem by appealing to turbulence in the disk as a source of angular
momentum transport, but the physical origin of such turbulence remained elusive. The sem-
inal work of Shakura and Sunyaev (1973) introduced the famous alpha-prescription, where
the efficiency of angular momentum transport is given by the expression ν = αcsH where ν
is the kinematic viscosity, cs is the local sound speed, and H is the scale height of the disk.
The quantity α ≤ 1 is a dimensionless parameter which characterizes the strength of the
turbulence (formally the ratio of the turbulent stress to the local pressure), and essentially
encapsulates all that one does not understand about how angular momentum is transported
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in accretion disks. However, simple models of this type provide considerable insight into
how disks around young stars evolve, and the basic paradigm of viscous disk accretion is
broadly consistent with the observed data. Angular momentum is transported outward which
allows mass to be accreted. In the absence of infall onto the disk the disk mass and accre-
tion rate decline with time, while the disk spreads radially to conserve angular momentum
(Lynden-Bell and Pringle, 1974; Pringle, 1981; Hartmann et al, 1998).

We now know of a number of potential mechanisms for angular momentum transport
in disks, the most relevant of which are magneto-hydrodynamic (MHD) turbulence (driven
by the magneto-rotational instability, MRI; Balbus and Hawley, 1991; Balbus, 2009), and
gravitational instabilities (GIs; Toomre, 1964; Lodato and Rice, 2004, 2005). Disks become
unstable to GIs if they are sufficiently massive and/or cold. Detailed calculations suggest
that protoplanetary disks are only likely to be gravitationally unstable if they have masses
& 0.1M� (Rafikov, 2009; Clarke, 2009), and even then GIs can only occur in the cold,
outer regions of the disk. Disk masses decline with time as the disk accretes onto the star,
and consequently GIs dominate only at very early times. Angular momentum transport by
GIs may well be responsible for the accretion of much of the stellar mass through the disk
at early times, but they cannot be significant for the majority of the disk lifetime.

By contrast, the MRI is expected to operate in any weakly magnetized shear flow, pro-
vided that the gas is sufficiently ionized to couple to the magnetic field. However, in pro-
toplanetary disks it is not clear that this ionization threshold is always met. The disk is
thermally ionized very close to the star, and cosmic rays and stellar X-rays ionize a mod-
erately thick surface layer, but MRI-“dead” zones can exist at the midplane at ∼ AU radii
(Gammie, 1996; Armitage et al, 2001; Zhu et al, 2009). The rate of angular momentum
transport due to the MRI remains the subject of current research, but numerical simulations
of MHD turbulence suggest that it can transport angular momentum with an efficiency of
α ∼ 0.001− 0.1 (Stone et al, 1996).

Observations provide us with only limited insight into how angular momentum is trans-
ported in protoplanetary disks. Accretion histories of CTTs are generally consistent with
simple, constant-α viscous accretion disk models, but the data do not give strong constraints
on the model parameters. Hartmann et al (1998) showed that the viscous accretion models
of Lynden-Bell and Pringle (1974) can reproduce the observed decline in CTT accretion
rates with time, and estimated a typical α ∼ 0.01. The basic paradigm of viscous accretion
in protoplanetary disks remains broadly consistent with the observed accretion histories of
T Tauri stars (Sicilia-Aguilar et al, 2010).

Where pure accretion disk models fail, however, is in the final clearing stage. Viscous
accretion disk models predict that the various observable quantities (mass, accretion rate,
surface density) should decline as power laws in time, and thus the time required for a
viscous disk to evolve from one state into another is always of order the disk age. This is
dramatically inconsistent with the rapid disk clearing observed in T Tauris, and strongly sug-
gests that some other mechanism plays a dominant role in the latter stages of protoplanetary
disk evolution. At present, the favored process is that of disk photoevaporation.

2.1.2 Importance of photoevaporation in disk evolution

The basic principle of photoevaporation is simple: high-energy (UV or X-ray) photons heat
the disk surface, and beyond some radius the hot surface layer contains sufficient thermal
energy to escape the stellar gravitational potential and flow as a wind. The critical length-
scale for photoevaporation (the “gravitational radius” Rg) can be estimated by equating the
thermal energy (per particle) of the heated layer with the gravitational binding energy, so
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Rg = GM∗ / c
2
hot where M∗ is the stellar mass, and chot is the sound speed in the hot

surface layer. Careful consideration of the pressure forces tells us that the bulk of the mass
loss in fact comes from a factor of a few inside Rg (Liffman, 2003; Font et al, 2004), and
the resulting winds are analogous to, for example, Compton-heated winds from the disks
around AGNs (Begelman et al, 1983).

The temperature of the heated layer, and thus the value of chot, depends on the nature
of the irradiation. In the case of protoplanetary disks, there are three important cases to
consider: extreme ultraviolet (EUV) ionizing photons; far-ultraviolet (FUV); and X-rays.
EUV irradiation creates an ionized layer on the disk surface, akin to an HII region, with
T ' 104 K and chot ' 10 km/s, so the critical length-scale for EUV photoevaporation is
typically ' 1 − 2AU. Heating by FUV or X-rays is more complex, leading to a range of
temperatures in the disk atmosphere, but in general the critical radii range from a few AU
to a few tens of AU, depending on the flux and spectrum of the incident radiation field. The
irradiation can arise from the star irradiating its own disk, or come from external sources
such as nearby O-stars. External irradiation is observed to drive disk photoevaporation in
some cases, such as the “proplyds” in the Orion Nebula (Johnstone et al, 1998), but for most
T Tauri disks irradiation from the central star dominates.

In general, computing the structure of photoevaporative winds is a complicated problem
in both radiative transfer and hydrodynamics. In the EV case the wind structure has been
computed by Hollenbach et al (1994) and Font et al (2004). It gives rise to a wind rate which
is given by Ṁw ' 10−10Φ

1/2
41 (M∗/M�)1/2 M� yr−1 (where Φ41 is the stellar ionizing flux

in units of 1041 ionizing photons per second). The ionizing luminosities of T Tauri stars
are in general not well known, but typical estimates suggest values in the range 1040 −
1042 photons/s (Alexander et al, 2005; Herczeg, 2007). The bulk of the ionizing emission
from T Tauri stars arises in the stellar chromosphere (Alexander et al, 2004, 2005) and is thus
largely independent of the evolutionary state of the disk, so the wind rate is approximately
constant over the Myr disk lifetime.

When combined with viscous evolution of the disk, EUV photoevaporation gives rise
to some rather surprising behavior. At early times, the accretion rate through the disk ex-
ceeds the wind rate by several orders of magnitude, so the wind is negligible. However,
the accretion rate declines with time, and eventually (typically after a few Myr) reaches the
same level as the (constant) wind rate. The mass loss due to the wind is concentrated at
radii of a few AU, so at this point the wind cuts off the inner disk from re-supply. The inner
disk then drains on its (short) viscous time scale, leaving an ∼ AU-sized “hole” in the disk
(Clarke et al, 2001). As it drains, the inner disk becomes optically thin to EUV photons,
which increases the wind rate by a factor of∼ 10, and the wind then clears the disk from the
inside-out in ∼ 105 yr (Alexander et al, 2006a,b). This rapid clearing after a long lifetime
appears to be consistent with observations of disk evolution(Alexander et al, 2006b; Alexan-
der and Armitage, 2009), and due to the role of the wind in precipitating disk clearing, this
class of models are often referred to as “UV-switch” models (Clarke et al, 2001).

Photoevaporation by FUV radiation and/or X-rays is a much more complex problem
(both in terms of radiative transfer and hydrodynamics), and consequently models of X-ray
and FUV photoevaporation are not yet as advanced as for EUV photoevaporation. However,
significant progress has been made in this area recently, using sophisticated radiative transfer
codes and numerical hydrodynamics (Ercolano et al, 2009; Gorti and Hollenbach, 2009;
Gorti et al, 2009; Owen et al, 2010, 2011). Models of both X-ray- and FUV-driven winds
suggest maximum wind rates as high as ∼ 10−8 M� yr−1, and when coupled with viscous
evolution these models predict a similar “switch” behavior to the EUV case albeit at a much



6

higher accretion rate (Gorti et al, 2009; Owen et al, 2010). Such high wind rates are unlikely
to occur in all objects, however, and it remains to be seen how these results scale with
various model parameters. These results all suggest that photoevaporation plays a dominant
role in disk evolution at late times. This theoretical view is supported by recent observations
of blue-shifted forbidden emission lines from some T Tauri stars (Pascucci and Sterzik,
2009; Pascucci et al, 2011). These observations unambiguously detect a slow (∼ 10 km/s),
ionized wind, and are broadly consistent with the predictions of photoevaporation models
(Alexander, 2008b; Ercolano and Owen, 2010); further such data will provide important
new insight into the processes driving disk clearing.

2.2 Formation of planets

While the structure and evolution of protoplanetary disks has been discussed in the previous
section, these objects are now considered as the enviroment for the formation of planets
therein. For more comprehensive reviews, we refer the reader to Lissauer (1993), Papaloizou
and Terquem (2006), Armitage (2007), and the book of Klahr and Brandner (2006).

2.2.1 Observational constraints

The guidelines to understand the physics involved in the different stages of planet formation
come from observational constraints derived from three different classes of astrophysical
objects. The first one is our own planetary system, i.e. the Solar System. Studies of the solar
system include remote observations of the Sun, the planets and the minor bodies, laboratory
analysis of meteorites, in-situ measurements by space probes, possibly including sample
returns, as well as theoretical work and numerical modeling.

The second class of astrophysical objects leading to important constraints on planetary
formation are protoplanetary disks. As planets are believed to form in protoplanetary disks,
the conditions in them are the initial and boundary conditions for the formation process.
As already discussed in Sect. 2.1, the fraction of disk-bearing stars is a roughly linearly
decreasing function of cluster age, disappearing after about 4-6 Myr. Giant planets must
have formed at this moment. This represents a non-trivial constraint on classical giant planet-
formation models.

The third class are finally the extrasolar planets, which can all be regarded as differ-
ent examples of the final outcome of the formation process (see Sect. 3.2). Especially the
fact that many extrasolar planets were found exactly where one did not expect to find them
pointed towards a serious gap in the understanding of planet formation derived from the So-
lar System alone, so that the mentioned orbital migration which we will address in Sect. 2.2.6
is nowadays regarded as an integral component of modern planet-formation theory.

The already large number of extrasolar planets also gives us the possibility to look in a
new way at all these discoveries: to see them no more just as single objects, but as a popu-
lation with distributions of extrasolar planet masses, semimajor axes, host star metallicities
and so on, as well as all kinds of correlations between them. A theoretical study of these
statistical properties of the exoplanet population is done best by the method of planetary
population synthesis (Ida and Lin, 2004a,b; Mordasini et al, 2009a,b).



7

2.2.2 From dust to planetesimals

The first stage of planetary growth starts with roughly micro-meter sized dust grains, similar
to those found in the interstellar medium. These tiny objects are well coupled to the motion
of the gas in the protoplanetary disk via gas drag. With increasing mass, gravity becomes
important also, and the particles decouple from the pure gas motion. This stage involves
the growth of the dust grains via coagulation (sticking), their sedimentation towards the disk
midplane, and their radial drift towards the star. In this context, the gas and the solid particles
move around the star at a slightly different orbital speed. The reason for this is that the gas is
partially pressure supported (both the centrifugal force and the gas pressure counteract the
gravity), and therefore moves slightly slower (sub-Keplerian) around the star. The resulting
gas drag in turn causes the drift of the solid particles towards the star.

In the picture of classical coagulation, bodies grow all the way to kilometer size by
two-body collisions. While growth from dust grains to roughly meter sized bodies can be
reasonably well modeled with classical coagulation simulations as for example in Brauer
et al (2008a), two significant problems arise at the so-called “meter barrier”:

– For typical disk properties, objects which are roughly meter sized drift extremely quickly
towards the central star where they are destroyed by the high temperatures. The drift time
scale at this size becomes in particular shorter than the time scale for further growth
(Klahr and Bodenheimer, 2006), so that growth effectively stops.

– The second problem arises from the fact that meter sized boulders do not stick well
together, but rather shatter at the typical collision speeds which arise from the turbulent
motion of the disk gas, and the differential radial drift motion.

First ideas on how to bypass the critical meter size were put forward already a long time
ago, and invoke the instability of the dust layer to its own gravity, which can produce full
blown planetesimals from small sub-meter objects. In the classical model of Goldreich and
Ward (1973), dust settles into a thin layer in the disk midplane. If the concentration of the
dust becomes sufficiently high, the dust becomes unstable to its own gravity and collapses to
form planetesimals directly. The turbulent speed of the grains, however, must be very low to
reach the necessary concentration. This condition is difficult to meet, as the vertical velocity
shear between the dust disk rotation at the Keplerian frequency and the dust poor gas above
and below the midplane rotating slightly sub-Keplerian causes the development of Kelvin-
Helmholtz instabilities. The resulting turbulence is sufficiently strong to decrease the particle
concentration below the threshold necessary for the gravitational collapse. This is why self-
gravity of the dust, and gas turbulence, either due to the Kelvin-Helmholtz mechanism, or
due to the magneto-rotational instability (Balbus and Hawley, 1998), were for a long time
thought to be mutually exclusive.

In the recent years, however, significant progress has been made in the direction of
planetesimal formation by self-gravity (Johansen et al, 2006; Cuzzi et al, 2008). In particular,
it was understood that turbulence can actually aid the formation of planetesimals, rather
than hindering it. The reason is that turbulence can locally lead to severe over-densities
of the solid particle concentration by a factor as high as 80 compared to the normal dust
to gas ratio on large scales of the turbulence (Johansen et al, 2006) or by ∼ 103 on small
scales (Cuzzi et al, 2008). Further concentration can occur thanks to the streaming instability
(Youdin and Goodman, 2005), which all together can lead to the formation of gravitationally
bound clusters with already impressive masses, comparable to dwarf planets (Johansen et al,
2007), on a time-scale much shorter than the drift timescale. This so-called gravoturbulent
planetesimal formation should leave imprints visible in the solar system distinguishing it



8

from the classical pure coagulation mechanism. The recent work of Morbidelli et al (2009)
finds that the observed size frequency distribution in the asteroid belt cannot be reproduced
with planetesimals that grow (and fragment) starting at a small size. It rather seems that
planetesimals need to get born big in order to satisfy this observational constraint, with
initial sizes between already 100 and 1000 km. On the other hand, too large initial sizes
for the majority of the planetesimals might not be desirable either, as this could slow down
the formation of giant planet cores, at least if the planetesimal accretion occurs through a
mechanism similar as described in Pollack et al (1996). This is due to the higher random
velocities of massive planetesimals, and the less effective capture of larger bodies by the
protoplanetary gaseous envelope.

2.2.3 From planetesimals to protoplanets

At the size of planetesimals (∼kilometers), gravity is clearly the dominant force, even
though the gas drag still plays a role. However, the growth stage from planetesimals to pro-
toplanets (with radii of order a thousand kilometers) remains challenging to study because
of the following reasons:

– The initial conditions are poorly known since the formation mechanism and thus the
size distribution of the first planetesimals, is not yet clearly understood (see previous
section).

– The very large number of planetesimals to follow prevents any direct N-body integra-
tions with current computational capabilities. For example, a planet with a mass of about
ten Earth masses consists of more than 108 planetesimals with a radius of 30 km.

– The time sequence to be simulated (typically several million years) is very long, equiv-
alent to the same number of dynamical time-scales (at 1 AU).

– The growth process is highly non-linear and involves complex feedback mechanisms
since the growing bodies play an increasing role in the dynamics of the system.

– The physics describing the collisions which are ultimately needed for growth is non-
trivial and includes for example shock waves, multi-phase fluids and fracturing.

The planetesimals-to-protoplanets growth stage has therefore been modelled with different
methods, each having different abilities to address the listed issues. Here, we only address
the most basic approach. Other, more complex methods which yield a more realistic descrip-
tion of this stage are statistical methods (Inaba et al, 2001) or Monte Carlo methods (Ormel
et al, 2010).

In the rate equations approach, the growth of a body is described in the form of a rate
equation which directly gives the mass growth rate dM/dt of a body as a function of several
quantities. Usually it is assumed that one large body (the protoplanet) collisionally grows
from the accretion of much smaller background planetesimal (see e.g. Goldreich et al, 2004).
These background planetesimals are characterized by a size (or a size distribution), a sur-
face density and a dynamical state (eccentricity and inclination). The growth rate is then
described with a Safronov (1969) type equation,

dM

dt
= πR2ΩΣpFG (1)

where Ω is the Keplerian frequency of the large body at an orbital distance a around the star
of mass M∗, and Σp is the surface density of the field planetesimals, R is the radius of the
large body, and FG is the gravitational focusing factor. It reflects the fact that due to gravity,
the effective collisional cross section of the body is larger than the purely geometrical one,
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πR2, since the trajectories get bent towards the large body. The focusing factor is the key
parameter in this equation, as it gives raise to different growth regimes: runaway, oligarchic
or orderly growth, which come with very different growth rates (Rafikov, 2003). Its value
depends on the random velocity of the small bodies vran relative to the local circular motion.
It scales with their eccentricity and inclination. The small bodies are mutually affected by
the encounters between them, and with the large body (which increases the random velocity)
and the damping influence by the gas (which decreases it).

In the simplest approximation, where one neglects the influence of the star, FG is given
as 1 + v2esc/v

2
ran, where vesc is the escape velocity from the big body. One notes that if the

planetesimals have small random velocities in comparison with vesc, then FG is large and
fast accretion occurs. The mass accretion rate is then proportional to R4, i.e. strongly non-
linear. This is the case in the so-called runaway growth regime, where massive bodies grow
quicker than small ones, so that these runaway bodies detach from the remaining population
of small planetesimals (Weidenschilling et al, 1997). However, with increasing mass, these
big bodies start to increase the random velocities of the small ones, so that the growth be-
comes slower, and the mode changes to the so-called oligarchic mode, where the big bodies
grow in lockstep (Ida and Makino, 1993).

As the planet grows in mass, the surface density of planetesimals must decrease corre-
spondingly (e.g. Thommes et al, 2003). As the growing protoplanet is itself embedded in
the gravitational field of the star, one finds by studying the restricted three body problem
that a growing body can only accrete planetesimals which are within its gravitational reach
(in its feeding zone), i.e. in an annulus around the body which has a half width which is
a multiple (∼ 4) of the Hill sphere radius RH = (M/3M∗)

1/3 a of the protoplanet. With-
out radial excursions (migration), a protoplanet can therefore grow in situ only up to the
so-called isolation mass (Lissauer, 1993).

The outcome of this growth stage is the inner part of the planetary system with a high
number of small protoplanets, with masses between 0.01 and 0.1M⊕, which are called oli-
garchs. When the gas disk is present, growth is stalled at such masses since gas damping
hinders the development of high eccentricities which would be necessary for mutual colli-
sion between these bodies (Ida and Lin, 2004a). In the outer part of the planetary system,
i.e. beyond the iceline, a few 1 to 10 M⊕ protoplanets form.

2.2.4 From protoplanets to giant planets

For the formation of the most massive planets, the gaseous giants, two competing theories
exist. The most widely accepted theory is the so-called core accretion - gas capture model.
However, we will first discuss the direct gravitational collapse model.

Direct gravitational collapse model. In this model, giant planets are thought to form directly
from the collapse of a part of the gaseous protoplanetary disk into a gravitationally bound
clump. As we will see below, this requires fairly massive disks, so that it is thought that
this mechanism should occur early in the disk evolution. For the mechanism to work, two
requirements must be fulfilled:

1. The self-gravity of the disk (measured at one vertical scale height) must be important
compared to the gravity exerted by the star (D’Angelo et al, 2010). The linear stability
analysis of Toomre (1981) shows that a disk is unstable for the growth of axisymmetric
radial rings if the Toomre parameter Q < 1. The disks become unstable when they are
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cold and massive. Hydrodynamical simulations show that disks become unstable to non-
axisymmetric perturbations (spiral waves) already at slightly higher Q values of about
1.4 to 2 (Mayer et al, 2004). At the orbital distance of Jupiter, the surface density of gas
must be about 10 times larger than in the minimal mass solar nebula2 (MMSN), in order
for the disk to become unstable.

