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Abstract

We discuss selected possibilities to detect planets in circumstellar disks. We con-
sider the search for characteristic signatures in these disks caused by the interaction
of giant planets with the disk as the most promising approach. Numerical simu-
lations show that these signatures are usually much larger in size than the planet
itself and thus much easier to detect. The particular result of the planet-disk inter-
action depends on the evolutionary stage of the disk. Primary signatures of planets
embedded in disks are gaps in the case of young disks and characteristic asymmetric
density patterns in debris disks.

We present simulations which demonstrate that high spatial resolution observa-
tions performed with instruments / telescopes that will become available in the
near future will be able to trace the location and other properties of young and
evolved planets. These observations will allow to directly investigate the formation
and evolution of planets in protoplanetary and debris disks.
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1 Introduction

Planets are expected to form in circumstellar disks, which are considered as
the natural outcome of the protostellar evolution, at least in the case of low
and intermediate mass stars (e.g., Adams et al. 1987; Lissauer 1993). While a
detailed picture of the evolution of the circumstellar environment, in particular
of circumstellar disks, has been developed already, the planet formation pro-
cess is in major parts still under discussion. In particular, adequate constraints
from observations are required in order to either verify or rule out currently
discussed planet formation scenarios (e.g., Pollack et al. 1996, Weidenschilling

1997, Goldreich & Ward 1973, Youdin & Shu 2002).

Although many extra-solar planet candidates have been detected indirectly
by radial velocity variations of stars (e.g., review by Marcy et al. 2005) no
firm direct imaging detection of a planet has been obtained so far. The main
difficulty is the large brightness contrast between a star and a planet combined
with their small angular distance. One can try to avoid this problem for exam-
ple by searching for planetary companions around nearby stars, making use of
high-resolution imaging techniques, nulling interferometry, or coronagraphy.
Furthermore, the brightness ratio between the star and the presumed plan-
etary companion can be decreased by choosing a proper wavelength range,
spectral type of the star, and age / evolutionary stage of the planet (e.g.,
Hubbard et al. 2002).

Finding and imaging planets which are still embedded in a circumstellar disk
is by far more difficult, because the dust continuum radiation dominates the
whole spectral range from the ultraviolet to millimeter wavelengths: In the
ultraviolet to the near-infrared by scattering of the stellar radiation and at
longer wavelengths by thermal reemission. Thus, in the preparation of obser-
vations of planets in disks even more constraints have to be taken into account,
describing the properties of the disk, such as the optical parameters of the dust
(chemical composition, size distribution) and its spatial temperature and den-
sity distribution. In the case of young, optically thick circumstellar disks, the
disk inclination and possible accretion on the planet have to be considered as
well.

Despite these obvious problems to investigate planets during the final stages
of their formation or early evolution through direct imaging, the following
approach is currently under discussion. During recent years, numerical simu-
lations and analytical studies of planet-disk interactions have shown that
planets may cause characteristic large-scale signatures in the density distribu-
tion of circumstellar disks. The most important of these signatures are gaps
and spiral density waves in young, also called “protoplanetary” disks and reso-
nance structures in evolved systems, so-called “debris disks”. The importance



of investigating these signatures lies in the possibility to use them in the search
for embedded planets. Therefore, disk features can provide constraints on the
processes and timescales of planet formation.

In the following sections we discuss characteristic signatures in circumstellar
disks caused by the planetary perturbation. Moreover, we focus on the question
whether these signatures could be observed and thus be used as tracers for
planets and the physical conditions in their close vicinity. In Sect. 2 we consider
protoplanetary disks, and in Sect. 3 debris disks. This distinction is helpful
since the main physical processes dominating the structure of a disk with an
embedded planet are different in both cases, resulting in different characteristic
features.