2. In order to allow for fragmentation into bound clumps, the time-scale on which a gas
parcel in the disk cools and thus contracts must be short compared to the shearing time
scale, on which the clump would be disrupted otherwise, which is equal to the orbital
timescale (Gammie, 2001). If this condition is not fulfilled, only spiral waves develop
leading to a gravoturbulent disk. The spiral waves transport angular momentum outward,
and therefore let matter spiral inward to the star. This process releases gravitational bind-
ing energy, which increases the temperature, and reduces the gas surface temperature, so
that the disk evolves to a steady state of marginal instability only, without fragmentation.

From the time-scale arguments, we see that the correct treatment of the disk thermody-
namics is of central importance to understand whether the direct collapse model can operate.
Radiation hydrodynamic simulations give a confused picture, where different groups find for
similar initial conditions both fragmentation (Boss, 2007) and no fragmentation (Cai et al,
2010). This illustrates that the question whether bound clumps can form is still being de-
bated. It is usually thought that it is unlikely that disk instability as a formation mechanism
can work inside several tens of AU. This is due the fact that the two necessary conditions
discussed above lead to the following dilemma, as first noted by Rafikov (2005): a disk that
is massive enough to be gravitationally unstable is at the same time too massive to cool
quickly enough to fragment, at least inside say 40-100 AU. Outside such a distance, the
situation might be different as the orbital time scales become long (Boley, 2009).

In contrast to the subsequently discussed core-accretion model, giant planet formation
is extremely fast in the direct collapse model, as it occurs on a dynamical time scale.

Core-accretion model. The basic setup for the core-accretion model is to follow the con-
current growth of a initially small solid core consisting of ices and rocks, and a surrounding
gaseous envelope, embedded in the protoplanetary disk. This concept has been studied for
over thirty years (Perri and Cameron, 1974; Mizuno et al, 1978; Bodenheimer and Pollack,
1986). Within the core-accretion paradigm, giant planet formation happens as a two step
process: first a solid core with a critical mass (of order 10 M⊕) must form, then the rapid
accretion of a massive gaseous envelope sets in.

The growth of the solid core by the accretion of planetesimals is modeled in the same
way as described in Sect. 2.2.3. The growth of the gaseous envelope is described by one-
dimensional hydrostatic structure equations similar to those for stars, except that the energy
released by nuclear fusion is replaced by the heating by impacting planetesimals, which
are the main energy source during the early phases. The other equations are the equation of
mass conservation, of hydrostatic equilibrium, of energy conservation and of energy transfer.
Boundary conditions (Bodenheimer et al, 2000; Papaloizou and Nelson, 2005) are required
to solve these equations. We have to distinguish two regimes:

– At low masses, the envelope of the protoplanet is attached continuously to the back-
ground nebula, and the conditions at the surface of the planet are just the pressure and

2 In the MMSN model (Weidenschilling, 1977; Hayashi, 1981) it is assumed that the planets formed at
their current positions, and that the solids found in all planets of the solar system today correspond to the
amount of solids available also at the time of formation. The total disk mass is then found by adding gas in
the same proportion as observed in the star.
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temperature in the surrounding disk. The radius of the planet is given in this regime
approximately by the Hill sphere radius. The gas accretion rate is given by the ability
of the envelope to radiate away energy so that it can contract and in turn new gas can
stream in.

– When the gas accretion obtained in this way becomes too high as compared to the ex-
ternally possible gas supply, the planet enters the second phase and contracts to a ra-
dius which is much smaller than the Hill sphere radius. This is the detached regime
of high-mass, runaway (or post-runaway) planets. The planet now adjusts its radius to
the boundary conditions that are given by an accretion shock on the surface for matter
falling onto the planet from the Hill sphere radius, or probably more realistically, by
conditions appropriate for the interface to a circumplanetary disk. In this phase, the gas
accretion rate is no more controlled by the planetary structure itself, but by the amount
of gas which is supplied by the disk and can pass the gap formed by the planet in the
protoplanetary disk (Lubow et al, 1999).

Pollack et al (1996) have implemented the aforementioned equations in a model that we
may call the baseline formation model. They assumed a constant pressure and temperature
in the surrounding disk, and a strictly fixed embryo position, i.e. no migration. Figure 1
shows the formation and subsequent evolution of a Jupiter mass planet fixed at 5.2 AU for
initial conditions equivalent to case J6 in Pollack et al (1996). In the calculation shown here
the core density is variable, the luminosity is spatially constant in the envelope, but derived
from total energy conservation (Papaloizou and Nelson, 2005). The limiting maximum gas
accretion rate is simply set to 10−3 M⊕ yr−1, and accretion is completely stopped once
the total mass is equal to one Jupiter mass. In a full simulation (Alibert et al, 2005a), the
maximum limiting accretion rate, as well as the termination of gas accretion is given by the
decline of the gas flux in the disk caused by the evolution of the protoplanetary nebula.

The top left panel shows that three phases can be distinguished. In phase I, a solid core
is built up. The solid accretion rate is large, as shown by the top right panel. The phase ends
when the planet has exhausted its feeding zone of planetesimals, which means that the planet
reaches the isolation mass, which is of order 11.5M⊕. In phase II, the accretion rates are
low, and the planet must increase the feeding zone. This is achieved by the gradual accretion
of an envelope: an increase in the gas mass leads to an increase of the feeding zone of solids.
Therefore the core can grow a little bit. This leads to a contraction of the external radius of
the envelope. Gas from the disk streams in, leading to a further increase of the envelope
mass. In phase III, runaway gas accretion occurs. It starts at the crossover mass, i.e. when
the core and envelope mass are equal (about 16.4M⊕ in this simulation). At this stage,
the radiative losses from the envelope can no more be compensated for by the accretional
luminosity from the impacting planetesimals alone. The envelope has to contract, so that the
new gas can stream in (note the quasi exponential increase of the gas accretion rate), which
increases the radiative loss as the Kelvin-Helmholtz time scale decreases strongly with mass
in this regime, so that the process runs away, quickly building up a massive envelope.

The existence of such a critical mass is intrinsic to the core-envelope setup and not de-
pendent on detailed physics (Stevenson, 1982; Wuchterl, 1993). The critical core mass is
typically of the order of 10-15M⊕, but it can amount to 1–40M⊕ in extreme cases (Pa-
paloizou and Terquem, 1999).

Shortly after the beginning of runaway gas accretion phase, the limiting gas accretion
rate is reached. The collapse phase starts which is actually a fast, but still hydrostatic con-
traction (Bodenheimer and Pollack, 1986; Lissauer et al, 2009) on a time scale of ∼ 105
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Fig. 1 Simulation for the in-situ formation of Jupiter. The top left panel shows the evolution of the core mass
(red solid line), the envelope mass (green dotted line) and the total mass (blue solid line). The top right panels
shows the accretion rate of solids (red solid line) and of gas (green dotted line). The limiting gas accretion
rate is set to 10−3 M⊕ yr−1. Note that the model is allowed to overshoot this value for a few time steps.
The bottom left panel shows the evolution of the core radius (red solid line), the total radius (blue dashed
line) and the capture radius (green dotted line). The latter radius is relevant for the capture of planetesimals.
It is larger than the core radius due to the braking effect of the envelope. The outer radius is initially (during
the attached regime) very large, as it is equal to the Hill sphere radius. At about 4 Myrs, it detaches from
the nebula and collapses to a radius of initially about 2 Jupiter radii. Afterwards, there is a slow contraction
phase. The bottom right panel shows the internal luminosity of the planet. The first peak in the curve is due
to the rapid accretion of the core, and the second to the runaway gas accretion/collapse phase.

years. The planet surface detaches now from the surrounding nebula. The contraction con-
tinues quickly down to an outer radius of about 2 RJupiter (bottom left panel).

Over the subsequent billion years, after the final mass is reached, slow contraction and
cooling occurs. The different phases can also be well distinguished in the luminosity of
the planet (bottom right curve), in particular the two maxima when a significant amount of
gravitational binding energy is released during the rapid accretion of the core and during the
runaway gas accretion and collapse phase.
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The baseline formation model has many appealing features, producing a Jupiter-like
planet with an internal composition similar to what is inferred from internal structure model
in a four times MMSN in a few million years. Note that in the calculation shown here it
was assumed that all planetesimals can reach the central core. In reality, the shielding effect
of a massive envelope prevents planetesimals of 100 km in radius as assumed here to reach
directly the core for core masses larger than about 6M⊕ (Alibert et al, 2005b), and the
planetesimals get dissolved in the envelope instead.

The largest part of the evolution is spent in phase II. The length of this phase becomes
uncomfortably close to protoplanetary disk lifetimes for lower initial solid surface densities,
or for higher grain opacities in the envelope (Pollack et al, 1996). This is the so-called time-
scale problem. However, once migration is included, this problem can be overcome (Alibert
et al, 2004).

2.2.5 From protoplanets to terrestrial planets

For terrestrial planets, the requirement that they form within the lifetime of the gaseous pro-
toplanetary disk (≤ 10 Myrs) can be dropped. Indeed, we recall the final outcome of the
planetesimal to protoplanets stage discussed in Sect. 2.2.3 in the inner part of the protoplan-
etary nebula, i.e. inside the iceline: a large number of oligarchs with masses between 0.01
to 0.1M⊕.

Once the eccentricity damping caused by the gas disk or by a sufficiently large pop-
ulation of small planetesimals is finished, these oligarchs start to mutually pump up their
eccentricities, and eventually the orbits of neighboring protoplanets cross, so that the final
growth stage up to the final terrestrial planets with masses of order of the mass of Earth
starts. The system of large bodies evolves through a series of giant impacts to a state where
the remaining planets have a configuration close to the smallest spacings allowed by long-
term stability over Gyr timescales (Goldreich et al, 2004). This long term stability manifests
itself in the form of a sufficiently large mutual spacing of the bodies in terms of mutual Hill
spheres, with typical final separation between the planets of a few ten Hill radii (Raymond
et al, 2008). Interestingly, such basic architectures now become visible in the recently de-
tected multi-planet extrasolar systems consisting of several low-mass planets (Lovis et al,
2011).

In the inner solar system, simulations (now based on direct N-body integration) address-
ing this growth stage must concurrently meet the following constraints (Raymond et al,
2009): the observed orbits of the planets, in particular the small eccentricities (0.03 for the
Earth); the masses, in particular the small mass of Mars; the formation time of the Earth as
deduced from isotope dating, about 50-100 Myrs; the bulk structure of the asteroid belt with
a lack of big bodies; the relatively large water content of the Earth with a mass fraction of
10−3 and last but not least, the influence of Jupiter and Saturn.

Figure 2 shows as an example six snapshots in time for the terrestrial planet formation
in the inner solar system by Raymond et al (2009). This simulation starts with roughly 100
0.01 to 0.1M⊕ oligarchs, plus additional background planetesimals, as well as Jupiter and
Saturn. One notes in the first panel the well defined eccentricity excitations at the places of
mean motion resonances with the giant planets. In panel two and three, this resonant excita-
tion spreads out. During the stage of chaotic growth (until about 100 Myr), substantial radial
mixing occurs, bringing water-rich bodes in the inner system, as visible in the last three
panels. At the end, four terrestrial planets with masses between about 0.6 and 1.8M⊕ have
formed. The orbital distances, eccentricities, masses, formation time scales, and water con-
tent found in this simulation are approximatively in agreement with the actual solar system,
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Fig. 2 Six snapshots in time for an N-body simulation of terrestrial planet formation by Raymond et al
(2009). The size of each body is proportional to its mass, while the color corresponds to the water content by
mass, going from red (dry) to blue (5% water). Jupiter is indicated as a large black circle while Saturn is not
shown. (Reprinted with permission from Elsevier)

but the Mars analogue is too massive, and there are three additional bodies in the asteroid
belt. This simulation thus reproduces many important observed aspects, but not all of them.
A main complication arises: the positions, eccentricities and masses of the giant planets at
each moment in time are not exactly known, but significantly influence the formation of the
terrestrial planets.

2.2.6 Orbital migration

Orbital migration occurs through the gravitational interaction of the planet with the proto-
planetary disk. If the resulting torques exerted by the different parts of the disk onto the
planet do not sum up to exactly zero, the planet will react on them by adjusting its angular
momentum, i.e. its semimajor axis. Two major types of migration have been identified:

1. Low-mass planets migrate in so-called type I migration (Goldreich and Tremaine, 1980;
Tanaka et al, 2002).

2. Massive planets which can open a gap in the gaseous disk migrate in type II migra-
tion(Lin and Papaloizou, 1986).

Migration can be both a threat and a benefit for planet formation: on the one hand, if
migration happens on a time scale shorter than the growth time scale, planetary cores fall
into the star before they can significantly grow (e.g. Mordasini et al, 2009b). On the other
hand, it allows planetary cores to grow beyond the isolation mass as cores always get into
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new regions of the disk where there are still fresh planetesimals to accrete, which reduces
the formation time of giant planets, as the lengthy phase II in core accretion is skipped
(Alibert et al, 2004). Numerical simulations of the migration process (e.g., Paardekooper
et al, 2010; Kley et al, 2009; Crida and Morbidelli, 2007) have shown that depending on the
local disk properties like the temperature and surface density gradients, both in- and outward
migration can occur. The disk model is therefore of very high importance. It was also found
that migration and accretion can strongly interact: For example, inward migration without
significant gain in planetary mass occurs when a planet migrates through a part of the disk
which it has previously emptied from planetesimals while migrating outward. On the other
hand, gas runaway accretion and the associated mass growth can cause the switch to another
migration regime. Note that hot Jupiters form as the isolation mass limitation in the inner
system can be overcome thanks to migration.

2.3 Selected key questions

2.3.1 Surface density distribution?

As mentioned above, understanding angular momentum transport is critical to understand-
ing how protoplanetary disks evolve, and without detailed knowledge of the processes of
angular momentum transport all of our models are necessarily idealized. We can tune the
free parameters of viscous accretion models to match observed time scales and accretion
rates, but such models are necessarily phenomenological and are consequently rather lack-
ing in predictive power.

The single most important observation we could make in this area would be to determine
the (gas) surface density distribution Σ(R). Coupled to a measurement of the accretion rate,
this would allow one to determine directly the efficiency of angular momentum transport as
a function of radius (as Ṁ = 3πνΣ in a quasi-steady disk). Deriving ν(R) would provide
us with critical insight into how angular momentum is transported, and would also allow a
significant refinement of the disk evolution models.

Directly observing Σ(R) in gas in the potential planet-forming region is likely to be
beyond our capabilities for some years yet, but recent observations have made significant
progress in determining spatially resolved dust surface density profiles on scales of tens of
AU (Andrews et al, 2009; Isella et al, 2009; Andrews et al, 2010). Extending these results
down to AU scales would be of significant interest, both in terms of disk evolution and for
models of planet formation. Recent attempts to measure the turbulent velocity field in T
Tauri disks may also provide important insight into this problem (Hughes et al, 2011).

2.3.2 Resolve transitional disks?

In addition, spatially resolved studies of the so-called transitional disks are likely to be key
to understanding the processes that drive both planet formation and disk clearing. Current IR
observations allowed one to resolve some transitional disk structures on scales of a few AU
(Eisner et al, 2006; Ratzka et al, 2007; Olofsson et al, 2011; Tatulli et al, 2011), and similar
observations of small numbers of objects have also been made at mid-infrared to millimeter
wavelengths (Hughes et al, 2007, 2009; Brown et al, 2009; Gräfe et al, 2011). Extending
these results to large, unbiased samples of transitional disks will potentially allow one to
distinguish between different models for disk clearing, and perhaps even directly detect
newly formed planets (Wolf and D’Angelo, 2005).
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Fig. 3 Luminosity for a population of synthetic planets forming and evolving around a solar like star. The
luminosity in units of Jupiter’s luminosity today (8.7 × 10−10 L�) is shown as a function of distance,
for three moments in time. The left panels is during the formation epoch, the middle panel soon after the
protoplanetary disks have disappeared, and the right panels shows the situation after 5 × 109 yrs. Note that
outward migration, or outward scattering is impossible in these simulation by construction, which likely leads
to an underestimation of giant planets at large semimajor axes (from Mordasini et al. in prep.).

2.3.3 Luminosities of young planets?

A key property for several detection methods of extrasolar planets like direct imaging or
interferometric methods is the luminosity of (young) giant planets (Absil et al, 2010). As
outlined in Sect. 2.2.4, the luminosity is a strong function of time (and of planetary mass?).
The highest luminosities occur during the gas runaway accretion and collapse phase. For fast
gas accretion one finds very high peak luminosities, up to∼ 0.1L� for a Jupiter mass planet,
but the phase of high luminosity is only very short, about 104 yrs. Lower peak luminosities
are found if the gas accretion rate is low, but the duration of the phase is longer (Lissauer
et al, 2009). This local energy input into the disk leads to the formation of a hot blob (T ∼
400 − 1500K) around the planet, with a size equal to a few Hill spheres of the planet,
corresponding to 0.1-1 AU for a growing giant planet a 5 AU. Such a feature should be
detectable in the mid-IR, and might even cast shadows (Klahr and Kley, 2006; Wolf, 2008a).

For observational surveys looking for planetary companions, it is relevant to know the
distance-luminosity distribution as a function of time. Figure 3 (Mordasini et al., in prep.)
shows this for a synthetic population of planets forming around a solar like star. Note that
outward migration is not yet possible by construction in this set of models, which might be
relevant in the context, as it leads to an underestimation of giant planets at large semimajor
axes which are prime targets for such surveys. Note further that the luminosity of young
giant planets is in general a topic which is still being debated (Fortney et al, 2005). The left
panel shows the distance-luminosity plane at an age of the protoplanetary disks of 106 yrs.
There are some very bright planets with luminosities up to about 0.06L�. They are found
somewhat outside the current position of Jupiter, at 6-7 AU. These are massive planets form-
ing in solid rich disk, which get early in the gas runaway accretion/collapse phase, so that
high gas accretion rates are possible. The much lower luminosities of the planets at smaller
distances (inside about 1 AU) is caused in contrast by the accretion of planetesimals. The
middle plot shows the situation at 10 million years, thus after all gaseous protoplanetary
disks have disappeared. Gas accretion onto the planets has therefore ceased, but the planets
are still quite luminous in this early phase of contraction. At the present age of the solar
system (as shown in the right panel) luminosities have decreased by several orders of mag-
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nitude. The highest luminosities are caused by some∼ 30 Jupiter mass objects. Two massive
planets relatively close to the star are also visible.

2.3.4 Where in the disk do giant planets form?

The rate equations for solid accretion (Sect. 2.2.3) indicates that a position not far outside
the iceline is the sweet spot for giant planet formation within the core-accretion paradigm, as
massive cores can form still relatively quickly. This is confirmed by more complete simula-
tions (Mordasini et al, in prep.), which compute the initial location of planets that eventually
grow more massive than 300M⊕ (about 1 Jupiter mass) relative to the position of the ice-
line in their parent protoplanetary disk: the typical position from where giant planet come is
indeed a few AU outside the iceline, especially for low and medium [Fe/H] disks. At high
[Fe/H], giant planets can form both inside, as well as clearly outside the iceline (see also Ida
and Lin, 2004a).

The location of the iceline itself is set, at least initially, by the energy production due to
viscous dissipation in the disk, and its radiation at the disk surface. Fits to the location of
the iceline as a function of disk and stellar mass in this regime can be found in Alibert et al
(2011). For a solar-type star, it lies between roughly 2 to 7 AU. At later stages, when the disk
becomes optically thin, the location of the iceline becomes determined by the energy input
from the star (Ida and Lin, 2004a), and lies at about 3 AU. In the observed semimajor axis
distribution of the extrasolar planets, there is an upturn in the frequency at a semimajor axis
of about 1 AU, which could be caused by this preferred starting position close to the iceline,
and subsequent orbital migration (Mordasini et al, 2009b; Schlaufman et al, 2009). This
would thus be a direct imprint of disk properties on planetary properties. But one should
keep in mind that the temperature and solid surface density structure in the disks might be
in reality much more complicated (Dzyurkevich et al, 2010) than assumed in the simple
models used here.

3 Observing disks and exoplanets

One of the immediate goals in planet formation research is to determine the statistics, proper-
ties, and large- and small-scale structures of circumstellar disks and exoplanets. Ultimately,
the study of disks spanning across the pre- to the post-planet formation phases over a range
of stellar masses will help identifying the most profound trends, hence the relevant physics,
that are central to planet formation. In this section, we briefly outline the current state-of-the-
art in spatially resolved observations of circumstellar disks and exoplanets (see also Absil
and Mawet, 2010). In particular, we aim at outlining the specific observing methods that are
available and the extent to which they can be used to infer the properties of an individual
disk or exoplanet.

3.1 Circumstellar disks

Spatially unresolved photometry is by far the easiest way to assess the presence and deter-
mine some of the properties of a circumstellar disk. Over the last three decades, this ap-
proach has been used to determine the typical ∼ 5Myr time scale for disk survival (Fedele
et al, 2010), hence planet formation, as well as to assess the presence of dust grains 1 mm
in size or larger in the majority of protoplanetary disks (Natta et al, 2007). Similarly, recent
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Spitzer surveys have established that 10–50% of young main sequence stars host a debris
disks (Trilling et al, 2008; Meyer et al, 2008; Lestrade et al, 2009), confirming that the for-
mation of planetesimals is a very common outcome of disk evolution, in line with the high
proportion of detected exoplanets around nearby stars (Udry and Santos, 2007).

However, analyses of spectral energy distributions of these objects are limited to some
very simple questions (Is the disk present or absent? Is it optically thin or thick?) as a result
of numerous ambiguities between the various physical parameters that describe a given disk
(Chiang et al, 2001). To give a simple example, determining that a debris disk system is
characterized by a black-body excess emission only firmly establishes the temperature of
this dust population. Its physical location around the star, which could then be compared to
an exoplanetary system or to planet formation theories, can only be inferred by making an
assumption about the distribution of size and composition of the dust grains.

3.1.1 Observing Circumstellar Disks

Before addressing particular observing techniques, it is useful to discuss the ways in which
disks can be studied if they can be spatially resolved. This will help to highlight the com-
plementarity of the various observing techniques and to identify the areas in which long-
baseline interferometry can provide a unique contribution.

Scattered light imaging At optical wavelengths, circumstellar disks are not significant emit-
ters since their temperature does not exceed the dust sublimation temperature (typically
∼1500 K). At these wavelengths, a disk can only be imaged in scattered light, i.e. stellar
photons that have scattered off a dust grain in the disk prior to reaching the observer. As
demonstrated by McCabe et al (2003), disks can be imaged in scattered light up to the mid-
IR regime. However, depending on the stellar effective temperature and luminosity as well
as the dust properties, the relative contribution of the thermal emission becomes important
at near- to mid-IR wavelengths (e.g., Pinte et al, 2008a), i.e., the main source of scattered
photons is the hot dust in the innermost disk regions itself. Consequently, not only the stellar
photosphere, but also these inner regions have to be hidden from direct view if the goal is to
obtain large-scale disk images in the optical to mid-IR wavelength range.

Scattered light images are powerful tools to determine the overall geometry of a disk.
First of all, an image usually provides a direct estimate of the disk inclination. Furthermore,
it provides a lower limit to the disk outer radius. Because it does not rely on intrinsic disk
emission, scattered light can be detected up to large distances from the central star (up to
1000 AU) with sensitive enough detectors. In the case of debris disks, which are optically
thin, scattered light images directly trace the structure of disks with surface brightness en-
hancements in regions of higher density. In fact, surface brightness profiles can be inverted
into surface density profiles, making it possible to infer the presence of planets through gaps,
asymmetries or resonant trapping of dust particles. On the other hand, protoplanetary disks
are optically thick and scattered light only probes the upper surface of the disk. Indeed, sur-
face brightness profiles inform us on the geometry of the disk surface: a flat or shadowed
disk does not produce substantial scattered light, for instance. In the specific case of edge-on
disks, it is possible to infer the vertical scale height of the dust component. If the vertical
extent of the dust component is deemed too small compared to the prediction for a disk in
hydrostatic equilibrium, this can be interpreted as a sign of settling compared to the gas
component. Scattered light images of optically thick disks, however, suffer from ambiguous
interpretation: lateral asymmetry can be either due to an intrinsic large-scale asymmetry in
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the disk or an illumination disparity, possibly because of asymmetry in the innermost regions
of the disk.

Because of the nature of scattering, optical and near-IR images of disks also inform on
the nature of the dust grains: grains much smaller than the observing wavelength scatter
isotropically while large grain are strongly forward-throwing. Dust properties, especially
the possibility of porous or non-spherical grains, also play a role in setting the scattering
“phase function”. If the viewing geometry of a system, hence the scattering angle at each
position in the disk, can be determined, it is possible to map the phase function. This can
in turn be used to probe the grain size distribution, under some assumption about the dust
composition. While multiple combinations of dust compositions (including porosity) and
size distributions can yield the same scattering asymmetry, one can take advantage of a
multi-wavelength approach to map this asymmetry as a function of wavelength, which can
help disentangle the effects of dust composition and grain size distribution. Finally, if the
dust grains have a sufficiently strong spectral feature in their albedo function (such as the
water ice feature around 3µm), it is possible to use scattered light imaging to constrain the
dust composition independently of the phase function and of the disk optical depth.

In optically thin disks, grain sizes can also be constrained by the observed color of the
disk relative to the central star. Indeed, very small grains have an albedo function that drops
significantly towards longer wavelengths, making the disk “blue”, whereas disks containing
larger grains are typically neutral or slightly “red”. The intensity scattered off a dust grain is
actually the product of the albedo and the phase function, so it is critical to obtain a resolved
image to disentangle the two effects.

As a final note, scattered photons are generally highly linearly polarized, with details
depending on the photon wavelength, dust size, shape and composition. Therefore, maps of
linear polarization vectors or, second-best as this induces a loss of information, polarized
intensity images also convey insight on the dust properties. Polarized imaging offers the
added benefit that the central star is essentially unpolarized, which alleviates dramatically
the high-contrast problem posed by scattered light imaging.

Thermal Emission Mapping At near- and mid-IR and longer wavelengths, disks are im-
aged via their dust thermal emission. Dust grains are heated by the central star and re-emit
as gray bodies depending on their equilibrium temperatures. The inner few AUs of a disk
emit mostly in the near- and mid-IR range whereas the outer regions (beyond 10 AU) emit
primarily in the far-IR and (sub)millimeter wavelength regimes. Therefore, it is possible to
discern details in the immediate vicinity of the central star in the mid-IR regime if the spatial
resolution is high enough, gaining insight on the disk inner radius, as well as the geometry
of the inner regions of the disk.

At the longest wavelengths, most of the disk is optically thin, so that the surface bright-
ness of a disk is a direct measure of the κνΣ(r)Bν(T ) product, where κν is the dust opac-
ity, Σ(r) the surface density and T (r) the dust temperature. A surface brightness map can
therefore be used to determine the surface density profile of a disk if its temperature profile
can be estimated or assumed. Furthermore, the ratio of surface brightnesses at independent
wavelengths is only dependent on the opacity ratio, which itself is a function of the grain
size distribution. This method has first been used with unresolved observations to probe the
presence of dust grains as large as 1 mm. If the wavelength-dependent resolution can be ac-
counted for properly, resolved maps can be used to study spatial variations in the grain size
distribution.

Because debris disks are optically thin at all wavelengths, it is possible to take advantage
of the inescapable rule of thumb that observables are most sensitive to grains whose size is
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comparable to the observing wavelength. If grains of various sizes have different spatial dis-
tributions as a consequence of size-dependent forces exerted on the grains, this can translate
into significantly different morphologies as a function of wavelength for a given disk, for
instance from mid-IR to millimeter wavelengths.

As a final note, it is worth emphasizing that the scattered light and thermal emission
regimes overlap in wavelength which, in the case of optically thick disks, leads to a com-
bination of different “photon histories” that contribute to the observed image and must be
disentangled, generally by comparing observations to predictions of complex radiative trans-
fer models. Debris disks offer the possibility of more straightforward interpretations as all
photons received by the observed only interact once with the disk.

Other approaches In addition to these two generic approaches, there are several other meth-
ods that can provide spatially resolved information about disks. First of all, disks around
some Herbig Ae/Be stars have been spatially resolved in near- to mid-IR PAH3 observa-
tions. PAH grains are stochastically heated by the UV radiation of early-type stars and emit
in a few bands between 3 and 12µm. Comparing the morphology of disks in these bands
and in adjacent continuum bands has revealed that PAH grains can be excited up to very
large distances (well beyond 100 AU in some cases) in the surface layers of flared disks. As
such, they provide key information regarding the global structure of disks on the large scale
(vertical height, flaring), akin to scattered light images.

An unexpected source of spatial information about protoplanetary disks comes from
photometric time series, which reveal variability from the optical to the to mid-IR on time-
scales of a few days to a few months. At least some of these variations arise from inho-
mogeneities and/or asymmetries in the inner regions of disks, at a distance from the star
determined by the observed time scale via Keplerian rotation. This approach can be used to
probe the structure of disks within a few AU at most of the central star.

The various approaches outlined so far focus on the dust component of disks, which
is the common element to protoplanetary and debris disks. However, most of the mass of
protoplanetary disks is in gaseous form which can also be spatially resolved. For instance,
the rotational lines of many molecular species lie in the (sub)millimeter regime, so that they
can be mapped with the same instruments as their adjacent continuum. While this is cur-
rently limited to the most massive disks because of sensitivity limitations, this method can
be used to study the chemical structure of disks as well as to measure the Keplerian rotation
of circumstellar disks, hence the mass of the central star. At much shorter wavelengths, it is
possible to apply the “spectro-astrometric” method to near-IR molecular emission lines. The
objective is then to measure a spatial displacement of a source photocenter across a spec-
tral emission line, revealing the emission from the hot gas component of the disk, which is
located in the inner few AU.

Observational techniques Protoplanetary disks are too distant to be imaged with simple,
ground-based imaging techniques at optical or IR wavelengths. Diffraction-limited devices
(adaptive optics on large ground-based telescopes, or the Hubble Space Telescope) are nec-
essary to image disks, providing a typical linear resolution of 5–10 AU, insufficient to dis-
cern details in the innermost regions of disks. Furthermore, except in the special cases of
edge-on disks or polarized imaging, a coronagraph is required to block the light of the cen-
tral star which, with the unwanted side effect of masking out the inner 50–100 AU of the
disk as well. Nonetheless, an increasingly number of disks (currently about three dozens)

3 Polycyclic aromatic hydro-carbons
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has been imaged in scattered light using these techniques. Debris disks, which are located
much closer (down to a few pc from the Sun), can be imaged with very high linear resolu-
tion, up to 1 AU, and as close as a few AU from their parent star in favorable cases. Such
images, typically dominated by scattered light can typically be obtained from the near-UV
to the the near-IR regime (2–5µm). Also, it is possible to use a back-end spectroscopic in-
strument (long-slit or integral field unit) to search for spectro-astrometric signatures of hot
gas in the inner region of disks.

In the far-IR to millimeter regime, the spatial resolution afforded by single-dish tele-
scopes is insufficient to resolve any protoplanetary disk, and only a handful of nearby debris
disks have been resolved4. Long-baseline interferometers working in the (sub)millimeter
range (VLA, IRAM Plateau de Bure, CARMA, ATCA, SMA) provide subarcsecond reso-
lution, sufficient to resolve disks. Such instruments have been used to map the continuum
thermal emission of protoplanetary disks in the outer regions of disks, specifically in the
disk midplane which contains the highest density of dust particles. With the exception of
rare cases, these interferometers are not sensitive enough to detect debris disks, however.

Long-baseline interferometric techniques in the optical, near- and mid-IR regimes have
also been used extensively in recent years to map the innermost regions of protoplanetary
and debris disks. The spatial resolution achieved by an interferometer is defined as λ/B
where λ is the wavelength and B the baseline, that is the distance between the telescopes.
For a typical baseline of 100m, the interferometric spatial resolution is∼ 4mas and∼ 20mas
for the K and N bands, respectively, thus in adequacy with the angular sizes involved in our
science case. The exquisite resolution these interferometers provide allows one to resolve
the inner radius of many protoplanetary disks, although in most cases analyses are limited
to comparison of interferometric data with synthetic model images of disks with simple
morphological structures. In all cases, because of their intrinsically small field-of-view, as
well as the use of an observing wavelength λ ≤ 15µm, only the inner few AU of disks can
be studied through such observations.

3.1.2 Inner disk regions: Observational findings

To date, well over 100 protoplanetary disks and over two dozen debris disks have been
spatially resolved at one or more wavelengths5. We summarize some of the main findings
resulting from these images for protoplanetary and debris disks, with a focus on findings
that are related to planet formation.

Herbig Ae/Be stars: thermal emission of the dusty inner rim: Monnier et al (2005); Vinković
and Jurkić (2007) have shown on a sample of Herbig Ae/Be stars that the interferometric
size of the K band emission was correlated with the star luminosity, as illustrated on Fig. 4
(left). From this correlation they have demonstrated that the near-IR excess of such stars was
– with at the exception of the most luminous ones – arising from the thermal emission of
the inner part of the dusty circumstellar disk, located at the dust sublimation radius (roughly
T ∼ 1500K for silicates), assuming that the dust is in equilibrium with the radiation field.
If this scenario works well for Herbig Ae stars and late Be, it however fails to interpret the
size of the IR excess emission region for the early Be, the inner rim being too close to the
star regarding their high luminosity. In this case, one likely interpretation is that the gas in-
side the dust sublimation radius is optically thick to the stellar radiation, hence shielding a
fraction of the stellar light and allowing the dusty inner rim to move closer to the star.

4 It must be noted that the Herschel Space Observatory is now rapidly expanding this list.
5 An up-to-date list is maintained at the http://www.circumstellardisks.org/ website.

http://www.circumstellardisks.org/
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Fig. 4 K band interferometric size-luminosity relationship for intermediate (top, adapted from Monnier et al,
2005) and low (bottom, adapted from Pinte et al, 2008b) mass young stars. We can see that for the T Tauri
regime, considering the thermal emission only (dashed line) does not reproduce the correlation whereas
taking into account both the thermal and scattered light emission with the same disk model (solid line) does.
(Reproduced by permission of the AAS)

T Tauri stars: a strong contribution of the scattered light. Together with the last improve-
ments of interferometers in terms of sensitivity, it is only recently that the same kind of
study could have been performed on the less luminous T Tauri stars. And the results that
have been obtained were somewhat surprising, the size of the near-IR emission being larger
than predicted (Akeson et al, 2005; Eisner et al, 2007b, 2005). Many hypotheses were in-
voked such as lower sublimation temperature Tsub ∼ 1000K, fast dissipation of the inner
disk, magnetospheric radii bigger than dust sublimation ones hence defining the location
of the inner rim; until Pinte et al (2008b) had shown that when the luminosity of the star
decreases, the contribution of the scattered light, in addition to that of the thermal emission,
could not be neglected anymore. As a consequence these authors have convincingly demon-
strated that the model of the inner disk located at the dust sublimation radius was holding
for the T Tauri regime as well, and that no alternative scenario was required as long as the
radiative transfer in the disk was thoroughly studied (thermal + scattered light).

The shape of the dusty inner rim: As it is directly and frontally irradiated by the star, it
was quickly suggested that the inner rim would be probably thicker than the disk straight
behind it which at the contrary only receives a grazing star light. As a result, the inner rim is
expected to be “puffed-up”, hence casting a shadow on the outer part of the disk. However,
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how big and sharp the puffed-up rim is and how pronounced the shadow behind appears
remain open questions. In the past years, various models with increasing complexity have
been developed to address this issue. After the first simple models by Natta et al (2001) and
Dullemond et al (2001) in which the rim was assumed to exhibit a vertical wall, approximate
1-D (e.g. D’Alessio et al, 2004; Isella and Natta, 2005) and full 2-D radiative transfer models
(e.g. Dullemond and Dominik, 2004a; Tannirkulam et al, 2007; Kama et al, 2009) have
progressively shown that the rim was most likely rounded off, although the true vertical
profile of the rim is hard to determine as it is highly dependent on dust and gas properties.

From an observational point of view, provided that the source is seen under a large
enough inclination angle, images of its near-IR emission should all the more deviate from
axisymmetry than the inner rim is sharp. Using three telescopes simultaneously, interferom-
etry enables to measure such a level of asymmetry through the so-called “closure phase”
observable (Monnier, 2000), the bigger the closure phase, the bigger the departure from
axi-symmetry. In this framework, observations with the 3-telescope IOTA interferometer of
a sample of 16 young stars (Monnier et al, 2006) have mostly revealed sources with small
closure phases, hence ruling out the sharp vertical wall hypothesis and favoring a smooth
rounded off structure for the inner rim. New observations with higher closure phase accuracy
should be extremely fruitful to further constrain the shape of the inner rim.

The hot gas inside the dusty inner rim: Though dust is mostly dominating the near-IR con-
tinuum emission of young stars, there are some cases where the dust rim cannot account for
the entire near IR excess observed in the SED. Particularly, in the case of stars where the
accretion rate is high enough (roughly > 10−7 − 10−8M� yr−1) the contribution of the hot
gaseous component to the near-IR excess cannot be neglected. Since the hot gas is located
between the star and the dust sublimation radius, we expect its region of emission to be
hotter and more compact than that of the dusty inner rim. As a consequence, observing at
shorter wavelengths or longer baselines appears to be well suited to probe this region. This
was first achieved by Isella et al (2008) which have observed the Herbig Ae star MWC 758
with the AMBER instrument on the VLTI, both in the H and K bands. They have shown
that, if the K band observations alone are well interpreted by the classical dusty puffed-up
inner rim (Isella and Natta, 2005), it fails to reproduce the H band observations for which the
emission is less resolved than expected by this model. Furthermore, with this single model,
the SED cannot be fitted successfully, showing a lack of energy in the H band. Conversely,
by adding an unresolved hotter component (of T = 2500K) to the model, they managed
to reproduce both the H and K bands measurements jointly. Given the temperature and the
size (≤ 0.1AU) of this emission region, the unresolved component was then interpreted as
arising from the hot gas accreting close to to the star, an hypothesis reinforced by models
of accreting gas (Muzerolle et al, 2004) which allowed for a satisfactory fit of the shape
of the SED by filling the lack of energy in the H band. A somewhat similar strategy was
used by Eisner et al (2007a) who observed different Herbig Ae/Be stars with the Keck in-
terferometer (KI), using moderate spectral dispersion (R=25) within the K band. They have
found that for several stars of their sample, single-temperature ring could not reproduce the
data well, and that models incorporating radial temperature gradients or two rings should
be preferred, supporting the view that the near-IR emission of Herbig Ae/Be sources can
arise both, from hot circumstellar dust and gas. For example, the interferometric data of AB
Aur require the presence of one dust inner rim together with a more compact and hotter
component (T ∼ 2000K) interpreted as coming from the hot dust-free inner gas. And as a
matter of fact, this scenario was also proposed by Tannirkulam et al (2008) who observed the
same star with the very long baselines (300m) of the CHARA interferometer, hence probing
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smaller emission region and showing the need of adding smooth hot (T > 1900K) emission
inside the dust inner rim, contributing to 65% of the K band excess.

However, as an increasing number of interferometric observations led to the direct de-
tection of gas inside the dust sublimation radius, a careful analysis of the expected gas
continuum emission shows that such a conclusion is eventually not straightforward. In the
specific case of the Herbig Ae star HD 163296, Benisty et al (2010) have indeed pointed
that neither gas LTE6 opacities – which produce strong molecular bands absent in the ob-
served spectrum – nor H− non-LTE opacity – where the resulting continuum emission is
too weak and presents an inconsistent wavelength dependence – could account for the extra
IR excess not filled by the emission of the (silicate) dusty rim. Conversely, the presence of
refractory grains inside the inner rim, such as iron, corundum, or graphite which can survive
at much higher temperatures could be a satisfactory alternate interpretation. Similarly, the
supposedly detection by interferometry of hot water molecular emission (MWC 480, Eis-
ner, 2007) inside the dust sublimation radius was soon after invalidated by high-resolution
spectroscopy single-dish observations of the same source which did not show the strong
molecular lines expected (Najita et al, 2009). In one case, the young Be star 51 Oph, Tat-
ulli et al (2008) confirmed that the strong observed CO overtone emission was originating
from a region located at 0.15AU from the star – that is in the gaseous rotating disk –,
but it seems that in a general manner this inner gaseous disks may be poorer in molecules
than expected and the composition of the matter responsible for the continuum emission
from inside the dusty rim remains unclear and more complex than first contemplated. The
above puzzling examples emphasize the need to accompany interferometric measurement
with (as long as possible) simultaneous high-resolution spectroscopic observation in order
to avoid misinterpretation of the interferometric data. Whenever possible, directly record-
ing dispersed interferograms with the appropriate spectral resolution obviously remains the
best-suited solution, at it is discussed in the next section.

Accretion/ejection phenomena with gas line observations. One major achievement in inter-
ferometry in the past years is the capacity of spectrally dispersed the interferogram across
the wavelength range, with resolution high enough (AMBER/VLTI: R=1500, see Petrov
et al (2007), and KI: R=250, 1700, see e.g. Wizinowich et al (2004); Ragland et al (2008))
to spatially resolve the lines emission regions and separate them from that of the continuum,
that is to directly probe – through their emission lines – the gaseous species which constitute
99% of the mass of the circumstellar matter. Among all the IR emission lines that are seen
in young stars, the atomic transition of the hydrogen Brγ is by far the most observed in
spectro-interferometry for it is the brightest and can therefore be studied with rather good
signal to noise ratio (SNR). Two main scenarios are commonly in balance to interpret the
origin of this emission line, scenarios for which the extension of the emission region will
differ:

– Magnetospheric accretion: If the line is emitted in accreting columns of gas (Hartmann
et al, 1994), then the region of emission lies roughly between the star and the corotation
radius, that is the line emission region is much more compact than that of the continuum
which comes from the dust sublimation radius.

– Outflowing winds/jets: At the contrary, if the line arises from outflows (Shu et al, 1994;
Casse and Ferreira, 2000; Sauty et al, 2004), one expects the line emitting region to be
of the same size or bigger than that of the continuum.

6 Local thermal equilibrium
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By measuring the size of the emitting regions responsible for both the emission line
and the surrounding continuum and compare their relative size, IR spectro-interferometry
enables to disentangle between both scenarios and to constrain the origin of Brγ in young
stars. Such an effect was investigated in parallel by both spectro-interferometric IR instru-
ments AMBER and KI, first on single young stars (Tatulli et al, 2007; Malbet et al, 2007) and
subsequently on surveys (Kraus et al, 2008; Eisner et al, 2009, 2010), and these author have
found a large variety of spatial scales for the Brγ emission region, both smaller and bigger
than that of the adjacent continuum. A complete comprehension of the phenomena at stake
yet remains to be elaborated. However, these results have already suggested two distinct
trends for the low- and intermediate-mass young stars respectively: if the correlation be-
tween magnetospheric-accretion and Brγ emission seems well established for T Tauri stars,
it appears that for Herbig Ae/Be stars we are mostly probing outflows phenomena, the Brγ

line being probably in this case an indirect tracer of accretion through accretion-driven mass
loss (Kraus et al, 2008). Spectro-interferometry thus enables to spatially locate the emitting
regions of IR lines in young stars, although in practice only the brightest one, Brγ, has been
deeply investigated so far. With the regular increase in sensitivity of interferometers, this
promising field is expected to move one step forward along two main axes:

1. The observation of weaker lines such as Paβ to probe the geometry of the region at the
interface between accretion and the stellar surface, the structure of this interface playing
a crucial role in mass loss and angular momentum regulation phenomena (Dougados
et al, 2003), the iron line [FeII] to put further constraints on the MHD models on jets
and their launching region (Pesenti et al, 2003), or several other lines directly tracing the
hot rotating gas such as the CO molecule;

2. The interferometric observation at very high spectral resolution (typically R∼ 8000)
in order to spatially and spectrally resolve the lines, thus tracing the various emitting
regions along the lines from the wings towards the central part and accessing the kine-
matics and velocity maps of these regions, in order to directly measure the rotation at
the base of the jets (Bacciotti et al, 2003; Dougados, 2009) as well as quantify the (Ke-
plerian?) disk rotation of the hot gas around young stars.

The size of the 10µm region as a proxy for the disk vertical structure: Following through
the circumstellar disk further away from the star than the inner rim, the middle disk – located
roughly from one to few AUs and radiating at temperatures of a few ∼ 100K – is adequately
probed by interferometry at mid-IR wavelengths. Particularly, such a technique has enabled
to unveil its vertical structure as well as the composition of its surface layer.

By observing a sample of Herbig Ae/Be stars with the MIDI/VLTI instrument, Leinert
et al (2004) have measured the radius of the 10µm emission region of the whole young
stars and compared them with their mid-IR color. It was shown that the more red objects
were displaying more extended emission than that of the more blue sources. Such a result
is consistent with the classification of Meeus et al (2001) where the group I flared disks are
redder and which mid-IR emission appears larger, whereas the group II flat self-shadowed
disks present a more compact mid-IR emission.

Radial evolution of the disk mineralogy: Mid-IR interferometry can also provide spectrally
dispersed interferograms (e.g. MIDI/VLTI, R∼ 230) in a wavelength range perfectly suited
to study the silicate feature at ∼ 10µm, which allows one to probe the radial composition
of the disk atmosphere. One finds that the surface of the inner disk has larger and more
crystalline (crystallinity fraction of 40% to 100%) silicate grains than that of the outer part,
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being smaller and more amorphous. Remarkably enough, such a property holds for a large
range of stellar masses, from the intermediate Herbig Ae/Be stars (van Boekel et al, 2004)
to less massive T Tauri stars (Ratzka et al, 2007; Schegerer et al, 2008, 2009).

The connection to the outer disk regions Scattered light images and thermal emission maps
have confirmed that many disks have outer radii beyond 100 AU although there is a large
object-to-object scatter (Watson et al, 2007). In a handful of disks in which the inner re-
gions have been depleted of small dust grains, millimeter mapping with interferometers has
provided sufficient resolution to resolve the inner radius of the disk at a few tens of AU,
typically (Piétu et al, 2006; Sauter et al, 2009; Hughes et al, 2009). This came as a direct
confirmation of the prediction based on the peculiar SED of “transition” disks. In one case,
the inner region has also been tentatively imaged in scattered light (Thalmann et al, 2010).
It is generally believed that the inner hole in at least some transition disks is the result of
carving by a forming planet, although this remains to be confirmed. More surprisingly, inner
holes have been discovered in disks in which no prior evidence existed for such a structure
(Isella et al, 2010a). Once again, this emphasizes the crucial importance of high-resolution
observations in the analysis of any particular disk.

The outer structure of protoplanetary disks imaged in scattered light is flared (Burrows
et al, 1996; Lagage et al, 2006; Perrin et al, 2006b; Okamoto et al, 2009), in accordance
with simple models based on hydrostatic equilibrium, implying that stellar illumination is
the only significant source of heating for the outer disk regions. It must be emphasized, how-
ever, that more than half of all known protoplanetary disks around T Tauri stars in nearby
star-forming regions have not been detected in scattered light, despite multiple surveys using
the Hubble Space Telescope or adaptive optics devices (Stapelfeldt & Ménard, priv. comm.).
Because our current knowledge is biased towards flared disks which are much easier to de-
tect since they intercept more starlight, it is possible that undetected disks represent a more
advanced, settled state in disk evolution. In the specific case of intermediate-mass Herbig
Ae stars, SED analyses have led to a picture in which, for so-called “group II” (Meeus et al,
2001), the outer disk lies in the shadow cast by the inner regions, reducing the chances to
detect the disk in scattered light. Indeed, only two of the 10 disks imaged in scattered light
around Herbig stars pertain to the group II discussed above. However, it remains unclear
whether this phenomenon is related to the non-detection of many disks around T Tauri stars,
for which no clear-cut distinction is seen in SED analyses. If confirmed, this could indi-
cate strong evolution towards a geometrically thin, dense midplane which would provide
appropriate conditions for planet formation.

The small number of resolution elements across the disk offered by currently operat-
ing (sub)millimeter interferometers prevents detailed studies of their surface density pro-
file. Fitting power-law models to data indicates that the global density profile is typically
Σ(r) ∝ r−0.5..−1, significantly flatter than the Minimum Mass Solar Nebula model (Ki-
tamura et al, 2002; Andrews and Williams, 2007). Typical surface densities at a radius of
100 AU are on tthe order of a few g cm−3. Recent work at the highest achievable resolution
supports a picture in which the density profile is not well described by a single power law
(Wolf et al, 2008), but is tapered towards the outermost regions (Isella et al, 2009; Guil-
loteau et al, 2011). Because none of these observations actually probe the region in which
planets are thought to form (inside of 10 AU), current estimates of the actual surface den-
sity in the inner regions are strongly dependent (by more than two orders of magnitude) on
inward extrapolation of the outer density profile, so that it remains impossible to directly
assess whether the density in the midplane of a given disk is high enough to sustain planet
formation.
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Beyond these global characteristics, spatially resolved observations of disks have re-
vealed a slew of asymmetries and small-scale structure in many disks (Mouillet et al, 2001;
Fukagawa et al, 2004; McCabe et al, 2011). Spiral arms and gaps may be related to the
presence of embedded protoplanets, although their interpretation is often ambiguous due to
the large optical depth of the disks. Density perturbations induced by an outer stellar com-
panion or a self-gravitating disk are equally plausible in many cases (Reche et al, 2009).
Lateral large-scale asymmetries are generally thought to trace the inhomogeneous structure
of the inner disk that affects the illumination pattern of the outer disk. The clearest illus-
tration of this phenomenon is the variability seen in the images and integrated polarization
signal of the HH 30 edge-on disk (Watson and Stapelfeldt, 2007; Durán-Rojas et al, 2009).
This phenomenon may be related to the quasi-periodic shadowing observed in AA Tau, in
which the inner wall of the disk is warped and the base of the accretion column onto the star
periodically occults our line of sight to the star (Bouvier et al, 2007). Recent photometric
timeseries obtained with the CoRoT telescope revealed that this phenomenon may indeed be
common among T Tauri stars, with a frequency as high as 30% (Alencar et al, 2010).

While millimeter observations of disks have unambiguously established that the largest
dust grains in the midplane are at least millimeter-sized, it is still extremely challenging to
probe their radial dependencies. Early attempts indicate little-to-no differences as a function
of radius (Isella et al, 2010a; Guilloteau et al, 2011). In the disk upper layers, scattered light
images indicate that their optical properties are grossly similar to those of interstellar grains,
although in several cases, power law size distributions have to be extended up to a maximum
grain size of a few micron to better reproduce the data (Burrows et al, 1996; Stapelfeldt et al,
1998; McCabe et al, 2003; Duchêne et al, 2004; Sauter et al, 2009). Nonetheless, power-law
distributions with a maximum grain size of 10µm or larger are systematically excluded,
indicating that the dust properties are significantly different from those of the midplane
(Duchêne et al, 2002; Wolf et al, 2003; Pinte et al, 2008c). Polarization mapping of proto-
planetary disks has also revealed high degrees of polarization, typical of small dust grains
(Silber et al, 2000; Glauser et al, 2008; Perrin et al, 2009). A stratified structure is a common
prediction to models of grain growth and settling, whereby larger grains reside much lower
than small ones due to their weaker coupling to the gas. Detailed multi-wavelength studies
of at least a handful of disks have confirmed such a settled disk structure (Duchêne et al,
2004; Pinte et al, 2008c). In some disks, this picture is also supported by a dust scale height
that is smaller than expected based on an hydrostatic equilibrium gas structure (Watson et al,
2007). Finally, water ice coating of dust grains in the disk outer regions has been confirmed
in scattered light imaging taken in and out of the 3µm absorption band for several disks
(Terada et al, 2007; Honda et al, 2009; McCabe et al, 2011) or spatially resolved spectra
(Schegerer and Wolf, 2010). In all cases, these conclusions apply to the outer disk, tens of
AU away from the star. It is natural to assume that this is also true in the inner disk, but it
cannot be confirmed directly with current observations.

Debris disks As discussed above, the closer distance to many debris disks enables much
higher linear resolution, down to sub-AU scales. At this resolution, many disks show signif-
icant departures from smooth, axisymmetric structures: gaps, warps, dual midplanes, lateral
density asymmetries have all been identified (Mouillet et al, 1997; Golimowski et al, 2006;
Fitzgerald et al, 2007a; Kalas et al, 2007b; Schneider et al, 2009). Some of these structures,
namely gaps and warps, are frequently interpreted as evidence for the presence of unde-
tected planetary objects. This interpretation has recently been strikingly confirmed in two
debris disks, whose structure led to a correct prediction of the semimajor axis of the putative
planet, which was subsequently directly imaged (Kalas et al, 2008a; Lagrange et al, 2009).
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Several other debris disks show similar structures although no planet has been found to date
(Koerner et al, 1998; Schneider et al, 1999). Furthermore, some disks have shown to be ec-
centric or off-centered, which is most easily explained by the influence of an unseen massive
body on an eccentric orbit (Kalas et al, 2005; Buenzli et al, 2010).

Scattered light images of many disks, especially when coupled with SED analyses, have
allowed one to locate precisely the location of a “parent” body ring. Semimajor axes range
from a few AU to up to 100 AU from the central star, indicating that planetesimal formation
can occur over a broad range of radii or, alternatively, that migration mechanisms, along
with resonance trapping with full-size planets, can carry planetesimals over large distances
after their formation.

In the parent body ring, planetesimals constantly collide with each other, producing vast
amounts of small dust grains which are subsequently carried away from the ring via radi-
ation pressure or stellar wind pressure. Only grains smaller than ∼mm/cm can be directly
detected, so studies of debris disks are limited to the analysis of this secondary dust popu-
lation. In the rare cases where the same disk has been imaged over two or more orders in
wavelengths (any combination of scattered light imaging, mid-IR imaging and submillime-
ter mapping), striking differences in morphology have been observed, indicating that grains
of different sizes follow different spatial distributions (Fitzgerald et al, 2007b; Maness et al,
2008). When coupled with a dynamical model of the disk, this can be used to infer more
robustly the location of the various components of the disk.

As is the case for protoplanetary disks, scattered light images of a debris disk allow
one to constrain the grain size distribution, most notably the size of the smallest grains
in the disk. Generally speaking, these are in the 0.1–5µm range and in good agreement
with the expected blow-out size given the central star luminosity and/or stellar wind (Boc-
caletti et al, 2003; Clampin et al, 2003; Golimowski et al, 2006; Kalas et al, 2007a). It is
arguable whether a strict power-law size distribution should be expected in a collisional cas-
cade (Thébault and Augereau, 2007). Here, scattered light images at multiple wavelengths
can provide constraints for the grain size distribution. Most importantly, departures from
spherical compact grains has been identified in one disk and suggested in at least another
one (Schneider et al, 2006). In particular, polarimetric imaging of the debris disk surround-
ing AU Mic has revealed that the smallest dust grains are highly porous (Graham et al, 2007;
Fitzgerald et al, 2007a). It is likely that this property was oinherent to the colliding parent
bodies, raising the question of the efficiency of grain compaction during the growth phase
of dust grains. Because porous grains have a much smaller density, they react differently to
the various forces exerted on them during the evolution of disks, so this property could be
important for planet formation theories. Unfortunately, it is extremely challenging to demon-
strate that small dust grains are indeed porous in earlier stages of disk evolution (Pinte et al,
2008c; Perrin et al, 2009).

3.2 Exoplanets

The analysis of the structure of extrasolar planetary systems and the analysis of basic char-
acteristics of exoplanets since the mid-1990s allow one now to approach the question of
planet formation from the perspective of the “results” of this process. For this reason, a brief
overview about the current state of planet detection capabilities and results is summarized
in this section.

A recurrent feature in the field of exoplanet observation is that model expectations have
been repeatedly challenged and overhauled by observations. The majority of planetary sys-
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tems detected to date have turned out to be strikingly different from the Solar System in
several fundamental ways. However, before briefly evoking these results in more details be-
low, it is important to keep in mind that our present knowledge is strongly constrained by
the detection biases of the observing techniques, and that it is still possible that our Solar
System is representative of the most common types of planetary systems.

About 700 planets are known with a radial-velocity signature, spanning periods between
less than a day and several years, and masses from the brown dwarf limit to a few Earth
masses (see exoplanets.org, exoplanet.eu). More than 1000 transit candidates, a majority
of them probably bona fide planets, have been identified by the Kepler mission, down to
sizes of 1 Earth radius (see, e.g., Lissauer et al, 2011). Other techniques have identified
planets in lower numbers, but in interesting regions of parameter space: very light planets
around pulsars, distance planets with microlensing, free-floating planets and wide systems
with imaging.

Planet diversity The planets detected today practically fill all the volume in parameter space
allowed by physical constraints and detection limits, and this is arguably the most impressive
and unexpected result of the first∼15 years of exoplanet research. The Solar System features
three types of planets, cold gas giants and ice giants, and warm rocky planets, all orbiting
on relatively circular orbits, aligned with the rotation plane of the Sun, and with internal
compositions compatible with accumulation of condensate material and accreted gas at or
near their present orbital distance.

By contrast, a) the eccentricity distribution of exoplanet orbits is very broad, much closer
to that of binary stars than of the Solar System, with circular orbits being exceptional (ex-
cept very close to the star where tidal forces had time to circularize the orbit), b) close-in
planets are common, down to the shortest orbital distances allowed by tidal destruction, c)
the orbit of many close-in planets is not aligned with the rotation plane of the star, d) giant
planets with much higher masses than Jupiter exist, all the way to the Brown Dwarf limit
around 12MJup and higher, e) many close-in gas giants are much larger than predicted by
models, f) planets with masses between ice giants and rocky planets are not uncommon,
and g) the composition of planets does not correlate much with the material available in the
protoplanetary disk at their present orbital distance.

The one point of agreement between observations and previous expectation is the basic
prediction of core-accretion theory. A clear link is observed between the presence of heavy
planets around a star and the host star’s content of heavy elements (Santos et al, 2004; Fis-
cher and Valenti, 2005), thus presumably the abundance of dust in the protoplanetary disk.
Furthermore, high-density planets with masses below the critical mass of accretion of hy-
drogen and helium are abundant. The ensemble features of the planet population confirm the
basic tenets of the core-accretion models. Although the competing scenario for giant planet
formation – formation by disk gravitational instability – has not been ruled out entirely, it
seems to be confined to a minority of cases, at least in the regions of parameter space probed
by present surveys.

Giant planets Because of their enhanced detectability, the most extensively studied category
of giant planets is the so-called “hot Jupiters”, gas giants on close orbits (inside 0.1 AU).
Their statistical properties are now well known and outlined in the next paragraphs. Hot
Jupiters accompany around one Solar-type star in 200 (Gould et al, 2006; Howard et al,
2010). At larger orbital distances, gas giants get more common as the orbit get wider, reach-
ing a frequency of about 5 % of solar-type stars out to radii of 2-3 AU (Marcy et al, 2005).
As radial-velocity surveys do not seem to have reached the mode of the gas giant frequency
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distribution yet, the actual frequency including Jupiter analogues could be comparable or
much higher. At the other extreme in orbital distance, imaging surveys show that giant plan-
ets are also present at distances larger than the Neptune orbit (Marois et al, 2008; Kalas et al,
2008b). The statistics of this population will emerge in the coming years as imaging surveys
like GPI and SPHERE get in full swing. One intriguing early indication from the HR8799
system is that cold gas giants are not analogous to brown dwarfs of the same temperature,
but differ drastically in colors, a possible indication of different cloud coverage (Bowler
et al, 2010).

Hot Jupiters are found at all orbital distances down to a few multiple of the distance at
which the planet would fill its Roche lobe (P=1-3 days depending in the mass), and seem to
accumulate against this limit. A “pile-up” of orbits is observed near P=3 days for gas giant
lighter than Jupiter, with a masse dependence leading to periods near 1-2 days near masses of
2MJup (Mazeh et al, 2005). The pile-up seems absent for higher masses (Pont, 2009). The
angle between stellar spin and planetary orbit – measured for transiting planets by the radial-
velocity anomaly observed during the transit, the “Rossiter Mc Laughlin effect” – shows a
very wide distribution, all the way from aligned orbit to polar or entirely retrograde orbits,
again with the exception of very close orbits which are generally aligned (Winn et al, 2010).
Because of these last two observations, the balance of evidence to explain the presence of
hot Jupiters and close-in planets generally has recently been tilting away from explanations
involving inward migration in the protoplanetary disk, towards dynamical evolution after
the disk has dissipated. The leading explanation now invokes planet-planet dynamical in-
teractions and planet-star tidal interactions to bring planets inward and explain where they
end up (Naoz et al, 2011). Only violent dynamical interactions seem able to account for the
high level of disorder in the distribution of spin-orbit angles, although scenarios invoking
disk-planet interactions have also been invoked (Lai et al, 2011).

Many hot Jupiters have a much larger radius – as measured by the depth of the brightness
dip during transits – than predicted by structure models. Several explanations have been
proposed, and as more transiting planets have been discovered it is now clear that the size
anomaly is closely related to the amount of incoming irradiation received from the host
stars. Hot Jupiter atmospheres seem able to transfer a significant fraction of the incoming
radiative energy into internal entropy, via one or several processes that may or may not
include ohmic dissipation (Batygin and Stevenson, 2010), or eddy dissipation (Showman
and Guillot, 2002; Youdin and Mitchell, 2010). Other explanations have been proposed for
the anomalous radii but do not account for the observed dependence with stellar irradiation.

Observations have been gathered on the atmospheres of hot Jupiters during transits,
secondary eclipses or phase variations, and it appears that there is more than one type of hot
Jupiter atmosphere. This field is still in its infancy and there are few robust observations.
For most objects, the data consist of a series of secondary eclipse depth measurements in a
subset of the Spitzer telescope channels of 3.6–24µm, giving a broad outline of the energy
distribution of the day-side thermal irradiation of the planet. Tentative indications from these
observations include the following: some atmospheres have a temperature inversion in the
lower layers and other do not (Fortney et al, 2008a), the general atmospheric circulation is
dominated by eastward jets (Knutson et al, 2009), some hot Jupiters are very dark and others
reflective (Cowan and Agol, 2011), the fate of the incoming stellar light can be dominated
by alkali metal absorption (Na and K) (Sing et al, 2008), or by scattering from a haze layer.
Explanations for these features are yet very tentative, including the presence of a layer of
titanium oxide vapor for the temperature inversion, and silicate dust grains for the high-
altitude haze.
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Spectra are now being collected for much colder planets discovered by direct imaging,
and the study of gas giant atmospheres at the other end of the temperature range can be
expected to blossom soon. Already, as mentioned earlier, the preliminary indication that the
clouds on the planets of HR8799 do not behave like those on brown dwarfs of the same
temperature is very tantalizing.

Terrestrial planets The NASA Kepler mission is bringing a quantum leap in our knowledge
of lower-mass exoplanets. The veil on statistical properties of 10-20M⊕ planets, that was
slowly moving one planet at a time, was lifted in one sweep by the results of the first year
of Kepler data.

The initial Kepler results indicate that the abundance of planets keeps increasing towards
smaller masses and towards larger orbital distance. From around 0.5% for hot Jupiters or-
biting sun-like stars, the frequency of planets increases tenfold towards masses in the 10-
20M⊕ range, and tenfold again from short orbital distances to 1 AU. These results offer,
qualitatively, strong support for the standard core-accretion scenario of planet formation,
although they differ markedly in detail. Population synthesis using core-accretion models
and disk migration predicted a gap in mass between gas giants and planetary embryos near
the critical mass for runaway accretion of hydrogen and helium (15M⊕), but such a gap
is not observed. The size distribution of more than 1000 planet candidates from Kepler is
rather smooth, suggesting that the neat separation in the Solar System between gas giants,
ice giants and terrestrial planets is not a universal outcome of planet formation.

With apparently continuous distributions in mass and orbital distance, it is tempting to
extrapolate the present distribution towards Earth analogues. If the power-law parametriza-
tion of the presently observed distributions are extrapolated to approximately 1M⊕ and
1 AU, they amount to a star-to-planet ratio near unity (obviously counting the fact that a
single star can have more than one planet) – a very remarkable result that would imply that
terrestrial planets are an extremely common outcome of star formation. The Kepler mission
will soon reach this regime and be able to provide a solid answer.

The sparser results from microlensing surveys, probing large orbital distances, and even
the few known cases of terrestrial planets orbiting pulsars, are also broadly supporting these
abundance estimates.

Planetary systems Another remarkable outcome of radial-velocity and transit surveys is
the finding that systems with more than one planet are common. The Kepler mission has
discovered more than one hundred systems with two or more transiting planets, and up to
six transiting planets in the same systems. Given the geometric bias requiring alignment of
the orbital planes with the line of sight for the transits to be observable, the high occurrence
rate of systems with multiple transits is remarkable and was not expected. Radial-velocity
surveys have also uncovered systems with more than four planets, although the exact number
is often difficult to establish given the sparse data sampling and the superposition of all the
orbital signals, and the lowest-mass candidates are usually doubtful.

When the selection effects are taken into account, it appears that planets are very com-
monly found in systems. Interestingly, it seems that many systems are quite close to the
stability limit, “dynamically full” in the sense that the addition of one major planet would
lead to short term instability and catastrophic dynamical evolution. This, together with the
misaligned spin-orbit angles of many hot Jupiters, has lent support to the speculation that
planet formation was in some sense “too efficient” and initially leading to over-crowded sys-
tems which would later evolve by dynamical interaction, possibly leading to the formation of
close-in planets and the ejection of free-floating planets. This is a powerful constraint from
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planet formation model, which struggle to understand how the formation process clears all
the hurdles between dust grain and full-fledge planet, let alone the problem to form planets
in such abundance.

Some known planetary systems exhibit orbital resonance between two or more planets,
but as an exception rather than a rule, perhaps suggesting that violent dynamical interactions
are more common than orderly inward migration of several planets together.

Habitability The concept of habitable planets has generated an abundant literature, but
based on a single example and few data, it has yet to demonstrate its relevance. While there
is general agreement as to which orbital ranges are favorable to the presence of liquid water
on the surface of a terrestrial planet, there is much variation in the details, and clear deter-
minations of habitability are difficult to achieve in specific cases (Selsis et al, 2007). It is not
clear that the concept of habitability extends to non-solar stellar types in a straightforward
manner. For example, M stars are strong sources of UV radiation which may be a second
important parameter aside of temperature for the permanence of liquid water and a substan-
tial atmosphere (Raymond et al, 2007). Furthermore, it is not obvious if a mild temperature,
resulting from equilibrium with the stellar radiation is the only or even the main source
of habitability (the greenhouse and anti-greenhouse effects can maintain surface tempera-
tures very far from the equilibrium temperature on a planet with a thick atmosphere, and
geothermal or tidal energy are able to keep a surface ocean liquid even with low stellar irra-
diation). Therefore, even though theM ∼1M⊕, Teq ∼ 300 K region is obviously a soft spot
for planet searches from the point of view of habitability and from a parochial perspective,
there is nothing in our present knowledge that makes compelling the belief that this is very
tightly connected to habitability or astrobiological interest (see also Lammer et al, 2009).

4 Scientific potential of optical to mid-IR interferometers

With the background of the theoretical models for the disk evolution and planet forma-
tion and corresponding observational findings, we now discuss the role of near-future long-
baseline interferometers working from optical to the mid-IR wavelengths.

In this section, we will first review quickly the capabilities of coming interferometric
instruments (Sect. 4.1) before outlining selected science cases in Sect. 4.2. These discussions
are complemented by an outlook on synergy effects expected from observations with near-
future large observatories and interferometers both in the IR and the (sub)millimeter domain
in the subsequent section (Sect. 5).

4.1 Selected near-future interferometric instruments

To a great extent, the current knowledge about the inner part of protoplanetary disks has
been obtained with interferometric instruments that are presently in operation: AMBER7

(Petrov and The AMBER Consortium, 2003) and MIDI8 (Leinert et al, 2003) on the VLTI
(Glindemann et al, 2003), MIRC9 (Monnier et al, 2004), CLIMB10 and VEGA11 (Mourard

7 Astronomical Multi-beam Combiner: the near-infrared/red focal instrument of the VLTI
8 Mid-infrared interferometric instrument
9 Michigan Infrared Combiner

10 Classic Infrared Multiple Beamcombiner
11 Visible spectrograph and polarimeter



33

2000

2005

2010

2015

2020

2025

2030

2035

2040
2012

−2 −1  0  1  2
−2

−1

 0

 1

 2

x (Rsun)

y 
(R

su
n)

Motion of the Sun

Fig. 5 Left: Schematic principle of dual-star narrow-angle astrometry (from Launhardt 2009). Right: As-
trometric wobble of the Sun under the influence of solar system planets (in solar radii). (Reproduced with
permission from Elsevier)

et al, 2010) on CHARA12 (ten Brummelaar et al, 2005), and SPR13 and the N band nuller
(Millan-Gabet et al, 2011) on the KI (Perrin et al, 2006a). Furthermore, the PTI14 (Pedretti
et al, 2008) and IOTA15 (Pedretti et al, 2008) have been used for circumstellar disk studies
until recently. For selected results obtained with these interferometers and instruments, we
refer to Sect. 3. Here, we present the near-future instruments that will be available on the
VLTI, the Keck telescopes, and will discuss, exemplarily, the new optical/infrared interfer-
ometer MROI.

4.1.1 VLTI/PRIMA

PRIMA is a facility that will soon provide the VLTI both with a new instrumental capability
and an enhancement of the existing instruments AMBER and MIDI (Delplancke, 2008). It
results from the joint effort of ESO and the ESPRI16 (Launhardt, 2009). It will offer the
following new observing functionalities:

1. Astrometric detection with accuracy expected to be down ∼ 50µas;
2. Faint object observation with MIDI and AMBER;
3. Phase-referencing imaging with MIDI and AMBER;

PRIMA implements a narrow-angle dual-star astrometric capability to the VLTI. The
schematic principle of narrow-angle astrometry can be seen in Fig. 5 (see also Shao and
Colavita, 1992). Two telescopes are used to observe interferometrically and simultaneously
two objects in the sky. By using internal metrology and a proper knowledge of the telescope
array localization it is possible to provide a measurement of the astrometric distance between
the two objects.

12 Center for High Angular Resolution Astronomy
13 Self-phase referencing
14 Palomar Testbed Interferometer
15 Infrared Optical Telescope Array
16 ESPRI is a consortium led by the Observatoire de Genève (Switzerland), Max Planck Institute for As-

tronomy, and Landessternwarte Heidelberg (Germany)
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PRIMA’a success relies on the inclusion of several new subsystems at VLTI and their
joint operation. These subsystems are the building blocks of a proper astrometric system.
They include:

1. Star Separator Systems at each Auxiliary Telescope focus (possibly extended to the Unit
Telescope array). This system will allow one to observe simultaneously two objects in
the isoplanatic sky patch: the science target and a reference object.

2. Two Fringe Sensing Units (FSU A and B). These instruments allow one to track simul-
taneously interference fringes on two objects.

3. Differential Delay Lines (DDL) that compensate for the optical path difference between
the two objects therefore allowing one their simultaneous observation.

4. A Metrology System (PRIMET) that allows the angular distance between the science
target and the reference to be measured.

With all these systems in place, PRIMA should be able to track on a reference star and mon-
itor the astrometric wobble of the science target. As of July 2011 all PRIMA subsystems
that have been installed on the mountain are almost all individually operational. Their com-
mon operation is now the focus of all the efforts. Once ready, PRIMA will be offered to the
astronomical community.

4.1.2 VLTI/GRAVITY

GRAVITY (Gillessen et al, 2010) is a second generation instrument for the VLTI. It has been
designed specifically to observe highly relativistic motions of matter close to the Galactic
Center where a massive black hole gravity reigns.

To reach its final purpose, observing the astrometric motion of the faint near-IR flare
at the center of the Milky way, GRAVITY will have to reach an unprecedented sensitivity.
It will offer the possibility to observe with four telescopes in imaging and narrow-angle
astrometric mode. It will add to the VLTI infrastructure near-IR sensitive adaptive optics and
the capability to fringe track on a reference object within one telescope field-of-view (i.e. 2”
for the UTs). GRAVITY will allow objects of magnitude up to K∼ 18 to be observed as long
as a suitable off-axis reference object is available (K∼ 10). In on-axis mode the sensitivity
will be K∼ 10.

In its imaging mode GRAVITY/VLTI will offer the measurement of interferometric ob-
servables (visibility, differential phases, closure phases, and triple amplitudes) on six base-
lines with ∼ mas resolution. With time and earth-induced projection effects the uv plane
can be properly sampled, therefore paving the way for conventional aperture synthesis im-
age reconstruction. Three spectral resolution modes in the K band will be accessible i.e.
R ∼ 22, 500, 4000.

In its astrometric mode, using a newly implemented metrology system, GRAVITY will
allow the measurement of angular distances with accuracies as low as 10µas. Detecting a
displacement of 10µas yr−1 corresponds to ∼ 7m/s at 150 pc, a typical distance for star-
forming regions.

4.1.3 VLTI/MATISSE

MATISSE17 (see, e.g., Lopez et al, 2009; Wolf et al, 2009) is a mid-infrared spectro-
interferometer combining the beams of up to four UTs or ATs of the Very Large Telescope

17 Multi Aperture Mid-Infrared SpectroScopic Experiment
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Interferometer (VLTI). MATISSE will measure closure phase relations and thus offer an ef-
ficient capability for image reconstruction. In addition to this, MATISSE will open two new
observing windows at the VLTI: the L and M band in addition to the N band. Furthermore,
the instrument will offer the possibility to perform simultaneous observations in separate
bands. MATISSE will also provide several spectroscopic modes. In summary, MATISSE
can be seen as a successor of MIDI by providing imaging capabilities in the mid-infrared
domain. The extension of MATISSE down to ∼ 3µm as well as its generalization of the use
of closure phases makes it also an extension of AMBER. Thus, in many respects MATISSE
will combine and extend the experience acquired with two first generation VLTI instruments
– MIDI and AMBER.

MATISSE will extend the astrophysical potential of the VLTI by overcoming the ambi-
guities often existing in the interpretation of simple visibility measurements. The existence
of the four large apertures of the VLT (UTs) will permit to push the sensitivity limits up to
values required by selected astrophysical programs such as the study of AGNs and extra-
solar planets. Moreover, the existence of ATs which are relocatable in position in about 30
different stations will allow for the exploration of the Fourier plane with up to 200 meters
baseline length. Key science programs using the ATs cover for example the formation and
evolution of planetary systems, the birth of massive stars as well as the observation of the
high-contrast environment of hot and evolved stars.

The primary goal of MATISSE is to allow image reconstruction in the mid-infrared
wavelength range with an unprecedented spatial resolution of ∼10 mas. A sufficient uv
coverage will be reached on the basis of 3-5 different AT configurations (with 1 night of
observation per AT configuration). Constrained by the dynamical evolution of MATISSE
targets on ∼mas scale, the different AT configurations (i.e., a complete set of observations
for a given target) should be scheduled within a period of two-four weeks. The comparison
between models and visibility points and phases in the Fourier plane is considered as an
alternative approach for the data analysis. This approach will profit from the combination
of the experience gained with MIDI (data analysis in the N band) and radio interferometry
(simultaneous analysis of many uv data points).

In the N band, the sensitivity of MATISSE depends on the number of combined beams
but is in general comparable to MIDI. The type and number of astronomical sources per ob-
ject class is therefore comparable to those of MIDI. MATISSE will allow one to investigate
the expected complex nature of the small-scale structures traced with MIDI. These observa-
tions are expected to significantly improve our understanding of fundamental astrophysical
processes in various classes of objects (e.g., planet formation / planet-disk interaction, struc-
ture of AGN tori).

In the L&M bands, observations will allow one to trace regions with higher characteristic
temperatures. The physical conditions and chemical environment can therefore be studied in
different regions (e.g., in protoplanetary disks, or stellar winds). While N band observations
are clearly dominated by the thermal emission of warm and cool dust, L/M band continuum
images are expected to be dominated by the scattering and thermal emission of radiation of
hot dust grains. Thus, MATISSE will provide complementary information about the struc-
ture of the dusty environment of the various astrophysical objects, but also about the dust
properties. Furthermore, in L band the highest sensitivity is expected due to the reduced
background emission.

MATISSE will provide a spectral coverage from the L band (∼3µm) to the N band
(∼13µm) with spectral resolutions of R∼30 (L/N), 100–300 (L/N), and 500–1000 (L). Be-
side an individual analysis of measurements in different bands, the combination of data from
multiple bands is expected to provide much stronger constraints on models of science targets
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than data from a single band alone. This is due to the different regions (spatial resolution),
different physical conditions and processes (temperature), and origin of the radiation (ree-
mission, scattering) of the MATISSE targets that can be traced in L to N band the wavelength
range.

4.1.4 VLTI/VSI

The VLTI Spectro Imager (VSI; Malbet et al, 2008) instrument has been proposed in 2006 to
ESO as a possible VLTI 2nd generation instrument dedicated to spectro-imaging at the milli-
arcsecond scale of various compact astrophysical sources in the near-infrared. Compared to
GRAVITY, it would bring the J and H bands, high spectral resolution and the possibility to
use 6 VLTI beams at the same time offering an imaging snapshot capability within a night.

VSI will provide the astronomical community with spectrally resolved near-infrared
images at angular resolutions down to 1.1 mas and spectral resolutions up to R = 10000 to
30000. Targets as faint as K = 13 will be imaged without requiring a brighter nearby refer-
ence object; fainter targets can be accessed if a suitable off-axis reference is available. This
unique combination of high-dynamic-range imaging at high angular resolution and high
spectral resolution for a wide range of targets provides the opportunity for breakthroughs in
many areas at the forefront of astrophysics, especially for the formation of stars and planets.

VSI will probe the morphology of the dusty close environment of pre-main-sequence
stars at NIR where the temperature of the emitting material is close to the dust sublimation
temperature. Therefore it will focus on the central radiation field in the environment struc-
ture, i.e. the exact shape of the sublimation surface/rim and inner cavity. It will permit to
correlate the morphology with dust properties, but also to detect possible planetary orbiting
companions which open cavities in the central disk region. This information is important
to understand the influence of planetary companions on the planet formation and migration
scenarios. The structure of the inner disk revealed by the capacity of image reconstruction
with VSI can help to understand the initial conditions for planet formation.

The most remarkable feature of VSI is its capacity to get snapshot images of these
environments within a night, opening the path to time-dependent morphology. At Taurus
distance, the Earth orbit is located at 7 mas. Therefore, all motions within this radius will
have time constants of the order of months and even less. For the first time a systematic
study of the orbital evolution of the dusty environment will be feasible and compared to nu-
merical simulations. By comparing objects at different evolutionary stages, the time scales
for the morphological evolution and dissipation can be addressed. With VSI, a considerable
advance in PMS stellar evolution models is expected and more precise timing of the central
stars will be available. The spectral capacity of VSI in the NIR domain will allow the esti-
mation of the stellar mass. This mass directly affects the central radiation field and the dusty
environment via sublimation/heating and radiation pressure.

4.1.5 KI/ASTRA

The KI18 combines the two 10m Keck telescopes with a baseline separation of 85m. The
resulting resolution of λ/2B ∼ 2.7 mas at 2.2µm is about a factor 3 better than the diffrac-
tion limit of the planned ∼ 30 m class next generation of ground-based telescopes currently

18 Unfortunately, NASA has currently decided to cease operations funding for the KI for bud-
getary reasons. Please check for more up-to-date information the Keck Interferometer support page:
http://nexsci.caltech.edu/software/KISupport/

http://nexsci.caltech.edu/software/KISupport/
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under development. The opto-mechanical complexity of the imaging process of 30 m tele-
scopes (Gilmozzi and Spyromilio, 2008) will make it difficult to match and outperform the
high precision of interferometric astrometry with imaging astrometry. Recent developments
include the addition of nulling interferometry and improved sensitivity (Colavita et al, 2008).

ASTRA, which stands for the ASTrometric and phase-Referenced Astronomy, is a major
development effort to broaden the astrophysical applications of the KI (Woillez et al, 2010).
There are three modes of ASTRA which implement continuous corrections for phase distor-
tions by increasing degree of complexity: the self-referenced spectroscopy (SPR) stabilizes
fringes on-axis directly on the science target and enable higher spectral resolution up to a
few thousands; dual-field phase-referenced visibility measurements (DFPR) stand for inte-
gration beyond the atmospheric coherence time to reach K=15mag on science targets while
locking the fringe tracker on an offset guide star; the narrow-angle astrometry mode (AST)
eventually will measure distances between a pair of stars within the isopistonic patch to a
precision of 50µas. The three ASTRA steps, or modi of operation, gradually increase the
technological complexity. The SPR mode (Woillez et al, 2010; Pott et al, 2010) is already in
operation and we focus here in the two other coming developments.

Dual-field operation. The dual-field operation is a natural extension of the SPR mode. Two
fringe cameras run in parallel. The first one tracks the fringes for good piston and vibration
correction, enabling much longer integration times at the second camera to increase the
SNR. But in contrast to SPR, the dual-field phase-referencing mode focuses on increasing
the limiting magnitude of the low-dispersion mode by about 5 magnitudes to allow one
pointing the second fringe camera on a faint star within the isopistonic patch around a bright
star. The key difference in the implementation between these first two phases is that for
the dual-field operation the light has to be split already in the image plane at the Nasmyth
foci of the telescopes. After this field separation, the light travels along two separate beam
trains down to the beam combining laboratory, thus a doubled delay line infrastructure is
needed. The additional delay lines are already in regular use for the operation of the KI
nuller instrument. The advantage of the dual-field operation is two-fold. The atmospheric
differential piston, as measured on the bright star in the primary field, can be applied to both
fields to stabilize the fringe motion. This correction is effective as long as the star separation
is smaller than the isopistonic angle. But monitoring helper systems are needed to ensure
that the non-common path after the beam separation does not suffer from vibration induced
decorrelation and differential tip-tilt. DFPR operation will also allow one to use the one
(unresolved) star as phase reference against the other. An unresolved star, used as phase
reference, has no intrinsic visibility phase, so the measured phase derives entirely from
the atmosphere and the instrument. This knowledge can be used to calibrate and retrieve
the intrinsic phase information from the (fainter) companion in the second field. This will
allow the measurement of imaging information about the object in the second field, as long
as its position and the related astrometric phase is known. For instance asymmetric dust
distributions would produce intrinsic phase signals. First on-sky tests validated the ASTRA
dual-field hardware during the summer 2010, separate fringes on two stars were recorded.

Astrometry For the phase-referenced visibility measurement (DFPR), the absolute fringe
location does not matter, as long as the geometrical delay is corrected for well enough to
ensure that the fringe pattern stably ends up on the detector. The visibility information is
encoded in the contrast of the interference signal. But astronomical information is also con-
tained in the differential fringe location which encodes the absolute separation between two
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stars. ASTRA-AST (Pott et al, 2009; Woillez et al, 2010) is designed to measure the dif-
ferential optical path difference (OPD) between both stars. ASTRA-AST will provide the
KI with an internal laser metrology system precise enough to measure ∆ OPD at the 10 nm
level, which transforms into a precision better than 50µas for stars separated closely enough
that the differential atmospheric phase distortions do (nearly) cancel out, i.e. for two stars
from within the isopistonic angle. Note that the actual astrometric baseline of the observa-
tion is defined by the endpoints of the internal metrology system used to measure the precise
differential fringe delay. This astrometric baseline typically does not exactly coincide with
the conventionally calibrated wide-angle baseline. Since the astrometric baseline is typically
not defined in the primary space of the telescope, it is difficult to measure it at a precision
of about 50µm, which is required to achieve the goal of 50µas astrometry. To avoid the
difficulty of knowing the astrometric baseline, the technique of differential narrow-angle as-
trometry (DNA) was developed for ASTRA-AST. This technique relaxes the requirements
on the precision of the astrometric baseline to a few millimeter, and still achieves the goal
of 50µas astrometry when observing nearby calibrator binaries of similar orientation and
separation on the sky (Woillez et al, 2010). Such a precision level is provided by the KI due
to the stability of the Keck telescope pivots over the night.

Laser guide star aided interferometry The second of the two Keck telescopes will be equipp-
ed with a powerful sodium layer laser beacon to allow for adaptive optics correction inde-
pendent of a bright visible guide star (Chin et al, 2010). This will put the KI in the unique
position of being able to offer laser guide star-AO aided operations of targets too faint in the
visible to feed the current wave front sensor. In the context of young stellar objects (YSO)
and their disks, this is particularly interesting for deeply dust embedded objects and edge-on
disk systems, which delivered no or poor AO-correction so far.

4.1.6 MROI/SIRCUS

The Magdalena Ridge Observatory Interferometer (MROI) is an optical/near-IR interferom-
eter being built west of Socorro, New Mexico, on a mountain at 3,500 m and overlooking the
site of the EVLA (Fig. 6). The entire interferometer has been optimized for a high-sensitivity
imaging mission. The baselines for MROI range from roughly 8 to 345 meters, allowing it
to access angular resolutions of 30 mas down to 0.3 mas. First fringes for the facility are
scheduled for 2013, with more telescopes coming online shortly thereafter and production
of rudimentary images beginning in 2015. When complete, the facility will consist of ten
1.4 m diameter relocatable telescopes laid out in an equilateral-Y configuration, with 28 sep-
arate telescope pads to accommodate array reconfiguration (Creech-Eakman et al, 2010b).
Full descriptions of the MROI capabilities and progress have been presented recently by
Santoro et al (2010), Jorgensen and Mozurkewich (2010), Farris et al (2010), and Fisher
et al (2010).

In broad terms, the MROI will utilize two separate beam combiners running simultane-
ously: one, a pairwise correlator optimized for faint source fringe tracking, will monitor the
atmospheric perturbations between nearest-neighbor telescopes (in either the H or Ks near-
IR band), while the other, a multi-beam closure phase combiner, will collect science data in
another bandpass of interest. The current design is for two different science combiners, one
optimized for the near-IR windows with another offering a capability in the R and I optical
bandpasses. The goal for the science combiners is to permit full sampling of all possible
interferometer baselines within 8 minutes, allowing the MROI to deliver deep images with
high dynamic range in a snapshot mode routinely.
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Fig. 6 A recent photograph of the MROI beam combining facility. To the left in the photograph extends the
single pass delay lines in a 190m long building. To the right in the photograph is the location of the center
of the array arms to be laid out in an equilateral-Y with the longest baseline attaining nearly 345m (adapted
from Creech-Eakman et al, 2008).

MROI IR science instrument, SIRCUS (Creech-Eakman et al, 2010b), will come online
in about 2014, and will be capable of spectral resolutions of R'30 and R'300 on objects as
faint as H=14, with dynamic range of at least 5 more magnitudes within the image itself. A
snapshot image with SIRCUS could be produced about every 8 minutes (where about 2 min-
utes of this is actual on-source integration) using beams from six of the MROI telescopes.

The Key Science Mission for the MROI is targeted on three main areas of astrophysical
interest, all of which would be revolutionized were very high angular resolution imaging
routinely achievable (Creech-Eakman et al, 2010a). For all three core areas, many of the
physical processes occurring remain poorly understood, requiring complex imaging to be
better understood. One of the cornerstones of the MROI Key Science mission is the study
of star formation in low- and high-mass molecular clouds and the evidence of the earliest
stages of planetary formation during this period of the star early life. In order to make a
substantial contribution to our understanding of these YSOs, the MROI has been designed
to be capable of making images of targets in the nearest star formation regions (for the
northern hemisphere) on AU and sub-AU scales.

The MROI will be able to access hundreds of YSOs, not only due to the long baselines,
unprecedented sensitivity and baseline bootstrapping capabilities of the reconfigurable array,
but also because of MROI ability to offset point from optical objects down to about V = 16

within a few tens of arcseconds from objects for which fringes are to be tracked. This is
crucial for YSOs due to their heavy dust enshrouding and because YSO cores are often just
becoming observable in the IR/optical for only the most evolved objects.

4.2 Exemplary sciences cases

While the observations described in Sect. 3 have been key in confirming and improving
current theories of planet formation, much is left to understand and characterize about cir-
cumstellar disks. Key questions that need to be addressed concern the surface density profile
and three-dimensional dust distribution in the inner regions of protoplanetary disks prior to
planet formation, and the presence of, e.g., planet-induced asymmetries in the inner few AU
of any type of disks (see Sect. 2.3). To unambiguously address these issues, resolved images
at the highest possible resolution are a necessary step forward.

Obtaining high-resolution images of the inner regions of protoplanetary disks can hardly
be achieved with the next generation of large telescopes. For example, with a 42m ground-
based telescope providing diffraction-limited images in the near-IR, the highest linear reso-
lution that can be achieved in a distance of 140 pc is about 1 AU, so that only a few resolution
elements will cover the entire planet-forming region. Furthermore, the disk will remain em-
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bedded in the glare of the central star. Only long-baseline interferometry offers the promise
of imaging of disks with a linear resolution on the order of 0.1 AU.

4.2.1 The diversity of planet-forming regions

With milliarcsecond angular resolution long-baseline interferometry has proven to be an
ideal tool to study protoplanetary disks (see e.g. Millan-Gabet et al, 2007). It has refined the
vision of the inner astronomical unit structure of a disk, revealing the emission discontinuity
a the dust sublimation distance, the putative presence of hot gas accreting onto the star and/or
wind emission and refractory dust (Benisty et al, 2010). The current sensitivity of VLTI
instruments limits the exploration of protoplanetary disks to the brightest ones and therefore
mainly intermediate-mass stars. The essential limitation comes from (1) the availability of
a reference in the isopistonic field and (2) the fact that there are only two Fringe Sensing
Units that will limit the observations to one spatial frequency visibility (one baseline) per
observation. PRIMA opens the possibility to use a reference star close to the young star to
phase the interferometer. This opens the way to longer integrations on fainter targets or with
increased spectral resolution.

One of the most evident interesting things would be to increase the sample of solar-
mass pre-main sequence stars (T Tauri stars) for which disks near-IR size and inclination
can be estimated. As shown by Pinte et al (2008a), sampling the emission from disks around
low-mass stars would certainly bring significant constraints on disk energy balance through
radiative transfer modeling. Also, astrometric detection of multiplicity among young stars
for which radial-velocity surveys are less efficient (e.g. because of line veiling) would allow
one to probe the properties of disks in binary/multiple environments.

As outlined in Sect. 3.1.2, most of the disk studies published so far have been focused on
intermediate-mass pre-main sequence stars and few interferometric studies have been sen-
sitive enough to observe protoplanetary disks around T Tauri stars. GRAVITY’s sensitivity
should allow the sample of observed young-stellar objects to be increased considerably and
span the entire range of stellar masses. This will therefore open the way to statistical studies
on disk morphologies and their relation with the central stars properties. On the favorable
case where the disks are largely spatially resolved by the VLTI, image reconstruction of the
K band emission in the continuum and in the lines will be the source of important infor-
mation. This has already been carried by several authors (Renard et al, 2010; Kraus et al,
2010) with AMBER but the addition of a new telescope significantly increases the mapping
efficiency. The predominant lines for disk studies in the K band are Brγ and CO overtone.
Several questions will be addressed thanks to the GRAVITY ability to map the K band
emission with a certain dynamical range:

1. What is the nature of the disk inner rim (dust distribution vs. gas distribution)?
2. Can we constrain the inner disk vertical structure (e.g. flaring, inner edge width, tem-

perature radial dependance)?
3. Can we use the CO emission lines to constrain disk dynamics at the astronomical unit

level?
4. Can we detect structures in the emission that can be related to the planet formation

mechanisms (density waves, clumpiness)?
5. Can we relate the Brγ emission to the accretion ejection mechanisms?
6. Can we constrain the mass loss morphology (wind/jet) and therefore constrain the phys-

ical mechanisms at play at planetary formation spatial scales? Does mass loss affect
planetary formation?
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GRAVITY’s contribution should be seen as complementary to MATISSE and the combina-
tion of the two should be a powerful tool to constrain the disk physical conditions within the
central astronomical unit of a protoplanetary disk.

At KI, the high differential precision of visibilities and phases in spectroscopic oper-
ation (currently offered as SPR, but DFPR spectroscopy is also conceivable) allows one
to distinguish different constituents of circumstellar disks, and measure their (differential)
kinematic properties. Earth rotation and repeated observations will minimize the limitations
of the single-baseline on full two-dimensional kinematics and astrometry. Furthermore, the
ASTRA upgrade provides the single baseline KI with a series of new observing capabili-
ties. In particular, the sensitivity of the KI fringe tracker and LGS-AO operation open up for
the first time the observation of faint and red targets at the 10-15 mag level (K band) to the
tool of long-baseline interferometry in the near-IR. Due to the increased sensitivity in DFPR
(off-axis fringe tracking) mode, the current exemplary studies of the brightest nearby targets
can be extended to more systematic surveys of larger samples of circumstellar disks.

4.2.2 The potential of interferometric imaging of the planet-forming region

The importance of simultaneous multi-baseline observations In terms of spatial resolution,
a major progress has been achieved with MIDI and AMBER in the recent years. Given the
typical distance of nearby star-forming regions of ∼140-200 pc and the spatial resolution
achievable with the Very Large Telescope Interferometer (VLTI) in the 8-13µm atmospheric
window of 10-20 mas, these instruments are best suited to study the planet-forming region
in circumstellar disks. One of the first exciting results achieved with MIDI was to show the
difference in the dust grain evolution between the “inner” disk (represented by the corre-
lated flux) and the outer disk (net flux), using the low-resolution spectroscopy observing
mode (van Boekel et al, 2004). However, given the intrinsic limitations of the analysis of
single-baseline observations (interpretation of visibilities, such as in the case of MIDI), one
has only weak constraints on the structure and size of the emitting region: The interpretation
is based on models, which in turn are weakly constrained in the inner disk region because
of the lack of adequate observations since the main constraints are given at best by mid-
infrared SEDs in a few cases. The situation becomes even more difficult if visibilities are
used to constrain more than the geometrical parameters, such as the inner emissivity pro-
file of circumstellar disks. High angular resolution images at infrared wavelengths are of
decisive importance to distinguish between various existing disk models.

True surface brightness profile in circumstellar disks around T Tauri / HAe/Be stars Two-
telescope interferometers allow one to derive the “mean” disk size and the approximate incli-
nation of the disk. In this data analysis it is usually assumed that iso-brightness contours are
centered on the location of the central star. In contrast, multi-baseline interferometers will
allow studies of circumstellar disks that are not exactly seen face-on, and show a brightness
profile which cannot be described by iso-brightness contours centered on the star.

In the mid-infrared, this will allow one to derive the radial temperature profile of the hot
dust on the disk surface and the inner disk rim. This profile will provide information about
the radial and vertical structure of the disk, and thus also about the importance of viscous
heating (in addition to the stellar heating) and hence on the interior density structure in the
potential planet-forming region of the disk.
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Complex structures on large and small scale Thanks to the increasing spatial resolution of
optical to mid-infrared images of young circumstellar disks it becomes more and more evi-
dent that these disks are highly structured. Moreover, the inner region of circumstellar disks
is expected – but not yet proven – to show large-scale (sub-AU – AU sized) density fluctua-
tions / inhomogeneities. Locally increased densities and the resulting locally increased disk
scale height have direct impact on the heating of the disk by the central star and are expected
to show up as local brightness variation (due to increased absorption / shadowing effects) in
the mid-infrared images.

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

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

Evidence for the presence of planets Once (proto-)planets have been formed, they may
significantly alter the surface density profile of the disk and thus cause signatures that are
much easier to find than the planets themselves (e.g., Wolf, 2008b). The appearance and
type of these signatures depend on the mass and orbit of the planet, but even more on the
relevant physical processes (e.g., turbulence) and the disk properties (e.g., mass, viscosity,
magnetic fields) and thus on the evolutionary stage of the circumstellar disk.

Status of disk clearing within the inner few AU Depending on the temperature and luminos-
ity of the central star, the sublimation radius for dust grains is of the order of 0.1 - 1.0 AU
(T Tauri - Herbig Ae/Be stars) – a spatial resolution which can be approximately reached
with MATISSE in the L band in the case of nearby YSOs. However, inner cavities in disks
– dust depletion regions with radii which are much larger than the sublimation radius of
interstellar medium-like grains – have been found (see Sect. 2.3.2).

Imaging: An MROI case study In the following, we present a case study which illustrates the
potential of next-generation interferometers in the domain of imaging through adequate sam-
pling of the uv plane and state-of-the-art image reconstruction. As described in Sect. 3.1.1,
YSOs have flared disk geometries with puffed-up inner walls at the location where the accre-
tion disk makes its closest approach to the star (Millan-Gabet et al, 2007; Pinte et al, 2008a).
These flared disk models tend to imply that most of the near-IR continuum emission comes
from a narrow annular region where dust is sublimating. As a consequence, there is a large
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Fig. 7 From left to right the panels show: a) UV coverage of the simulation for a YSO at a distance of 140 pc
using a 6-telescope configuration of MROI with SIRCUS during a 6-hour observation. b) The original image
on which the simulations are modeled with a 0.7 AU gap present and employing an intensity fall-off of r−2. c)
A six-telescope SIRCUS image of the YSO with the gap, and d) The same six-telescope YSO image without
the gap. The color scale is logarithmic and covers only the range of intensities in the disk, whereas the central
point source is actually 130 times brighter than the brightest pixels in the reconstructed disk images.

contrast between the brightness of the central star to that of the outermost parts of the disk,
causing the detection of gaps within the disk to be challenging. In particular, we refer the
reader to the models of Wolf et al (2002) in which radiative transfer images of disks around
YSOs were derived (for much longer wavelengths) using hydrodynamical simulations and
various intensity fall-offs were derived assuming the presence of a Jupiter-mass planet at
' 5 AU around a solar-mass protostar. Using these models, simulated data has been gener-
ated for the near-IR continuum emission from a Herbig Ae/Be star in a face-on presentation
with a central cavity due to dust sublimation. For comparison, in some simulations a gap of
0.7 AU was superimposed in the dust at 2.1 AU from the star, putatively due to the presence
of a Jupiter-mass planet. The ratio of disk to stellar flux was 3.35.

The simulated dataset was prepared by evaluating the discrete Fourier transform of the
model image at spatial frequencies corresponding to the measured projected baselines, con-
verting to MROI observables (squared visibilities and bispectra), and adding Gaussian noise
appropriate for bright (K ' 5) targets. These simulated dataset were used as input to the
BSMEM maximum entropy imaging code (Baron and Young, 2008) and a point source im-
age was used as the default. A six-telescope MROI was used with telescopes place at stations
West 0, 1, and 4, North 1 and 3 and South 2, which resulted in a baseline range of 7.8 to
32 meters. The lowest spectral resolution of SIRCUS (R ' 30) was used with assumed
uncorrelated visibility calibration errors of ∆V/V = 0.02. A six hour observation duration
was assumed for a target at +25o and MROI at 33.98o latitude such that a set of 42 visibility
amplitudes and 70 closure phase measures was obtained every 20 minutes (Fig. 7).

As can be seen in the images, the uv coverage for the MROI on such a target is excellent,
and the performance of SIRCUS on MROI results in reconstructed images with a dynamic
range of 1000:1. Further, a degree of super-resolution has been obtained, as is demonstrated
by the resolution of the 7 mas diameter inner cavity. The presence of the dust gap, indicative
of a putative Jupiter-mass planet, is clearly evident from the reconstructed images. This type
of work will be very complimentary to similar work done with e.g. ALMA, where MROI is
highly suited to imaging the inner hot disk, and ALMA to the outer, cooler disk regions. For
the nearest seven star-forming regions observable from the northern hemisphere, the MROI
will be able to resolve structures down to the 0.15 to 1 AU scales in the IR.

In phase II implementation of MROI, the facility will deploy optical capabilities (in the
R and I bandpasses) and bring online the final four telescopes of the array. Once optical
imaging is possible, angular resolutions of less than a milliarcsecond will be routinely pos-
sible, and in particular, emission line imaging to trace shocked regions and magnetically
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channeled accretion in YSOs will become feasible. No other facility-class optical interfer-
ometers current or planned are expected to work at optical wavelengths, therefore MROI will
deliver a unique capability unparalleled by ELT employing adaptive optics or space-based
facilities.

4.2.3 Analysis of the mineralogy and gas in protoplanetary disks with MATISSE

In L band (∼ 3.0− 4.1µm), interferometric observations of the H2O ice broad band feature
(2.7-4.0µm) and PAHs: 3.3µm, 3.4µm; nano-diamonds: 3.52µm will become possible,
while in M band (∼ 4.6 − 4.8µm) CO fundamental transition series (4.6-4.78µm), CO ice
features 4.6-4.7µm and recombination lines, e.g., Pfβ at 4.65µm, can be investigated with
“interferometric resolution”. In N band (∼ 8 − 13µm), spectral features to be investigated
with MATISSE will be very similar to those of studied with MIDI. However, MATISSE will
allow one to constrain the spatial distribution in much more detail.

4.2.4 Disks around massive stars

While several prominent low-mass star-forming regions can be found at distances of 150 pc
– 300 pc from the Sun, most of the currently active high-mass star-forming regions are lo-
cated at distances beyond 1 kpc, distances of 3 to 7 kpc are quite common. Furthermore,
massive stars predominantly form in the densest regions of young stellar clusters. Recent in-
vestigations estimate typical number densities of 5×104 stars/pc3 (Orion Trapezium Cluster,
McCaughrean and Stauffer, 1994) or even higher values (Eisenhauer et al, 1998; Stolte et al,
2002). Although more and more theoretical investigations point towards the formation of
high–mass stars by disk accretion (e.g., Yorke, 2004), clear observational evidence for the
existence of such disks remains rather scarce. Convincing cases were mainly found by ra-
dio interferometry (e.g., Shepherd et al, 2001; Cesaroni et al, 2005; Schreyer et al, 2006).
Disks around young massive stars are probably short–lived since they are ablated by the
strong UV flux and winds of the central star on time scales of≤ 105 years (Hollenbach et al,
1994). Thus, the best chance to detect such disks is to catch those systems in an early phase
of evolution. As high-mass star formation is associated with high extinction, mid-infrared
interferometry is the ultimate tool for investigating such disks.

In general, disks around massive stars are expected to be relatively massive themselves
(e.g., Yorke and Bodenheimer, 1999). As a consequence, they are increasingly susceptible
to gravitational instabilities. Numerical simulations, including realistic cooling conditions
(e.g., Durisen et al, 2001; Johnson and Gammie, 2003) and MHD turbulence (e.g., Fromang
et al, 2004; Fromang, 2005) show that sufficiently massive disks tend to form dense spiral
arms, arclets, ridges and similar kinds of surface distortions. For disk–star systems with a
mass ratio Mdisk/M∗ > 0.3, the disk might even begin to fragment into distinct blobs. As it
is impossible to constrain these predicted complex structures on the basis of simple visibility
measurements, high-resolution imaging is essential to make progress.

With the success of the mission for characterizing star-forming regions in the IR, there
is a tremendous number of new objects available for studying with interferometry as iden-
tified in the GLIMPSE surveys in particular (Churchwell et al, 2009). An area in which
interferometry has only recently shown success is the study of massive YSOs, for which
competing theories of formation scenarios are still strongly debated (Zinnecker and Yorke,
2007). The existence of the so-called “green-band emission” at the IRAC 4.5µm band, a
possible tracer of shocked gaseous regions, could readily be compared with the locations
of pre-forming stellar cores. Identification of massive YSOs is being accomplished in the



45

submillimeter and radio where the YSO shocked gases are evident and extinctions are much
lower (Araya et al, 2007; Hofner et al, 2007; Beuther et al, 2002), and so the complementar-
ity of these IR and radio techniques is again quite promising. Nevertheless, studies of core
multiplicities, which could help sort among competing formation mechanisms, are still in
their early stages as they require very high angular resolution in the IR.

Cyganowski et al (2011) have catalogued nearly 300 possible massive YSOs candidates
from the GLIMPSE survey. In their Table 1 they list 97 likely candidates. Of these candi-
dates which are north of -10o declination and therefore readily available to the MROI, 19
(67%) have integrated fluxes above 11.5 magnitudes at IRAC 3.6, 4.5 and 5.8µm bands. If
these sources suffer less than 2.5 magnitudes extinction between the IRAC bands and the
MROI tracking wavelengths of H and Ks, there is a high likelihood that the MROI will be
able to image these regions and help contribute to our understanding of multiplicity and
therefore help sort among competing formation scenarios. Such success has recently been
demonstrated using VLTI AMBER in the near-IR (Kraus et al, 2010) and MIDI in the mid-
IR (Vehoff et al, 2010) on two massive YSOs using instruments much less sensitive than
MROI is predicted to perform by ' 2015.

4.2.5 Astrometric detection of exoplanets

As an astrometric instrument, PRIMA is designed to measure the displacement of the star
on the sky plane due to the gravitational influence of companions, hopefully of planetary
nature (see, e.g., Fig. 5). The expected reflex motion of a host star of mass M∗ located at a
distance d from earth and orbited by a planetary companion of mass MP with orbital radius
aP is given by the following formula:

∆α = 0.33
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The astrometric detection parameter space of PRIMA brings evident complementarity
to radial-velocity observations. The further away from the star, the stronger the astrometric
signal (with a longer period to sample). As presented by Launhardt (2009) PRIMA can be
used to address several issues:

1. Obtain the inclination of the planetary orbit to derive the planetary mass (constrained by
radial-velocity surveys only),

2. Confirm long-period planets candidates in radial-velocity surveys,
3. Measure the relative orbit inclinations in multiple planetary systems,
4. Perform an inventory of planets around stars with different mass and age, in particular

planets around young stars (age <300 Myr).

A preliminary list of 900 candidates has been selected by the ESPRI consortium while the
final list will be probably much reduced. Indeed, the final planetary mass detection perfor-
mance will be directly linked to the ability to find a reference star at 10” to 30” and to the as-
trometric precision. Astrometric accuracies of 100µas have been demonstrated at the Palo-
mar Tested Interferometer (Colavita et al, 1999) with the PHASES program (Muterspaugh
et al, 2006). It is hoped that PRIMA will be be able to track on K∼ 9 stars on a routine basis
as it was done during commissioning (Sahlmann et al, 2009). The precision of 10µas was
the initial goal but this was done with an incomplete description of the instrument. A preci-
sion of a few 10µas would already permit significant contributions such as the detection of
Jupiter mass planets at a distance of 1-5 AU.
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As an astrometric device, GRAVITY will be sensitive to the wobble of a star under the
gravitational influence of its planetary system. Given its sensitivity, detecting Jupiter and
Saturn mass planets at ∼ 1AU from their parent star should be within reach. The strength
with respect to PRIMA is the redundancy provided by the simultaneous six baselines ob-
servation. However, the limited 2” field-of-view will restrict such studies to those objects
having a suitable fringe tracking reference.

As an interferometer, GRAVITY provides the capability to measure precise closure
phases. It has been shown (Renard et al, 2008) that using four UT telescopes with GRAV-
ITY one can reach a sufficient closure phase precision to directly detect hot-jupiters with
favorable stellar to planet brightness ratio. Moreover, a moderate spectral resolution capa-
bility might allow the detection of molecular features such as methane/water absorption in
the planet spectrum to be detected.

At KI, the envisaged precision level of 50µas of the ASTRA astrometry mode will allow
for the detection of on-sky reflex motion of exoplanet hosting stars. While large astrometric
exoplanet surveys such as ESPRI (Launhardt et al, 2008) are most efficiently done with
two orthogonal baselines and smaller apertures, ASTRA-AST observations will have a high
impact with the detailed study of fainter and complex multi-planet systems aligned with the
KI baseline.

4.2.6 Direct imaging of Exoplanets: A challenge for interferometry

Direct imaging and observations of exoplanets with optical interferometers are inherently
challenging due to the very large contrasts between the star and exoplanet. However, inter-
ferometry offers access to measurements impossible with conventional telescopes. CHARA
has recently contributed to our understanding of fundamental physical scales in confirmed
exoplanet systems by making accurate measurements of the host star diameters (Baines
et al, 2009). As interferometers continue to characterize planet-bearing stars, and in partic-
ular features such as stellar spots and limb-darkening, we will gain better understanding of
basic parameters associated with planet transits and the environments in which these planets
exist. More challenging yet would be the actual characterization of the exoplanets them-
selves via spectroscopy, which could in principle be accomplished using differential closure
phase techniques.

Studies have been undertaken to determine the feasibility of such measurements, in-
cluding investigations of the potential of existing interferometric instruments: VLTI using
AMBER (Joergens and Quirrenbach, 2005) and PIONIER (Absil et al, 2011), and CHARA
using MIRC (Zhao et al, 2010). These studies suggest that characterization of closure phases
with milli-radian level precision will yield information on both orbital geometries and spec-
tral energy distributions in the exoplanetary atmospheres. These measurements are presently
limited by interferometric systematics which presently prevent these facilities from attaining
required closure phase precisions. Other potential complications include the need for ade-
quate models for the host stars, which are most likely resolved by the interferometers, and
how to adequately address changes in the orbital geometries of the star-exoplanet systems
which are likely on the order of Earth rotation synthesis time scales for so-called hot Jupiter
candidates. The MROI will have advantages over existing interferometers, in particular in
that the array telescopes can be deployed and optimally baseline bootstrapped in order to
match MROI intrinsic angular resolution to the systems being measured. Further, the high
dynamic range and fidelity in SIRCUS images (with 10 telescopes it collects 36 indepen-
dent closure phases every 8 minutes), will be produced via stabilized fringes delivered as a
matter of course. With MROI planned observing scenarios, it may be possible to produce
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useful closure phase measurements on these systems, but this will certainly require more
study and simulations once the MROI is operational.

It is clear that interferometry will remain the only feasible method to obtain sub-mas
angular resolutions in the optical and IR on these types of object for at least the next decade.
Because circumstellar environments of YSOs are expected to be complex, and exoplan-
ets will likely require high-precision differential closure phases, imaging interferometers in
particular are likely the only viable tools to make any significant progress understanding the
contiguous environments of nearby systems.

5 The role of selected complementary observatories

One caveat of optical/infrared measurements is that protoplanetary disks are extremely op-
tically thick in this wavelength range, so that it will remain impossible to directly probe
the midplane in the inner regions of the disk. Over the next few years, ALMA will greatly
expand our ability to spatially resolve protoplanetary and debris disks at (sub)millimeter
wavelengths. For protoplanetary disks, this will allow one to extend the study of surface
density profile and dust segregation down to the inner few AU.

Another shortcoming inherent to existing and planned optical/infrared long-baseline in-
terferometers is the low sensitivity compared to that of large-aperture telescopes operating
at the same wavelengths. Both, planned large-aperture ground-based (e.g., E-ELT19) and
space-based observatories (e.g., JWST20, SPICA21) are therefore essential to achieve a com-
prehensive understanding of circumstellar disk physics by tracing the low-luminosity outer
disk regions. In turn, interferometric observations – both at optical/infrared and (sub)milli-
meter wavelengths – will reduce the uncertainties related to the inward extrapolation of the
outer surface density profile.

5.1 ALMA: the Atacama Large Millimetre Array

The Atacama Large Millimeter/submillimeter Array (ALMA) has been designed to be the
leading ground-based observatory at millimeter and submillimeter wavelengths in the fore-
seable future. ALMA will initially be composed of 54 × 12-m and 12 × 7-m diameter an-
tennas located on the Chajnantor Altiplano at an altitude of 5000 m in Northern Chile. The
plateau offers a relatively constant altitude site for arranging the ALMA antennas in several
different configurations. In the most compact configuration the longest available baseline
will be of only ∼150 m, in the most extended it will be up to ∼15 km. To fully exploit
the excellent conditions on the site for submillimeter observations, ten receiver bands cov-
ering all the atmospheric transparency windows from 30 GHz to 1 THz are planned. The
six highest priority bands will be available from the start of full science operations in early
2013. The remaining frequency bands will be added later to the array. Detailed descriptions
of the ALMA system and performances have been published in Kurz et al (2002) and Haupt
and Rykaczewski (2007). When fully operational, ALMA will be 10-100 more sensitive and
have 10-100 times better angular resolution than existing (sub-)millimeter instruments.

One of the three high-level science requirements by which the design of the ALMA sys-
tem is determined is directly related to the observation of protoplanetary disks: Imaging the

19 European Extremely Large Telescope (Ramsay et al, 2010)
20 James Webb Space Telescope (Mather, 2010)
21 Space Infrared Telescope for Cosmology and Astrophysics (Nakagawa, 2011)
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gas kinematics in protostars and protoplanetary disks around young Sun-like stars at a dis-
tance of 150 pc, enabling the study of their physical, chemical and magnetic field structures
and to detect the tidal gaps created by planets undergoing formation in the disks. Protoplan-
etary disks feature prominently in the high-level ALMA science goals and in the ALMA
DRSP22 and are a key science theme where ALMA is expected to provide a significant step
forward, both for the study of the solid and gas components.

5.1.1 Dust in protoplanetary disks

At submillimeter and especially millimeter wavelengths, the dust thermal emission in pro-
toplanetary disks is mostly optically thin to its own emission. The only possible exception
being the innermost regions of the disk close to the star. Observing at these wavelengths
offers the possibility of probing the bulk of the solids in the disks, especially at the disk
midplane where most of the material is located and where planet formation is thought to
occur. This methodology has been applied with success to estimate the total disk mass, the
distribution of the material in the disk and to put constraints on the evolution of dust, in par-
ticular grain growth towards the formation of planetesimals (Beckwith et al, 1990; Beckwith
and Sargent, 1991; Dutrey et al, 1996; Wilner et al, 2000; Testi et al, 2001; Natta et al, 2007;
Hughes et al, 2008; Isella et al, 2009; Andrews et al, 2009).

ALMA will also allow one to study of disk properties as a function of the central star
parameters (age, mass), the evolution of disk structure and the relationship with planet for-
mation processes and environment, and a proper understanding of the dust evolution pro-
cesses. The presence and properties of circumstellar disks in the sub-stellar mass domain
and around the higher mass protostars are still debated. These systems are currently difficult
to probe but ALMA is expected to overcome the current limitations (Natta and Testi, 2008;
Testi and Leurini, 2008). Simulations show that ALMA will allow one to probe the diversity
of disk properties at the bottom of the mass function, but it will still be hard to resolve spa-
tially these disks and probe their structure. In the high-mass regime, ALMA should clarify
the role of disk in the formation of these objects by detecting and resolving the disk structure
(Cesaroni, 2008; Krumholz et al, 2007).

5.1.2 Protoplanets

In the solar-mass stars regime, ALMA will provide the sensitivity and resolution to detect
forming protoplanets if they do exist in nearby star-forming regions (Wolf and D’Angelo,
2005). Current observations show that grain growth is a relatively common process and
many disks show evidence for very large grains in the midplane (e.g. Lommen et al, 2009;
Ricci et al, 2010a,b), suggesting also that large grains can remain on the disk for long times.
These findings are at odds with model predictions of grain growth and migration in disks,
which suggest that large grains should be efficiently removed from the outer regions of disks
(Brauer et al, 2008b). Observations and theory could be reconciled if large grain migration is
halted or slowed down (e.g. Birnstiel et al, 2010). To constrain theoretical expectations it is
necessary to resolve grain growth as a function of radius in disks and to observe the possible
patterns in disks that may be responsible for slowing inward grain drift. Initial attempts in

22 ALMA Design Reference Science Plan; a collection of the science projects that can be expected to be
carried over during the initial years of ALMA full science operations. The latest version of the DRSP is avail-
able on the ESO webpages: http://www.eso.org/sci/facilities/alma/science/drsp/;
for a high-level analysis of the DRSP content, see Hogerheijde (2006) and Testi (2008).

http://www.eso.org/sci/facilities/alma/science/drsp/
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Resolved images of circumstellar structure 185

Figure 3. Comparison of the (logarithmic) optical depth across the disc face at frequencies of 45 GHz (left), 345 GHz (centre) and 870 GHz (right). The
greatest contrast between optically thick and optically thin regions across the arm/interarm regions in the bulk of the disc is to be seen in the 345-GHz case.

Figure 4. Simulated aperture synthesis ALMA images for a disc at 50 pc, with a transit duration of 2 h. From left to right and top to bottom, we show
simulations computed for an observing frequency of 45, 100, 220 (top) and 345, 670 and 870 (bottom) GHz. Axis scales are in arcseconds. Contours start at
0.01 and are spaced by 0.08 mJy beam−1 at 45 GHz, start at 0.08 and are spaced by 0.2 mJy beam−1 at 100 GHz, start at 0.5 and are spaced by 0.5 mJy beam−1

at 220 GHz, start at 0.8 and are spaced by 0.8 mJy beam−1 at 345 GHz, start at 2 and are spaced by 2 mJy beam−1 at 680 GHz, start at 4 and are spaced by
4 mJy beam−1 at 870 GHz.

results of our simulations for discs at a distance of 50 pc (TW Hya)
and 140 pc (Chamaeleon, Ophiuchus, Taurus-Auriga). Note that our
simulations only include the effects of thermal noise from receivers
and the atmosphere but do not take into account calibration uncer-
tainties and residual phase noise after calibration. These effects are
likely to be most important at high frequencies and long baselines,
so the simulated maps at 680 and 870 GHz, especially for the 140-
pc case, represent observations carried out in ideal conditions and
with excellent calibrations.

The simulations show that the predicted spiral structure is readily
detectable at all simulated frequencies at the 50-pc distance of the
TW Hya association. In the case of star-forming regions at 140 pc,
the situation is less clear-cut. At low frequencies (�100 GHz), even
ALMA will probably not provide the angular resolution required to
image the spiral structure clearly, whereas at the highest frequen-
cies, as noted above, the simulations are probably over-optimistic.
Nevertheless, our simulations show that at 220 and 345 GHz

(ALMA Bands 6 and 7), the predicted structures should be clearly
detectable.

Finally, in Fig. 6 we show the predicted observability of a disc at
410 pc (equivalent to the Orion Nebula Cluster distance) imaged at
345 GHz. While the non-axisymmetric nature of the disc is clear, the
spiral structure per se is not well resolved, and thus we infer that even
with ALMA such structures will not be conclusively detectable.

5 D ISCUSSION

In this paper, we have used a 3D, global SPH simulation of a mas-
sive (0.2-M�) compact (Rout = 25 au) self-gravitating disc about a
young star (1.0 M�) to demonstrate that the spiral modes excited
by the gravitational instability should be detectable in face-on cir-
cumstellar discs using ALMA. At distances comparable to the TW
Hydrae association (∼50 pc), such spiral density waves are readily
apparent with observation times of 2 h, whereas at Taurus distances

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 407, 181–188

Fig. 8 Simulated ALMA observations of a self-gravitating circumstellar disk in the Taurus Star Forming
Region. Axis scales are in arcseconds (adapted from Cossins et al, 2010).

this respect are being performed with current instruments (Isella et al, 2010b; Banzatti et al,
2011; Guilloteau et al, 2011), but ALMA will put the initial findings on a firmer ground. As
an example, Cossins et al (2010) simulated ALMA observations of a self-gravitating disks
which develops a pattern of spiral structures that trap large grains and slow or halt migration
(see Fig. 8). The simulations demonstrate that, once completed, ALMA will not only allow
one to detect such features in protoplanetary disks, but also to derive the dust properties in
the high and low density regions of the disk constraining selective dust trapping.

5.1.3 Tracing the spatial distribution and kinematics of molecules

One major unknown in planet formation scenarios is the radial and vertical distribution of
the gas and its evolution with time in the regions < 20− 50AU. Furthermore, the mass and
dynamics of disks surrounding young low-mass stars are gas dominated23 but the main gas
component, H2, remains difficult to observe. The quadrupolar H2 rotational transitions in the
mid-IR only trace the warm material which is located at the disk surface. Hence, there is no
simple way to get a reliable estimate of the cold gas mass. One has to rely on indirect tracers
such as CO or rarer molecules whose observations are sensitivity limited. This situation will
drastically improve with ALMA, thanks to its very large collecting area.

In the early 1990’s, CO J=1-0 and J=2-1 maps not only revealed that disks are in Keple-
rian rotation around T Tauri (Koerner et al, 1993) and Herbig Ae stars (Piétu et al, 2005) but
led to the first quantitative studies of the physical conditions of the gas in disks, provided
an adequate data analysis is used (e.g. Dutrey et al, 2007). Multi-line multi-isotope study
of CO can unveil the vertical structure of gas disks, in particular the temperature. This has
been illustrated by Dartois et al (2003) and Piétu et al (2007) who showed that the “CO disk

23 The gas-to-dust ratio is supposed to be of the order of 100 in a disk of 1 Myr.
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surface”, traced by an opacity of ∼ 1 in the 12CO J=2-1 transition located at about 3-5 scale
height, is significantly warmer than the mid-plane. This method using higher CO transitions
would sample the disk atmosphere (Qi et al, 2004, 2006) revealing the impact of X-rays
and UV irradiation on the disk properties. The disk surface can be reasonably approximated
by models of photo-dissociation regions, while the colder disk interior reflects a chemistry
close to that of dense clouds. In all T Tauri disks where CO has been mapped, the gas tem-
perature in the mid-plane appears to be below the CO freeze out point (17 K), suggesting
that the vertical turbulence should play an important role by providing chemical mixing be-
tween the vertical molecular layers. Direct studies of the turbulence will also be possible
with ALMA by quantifying the non-thermal component of molecular line broadening.

Rarer molecules are more difficult to detect. Moreover, most of them may have tran-
sitions which are in non-LTE conditions, contrary to first rotational lines of CO. These
molecules can provide invaluable information on disk density structures provided the exci-
tation conditions are understood and properly modeled (Dutrey et al, 1997). Several groups
(Kastner et al, 1997; van Zadelhoff et al, 2001) have conducted molecular surveys, but they
are sensitivity limited to the most abundant molecules found in molecular clouds. In addi-
tion to CO, 13CO and C18O, only HCO+, H13CO+, DCO+, CS, HCN, HNC, DCN, CN,
H2CO, N2H+ and C2H have been firmly detected. As soon as the full ALMA array is opera-
tional, the number of detected and mapped molecules will increase revealing the complexity
of the disk molecular chemistry and the vertical stratification of molecules (Semenov et al,
2008). For example, mapping of molecular ions such as N2H+ or HCO+ and its isotopomers
should provide the first quantitative information on the ionization fraction, one key element
to characterize the dead zone.

5.2 Infrared Space Observatories

Space observatories benefit from a much more stable image quality, with no seeing-degra-
dation point spread function (PSF), and also usually better sensitivities for a given size of
the primary mirror. To illustrate the potential of near-future infrared observations from space
to provide complementary insights on the topic of circumstellar disks and planets, we make
use of the well-advanced preparatory science studies for the JWST which is designed to
replace the Hubble Space Telescope.

The JWST primary mirror will be larger in size than that of the Hubble Space Telescope
(6.5 m compared to 2.4 m) and its range of wavelength coverage will shift towards the
IR (0.6-28µm). While ground-based instruments suffer in this wavelength range from an
incomplete coverage due to the atmospheric absorbing bands as well as a limited sensitivity
with a large thermal background beyond ∼ 2µm, JWST will have access to any wavelength
in the range mentioned above and will be limited by zodiacal light up to 16µm. Beyond this
wavelength, its sensitivity will be constrained by the sunshield thermal radiation and the
telescope proper emission. More information concerning the telescope and its specificities
can be found in Gardner et al (2006).

The JWST comprises a suite of three instruments and a Fine Guidance Sensor (FGS)
that can be also used to obtain scientific observations. The FGS features narrow band Fabry-
Perot spectro-imaging (Doyon et al, 2008) and pupil interferometry by a Non Redundant
Mask (NRM) (Sivaramakrishnan et al, 2009). Occulting masks are also available and can
be combined with apodization masks to produce 10−4 (at an angular distance larger than
2”) contrast ratio coronagraphic images in the near-IR range. The NIRCam instrument is in
principal an imager observing in the near-IR range (0.6-5.0µm) with a set of broad, inter-
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mediate, and narrow band filters. It is equipped with a set of coronagraphic occulters (three
apodized spots and two apodized wedges with sizes ranging from 2 to 6 λ/D) that allow
the NIRCam instrument to conduct high-contrast imaging observations (Krist et al, 2007).
In addition, NIRCAM offers also the possibility to produce slitless spectra using a set of
grisms (2.4-5 µm) with R∼2000 spectral resolution. The NIRSPEC instrument features a
multi-object spectrometer, an integral field unit (IFU), and a long-slit mode. The spectral res-
olutions range from R=100 to R=2700. Finally, MIRI is the mid-IR instrument (5-28µm)
observing both in imaging and spectroscopic modes. The MIRI imager sub-instrument is
equipped with focal plane coronagraphic masks, three four-quadrant phase masks and one
Lyot mask (Baudoz et al, 2006) particularly designed to observe exoplanets and circum-
stellar disks, respectively, at wavelengths of 10.65/11.4/15.5/23µm. It offers also slit and
slitless prism modes (R=100); the spectrometer sub-instrument is an IFU with higher spec-
tral resolution (R=3000).

5.2.1 Protoplanetary disks

Its remarkable sensitivity to faint diffuse objects coupled with a good angular resolution
at IR wavelength comparable to that of ground-based instruments make the JWST a first
choice facility for the study of protoplanetary and debris disks. Its high-level spectroscopic
capabilities at medium resolution (R ∼ 2500) will allow one to study the gas chemistry in
protoplanetary disks and the dust content in protoplanetary and debris disks in detail, and
to search for leftover warm gas in debris disks. Furthermore, some spatial information will
also be obtained in the case of the closest objects (d . 50 pc).

Important science questions regarding the physical state and evolution of protoplanetary
disks can be tackled using the JWST capabilities in order to constrain the physical conditions
(depending on the star mass) that lead to planet formation. In the case of the JWST, at least
three science cases/questions can be identified. The first one deals with the large scale (50-
500 AU) vertical structure of protoplanetary disks. The second one is the dust sedimentation
process, which is a prerequisite to planet formation through core accretion. Finally, MIRI
and NIRCAM have both, and for the first time ever, the angular resolution, the sensitivity
and the stability to directly detect thin/weak structures imprinted in the disks by already
formed giant planets.

In relatively short integration sequences, the IFU spectrometer in MIRI will be able to
measure the abundances and temperatures of species in gaseous form with an amazing pre-
cision. The observations of atomic line like the [NeII], [NeIII] and possibly [SI] (Gorti and
Hollenbach, 2008) signatures at 12.81 and 15.55 and 17.4µm, respectively, will allow one
to trace the physical state (e.g., temperature, heating mechanism) of the upper tenuous layers
of the disks. At deeper levels in the inner few AUs, the molecular layer contains among oth-
ers H2 (the major constituent of giant exoplanets), water, OH, C2H2 and HCN molecules.
The observation of water lines in non-LTE state (Salyk et al, 2008; Pontoppidan et al, 2010)
provides an important diagnostic of the layers where the gas and the dust start to couple in
the disks. In parallel, MIRI’s high-sensitivity imaging capabilities coupled with an excellent
inner working angle (IWA=1λ/D) of the 4QPM coronagraph, will be particularly efficient
to angularly resolve the disks in the mid-IR range. At these wavelengths the thermal emis-
sion dominates. However, given MIRI extreme sensitivity, the (unresolved) inner rim light
scattered by the dust particles at the surface of the will start dominating at distances from
the star fixed by the stars luminosity (see Fig. 9). MIRI will have a major role to expand
our knowledge concerning the lower-mass stars disks. The intermediate-mass stars have a
pure thermal emission that dominates up to more than ∼2” from the star at 10µm (r�2
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Fig. 9 Upper panel: relative proportions of (inner rim) scattered light (10 and 20µm) with respect to the total
emission. The lower panel displays the protoplanetary disks total emission (10 and 20µm) as a function of
the angular distance to the star for an object at 140 pc. Different types of star are considered: an Herbig Ae
star (A0e, L=40 L�), a T-Tauri star (Teff=3900 K, R∗=3 R�), and two brown dwarves (70 and 35 Jupiter
masses, respectively).

at 20µm respectively). The lower-mass T-Tauri stars have a scattered light emission that
starts to dominate above a distance of ∼0.2” at a wavelength of 10µm (∼1.2” at 20µm
respectively). Finally, MIRI observations of disks around brown dwarves (BD) will be dom-
inated by the scattered light emission at any distance/wavelength. However, if the extended
disk emission should be easily detectable in relatively short integrations times (t∼1h) in the
cases of Herbig and T-Tauri stars, brown dwarf disks extended emission will require fairly
long integration times (∼3h at the most favorable wavelength of 23µm; see Fig. 9). Al-
beit so that a fairly large observing time will be needed in the latter case, it will be worth
spending it as JWST/MIRI will be the unique facility able to detect and resolve BDs disks
emission at these wavelengths in the next decade. Observing a mixture of star and inner
rim scattered light, the NIRCAM imager will typically achieve in coronagraphic mode at
2.5µm a 230/70µJy/arcsec2 (∼16.2/17.5 arcsec−2) surface brightness magnitude sensitiv-
ity, respectively, at distances of 0.3 and 0.5” from a 10th magnitude star (0.3” corresponds
to the IWA (4 λ/D) of the NIRCAM wedge coronagraphic mode at a median wavelength
of 2.5µm). These detection limits will allow one to easily detect and resolve protoplanetary
disks around Herbig and T-Tauri type stars in the closest star-forming regions. However,
in the case of disks around brown dwarves it will remain extremely difficult. Nonetheless,
there is some hope that in the most favorable cases (closest and brightest ones e.g. around
TW Hya) they should be resolved at a level of few spatial resolution elements; given the very
red color of the disks, the multi-color PSF subtraction should be particularly interesting to
apply in this case. The resolved images of the disks will be used to derive several physical
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parameters. The first and most immediate ones are the physical size (outer radius, or a least
an lower limit on it), the disks inclination and position angle by measuring them directly on
the images. Using a slightly more evolved analysis of the isophots centering w.r.t. the star
position, one can also derive the disks thickness and their flaring angle as a function of the
distance to the star (Lagage et al, 2006).

The inner zones of disks (a ≤ 10AU) have a surprisingly rich chemistry, as revealed in
recent years by mid-IR spectroscopy (Lahuis et al, 2006; Carr and Najita, 2008; Salyk et al,
2008). Features from H2O, OH, HCN, C2H2 and CO2 have been detected, implying abun-
dances that are orders of magnitude higher than in the outer disk or in protostellar clouds
which indicates an active high-temperature chemistry. There is evidence for differences in
the observed spectra between disks around Herbig Ae, T-Tauri stars and brown dwarves
as well as among disks around T-Tauri stars themselves which can be partly understood in
terms of stellar irradiation. A complete inventory of their content in ingredients (e.g. NH3,
CH4, C6H6, HCO+ or HCN) to form prebiotic molecules will be established in a large
number of targets by the MIRI instrument. At shorter wavelengths, the NIRSpec instrument
will observe the forests of rovibrational 12CO, 13CO and C18O line emission allowing one
to establish accurate excitation diagrams and determine with precision the vibrational tem-
perature(s). Finally, even with the moderate resolution of NIRSPEC and MIRI spectrally
resolved observations (e.g. by spectro-astrometry technique; Pontoppidan et al, 2008) will
be also a source of valuable information.

Based on numerical simulations of the dynamical evolution of the disk structure, one
expects that massive planets embedded into disks strongly modify their appearance, sculpt-
ing and structuring them: inner voids, gaps, walls, asymmetries (Nelson et al, 2000; Edgar
and Quillen, 2008, see also Sect. 3.1.2). There are more and more indirect convincing in-
dications e.g. from the modeling of the SED, from velocity-resolved observations of the
gas phase (Acke et al, 2005), or interferometric measurements (Fedele et al, 2008) that
many protoplanetary disks are structured. Some disks display inner depleted regions (the
so-called transitional disks, see e.g. Brown et al, 2009; Sicilia-Aguilar et al, 2009; Muze-
rolle et al, 2010). Some others have or are believed to feature intermediate large walls (as
opposed to the inner rims at the dust sublimation radius, typically a fraction of an AU) at
the limit between an inner and an outer massive, optically thick disk (Bouwman et al, 2003;
Thalmann et al, 2010; Verhoeff et al, 2011). Finally, dynamical simulations show that giant
planets embedded in disks would not only carve a gap but also launch large-scale spiral
waves (Edgar and Quillen, 2008). Since the density waves induce a local heating of the disk
they produce in turn thermal emission features that can be best detected in the mid-IR range.
The JWST instruments do not in general have the required angular resolution to directly
image these gaps, walls, and spiral structures. However, given their extreme sensitivity and
stability it will be possible to obtain indirect indications of the presence of e.g. a spiral struc-
ture or a wall at projected distances larger than ∼0.2” by searching for surface brightness
asymmetries in the disk.

5.2.2 Debris disks

Due to the complexity and aberrations in the JWST PSF, the ultimate contrast achieved with
the NIRCam coronagraph is expected to be about 10 times worse than that achieved by the
coronagraphs on the Hubble Space Telescope (for instance the ACS coronagraph). There-
fore, the JWST is not meant to search for and resolve previously unseen debris disks in
scattered light, as most of the candidate targets have already been observed with the Hub-
ble Space Telescope at better contrast levels. In non-thermal emission imaging, JWST’s
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primary contribution will be the characterization of known debris disks at previously un-
obtainable wavelengths (2.5-5µm). This characterization shall probably mainly by focused
on the sizes/shapes/composition of the dust grains and the study of structures in the surface
density produced by giant planets. On the other hand, the MIRI instrument will map the
debris disks in the thermal (and possibility scattering far away from the star) IR regime with
an angular resolution and sensitivity by far better than anything that will have been achieved
before. MIRI will be for instance able to map at 23µm with an angular resolution (∼0.9”) 7
times better than Spitzer the VEGA archetype, a disk which is currently unobservable from
the ground given its low surface brightness. This disk appears featureless at modest spatial
resolutions (∼7”; Su et al, 2005; Sibthorpe et al, 2010). This will offer the possibility to
search for planet footprints at an ∼7 AU spatial scale in the disk.

5.2.3 Exoplanets studies

One of the major science cases for the JWST is that of the exoplanet studies. The JWST
is particularly well adapted for this task because of an extreme sensitivity, a very stable
point spread function, and covers the IR 1-28µm wavelength range where numerous molec-
ular emission features are found. Besides, observations are generally easier in the IR range
where the thermal emission of the planet dominates, because of a reduced star-planet con-
trast (105−107 in the case of giant planets) in comparison with the visible range (109−1011).

Given the very high contrast to deal with in the IR range, direct imaging observations
of exoplanets with the JWST will require the use of coronagraphic modes to efficiently re-
ject the starlight. Multi-wavelength/multi-epoch observations using the different instrument
will have to be combined to unambiguously confirm the planetary nature of the sources
discovered. However, even though the JWST segmented-mirror producing considerable ad-
ditional diffraction structures is not primarily designed to conduct coronagraphic observa-
tions, the very high stability of its point spread function combined with superb sensitivity
performances at wavelengths where the thermal emission of giant exoplanets emerges make
the JWST a very good competitor to specifically designed instruments on ground-based
larger telescopes. This stability can be efficiently exploited to achieve better rejection per-
formances through multi-wavelength observations using e.g. the TFI coronagraphic mode.
As a general rule, the niche for JWST imaging programs lies in searching and character-
izing giant planets on fairly large orbits around faint late-type stars (M and later). One of
the major scientific goal will be to disentangle between hot-start (Baraffe et al, 2003) and
core-accretion proposed models (Fortney et al, 2008b) for giant planets formation. Simu-
lated performances of the NIRCAM coronagraphic mode show that old (1 Gyr and more),
narrow orbit (a≥5 AU), self-luminous giant exoplanets detection/characterization will best
conducted at 4.5-5µm around close-by late type (M and brown dwarves) stars (Green et al,
2005). Self-luminous giant planets of age younger than 100 Myr will be observable at or-
bital radii larger than 25 AU around a few hundred young stars within 25-150 pc. Using
Monte-Carlo simulations, Beichman et al (2010) have computed the success rate in terms of
detectability for 2 representative samples: around nearby (age≤ 100 Myr, 25-140 pc) young
stars and around nearby M stars (ages between several Myr and 5 Gyr, d≤ 15 pc). Concern-
ing telluric planets, although typical super-Earth exoplanets should not be detectable by
the JWST because their emission is weak and they are probably found at narrower angular
separations from the star, two “non-classical” cases appear to be favorable for direct imag-
ing detection. First, the presence of a dusty circumplanetary ring should boost the mid-IR
flux by an order of magnitude around late-type stars. A second interesting case deals with
high-temperature telluric planets after a major catastrophic impact event. Depending on the
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presence (or not) or a residual atmosphere, the cooling time shall be long enough (several
Myr) for such exoplanets to be observed by direct imaging around 3.8µm (Miller-Ricci
et al, 2009). Finally, one should also mention the possibility provided by MIRI and NIR-
Spec IFUs spectrometers to perform spectral deconvolution (Thatte et al, 2007), a starlight
rejection technique which is complementary to coronagraphic imaging.

While direct imaging of exoplanets will deal with large separation objects (d &1”), a
very larger amount of information will come from the study of transiting objects. Transit
spectroscopy of these objects on relatively narrow orbits by essence, will provide a unique
set of information to characterize them. The main advantages of JWST observations over
ground-based ones lie in the stability (no variable atmospheric absorption) and access to
longer wavelengths where molecular signatures are numerous. Typical relative precisions
achievable from the ground are of the order of 0.1 % and are limited by systematic errors
due to the atmosphere. In the case of space-born observatories, systematic errors also exist
and limit the relative precision achievable to a few 10−4, so well above the photon noise limit
still. When Spitzer/IRS or Spitzer/IRAC observations of exoplanets were limited to bright
objects and low-resolution spectra, JWST observations of fainter targets or at higher spectral
resolution should be possible. All things remaining equal, a crude estimate based on the ratio
of telescope apertures (6.5 m vs 90 cm) shows that high-resolution (R = 3500) spectroscopic
observations will be possible on targets for which Spitzer was limited to photometric or low-
resolution spectroscopic observations. Two JWST instruments include slitless spectroscopic
modes (grisms mode in NIRCAM, low-resolution spectroscopy in MIRI imager). While
shorter wavelengths (1-5µm) are best suited for primary eclipse observations, longer wave-
lengths are more adequate to determine the effective temperature of exoplanets by means
of secondary transit or detect phase modulation signals in the case of tidally locked out-
of-plane exoplanets. Also even though emission spectra produce potentially larger signals
than transmission spectra, features in transmission spectra will always be present whatever
is the structure of the exoplanet atmosphere. As opposed to that, isothermal atmospheric
profiles would produce featureless emission spectra. Depending on the size of the planet, its
distance to the star, and the star brightness, NIRSpec and NIRCam can be used to obtain
spectra (narrow band photometric measurements) in a spectral range where signatures of
H2, H2O, CH4, CO and CO2 are present. MIRI imager and spectrometer will probe slightly
cooler objects in a wavelength range where NH3, CO2, H2O, CH4, and O3 signatures are
present. Simulated observations by the JWST show that a significant SNR of 3 is achievable
on a single primary transit observation with NIRSpec (λ =3µm, R=100) of a Jupiter-sized
planet. The same detection limit is reached at 3µm on Neptune-sized planets up to a distance
of 10 pc (Belu et al, 2011). Around 10µm, MIRI low-resolution spectrometer (R = 100)
achieves a 3-σ detection limit on Neptune-sized exoplanets (d = 10 pc) by combining few
transits. In the case of telluric planets, by combining 20 transit observations with NIRSpec, a
10−5 relative precision is achieved at a spectral resolution of R∼100 which allows the char-
acterization of the atmosphere of a hydrogen rich super-Earth exoplanet (Clampin, 2009).
CO2 4.3µm (15µm respectively) signatures of super-Earths at 10 pc are detectable by NIR-
Spec (MIRI resp.) if all its primary transits (∼50) are combined over the JWST lifetime. In
this case, planets in the habitable zone are found around stars with spectral types later than
M2. Maybe more interesting, the ozone feature at 9.6µm of a super-Earth planet around a
M4V (or later type) star 6.7 pc away is detectable again by summing the signals of all the
transit events (Belu et al, 2011). However, the expected number of planets in such a favor-
able configuration is only on the order of 1 when considering all the M stars of the solar
neighborhood. Finally, the TFI mode of the FGS allows one also to obtain spectro-imaging
(1.5-5µm, R = 100) data; its (NRM) sub-λ/D imaging capability and its relatively simple
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coronagraphic mode could provide in some cases very useful complementary data to the
instruments already cited.

6 Concluding remarks

The major limitation of the current studies of the planet formation process is the insufficient
spatial resolution of existing imaging telescopes, at optical to millimeter wavelength range.
High-resolution imaging as it will be possible with the next generation of multi-baseline in-
terferometers is therefore of essential importance for planet formation and evolution studies.
The ability to investigate the inner regions of protoplanetary and debris disks in unprece-
dented detail will provide insight into planetary systems at various stages of their evolution.
Questions about disk evolution and planet formation belong to the key science cases for
the presented interferometers which are therefore designed also to meet the requirements in
sensitivity and accuracy.

The presented tasks for the next generation of long-baseline optical to infrared inter-
ferometers and exemplary case studies are by no means comprehensive, but illustrate the
potential of these type of astronomical observations. Moreover, as pointed out, the com-
bination of individual interferometers with those operating at other wavelengths and sin-
gle telescopes which provide significant higher sensitivity and field-of-view is essential to
connect small and large scales and to trace the complex interplay of different physical pro-
cesses in protoplanetary disks. From this point of view, currently existing and planned large
ground-based telescopes and (sub)millimeter interferometers in combination with space ob-
servatories provide the perfect frame for the next-generation long-baseline optical to infrared
interferometers.
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