2 Protoplanetary Disks

Protoplanetary disks are accretion disks which have been found around T Tauri
and Herbig Ae/Be stars. Hydrodynamic simulations of gaseous, viscous proto-
planetary disks with an embedded protoplanet show that planets with masses
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Fig. 1. Azimuthally averaged disk surface density (X) for planets with masses from
0.01 to 1 Mjypiter, around a solar-mass star (rp is the radius of the planetary orbit).
In physical units, (X) = 10~ corresponds to 33 gcm™2. The depth and width of
the density gap depend mainly on the planet’s mass (as the plot indicates), the disk
temperature, and the viscosity of the disk material. Notice that, in a cold disk with
low viscosity also a planet with a mass of a few times 10 Mgatn could open a deep

gap.



3.7e-07 2.6E-04 5.3E-04 7.9e-04 1.0E-03 -5.86 —4.71 -3.56 -2.41 -1.26

3.18
3.16
® 314
3.12
3.10

3.08

0.94 0.96 0.98 1.00 1.02 1.04 1.06
r

Fig. 2. [Left] Surface density of a circumstellar disk with an embedded 1 M jypiter
planet, which shows the planet, the gap, and the spiral-wave pattern excited by the
planet. [Right] Density in the planet’s Roche lobe that shows the circumplanetary
disk (with selected streamlines), i.e., the disk around the planet. The density scale
on top of each panel is linear (left) and logarithmic (right). The physical units are
as in Figure 1.

2 0.1 Mjypiter produce significant perturbations in the disk’s surface density. In
particular, they may open and maintain a large gap as illustrated in Figure 1.
(e.g., Bryden et al. 1999; Kley 1999; D’Angelo et al. 2002 ; Bate et al. 2003).
This gap, which is located along the orbit of the planet, may extend up to sev-
eral astronomical units in width, depending on the mass of the planet and the
hydrodynamic properties of the disk (see caption of Fig. 1 for further details).
Nevertheless, the disk mass flow onto the planet continues through the gap
with high efficiency. Nearly all of the flow through the gap is accreted
by the planet at a rate comparable to the rate at which mass ac-
cretion would occur in the disk without a planet. The gas accretion on
the planet can continue to planet masses of the order of 10 Mjypiter, at which
point tidal forces are sufficiently strong to prevent flow into the gap. However,
planets with final masses of the order of 1 My,piter Would undergo migration
on a timescale of about 10° years, which could make survival difficult.

Protoplanets also launch spiral waves in the disk (see Fig. 2[left]). However,
in the presence of turbulence, these waves appear to be diffused (Nelson &
Papaloizou 2003). Furthermore, D’Angelo et al. (2002) found smaller-scale
spirals in the vicinity of the planet that are detached from the main ones:
Along these small spirals the gas orbits the planet, forming a circumplanetary
disk (see Fig. 2[right]; see also Lubow et al. 1999).

The observability of the features outlined above has been first investigated by
Wolf et al. (2002). It was shown that high-resolution images in the submillime-
ter wavelength range, as to be obtained with the Atacama Large Millimeter



Array' (ALMA), will allow to trace the gap but not the large-scale spiral
structure.

We perform further simulations with the goal of answering the question whether
the planet itself and /or the circumplanetary environment heated by the planet,
through its contraction and/or via accretion onto it, could be detected. The
detection of a gap would already represent a strong indication of the existence
of a planet, thus giving information such as planetary mass, disk viscosity, and
pressure scale-height of the disk. The detection / non-detection of warm dust
close to the planet, however, would additionally provide valuable constraints
on the temperature and luminosity of the planet, the accretion process, and
the density structure of the surrounding medium.

This study is motivated also by the assumption that young giant planets are
expected to be very hot, compared to their old counterparts, such as Jupiter.
Even more importantly, the accretion onto the planet is expected to release
enough energy to sufficiently heat the circumplanetary environment. Thus,
the planet surroundings might be observable in the (far-)infrared wavelength
range through thermal dust reemission. Provided that the mass of the planet
is large enough to open a significantly large and low-density gap (on the order
of a Jupiter’s mass), the contrast between the gap and the dust heated by the
planet might be sufficiently high to allow one to distinguish both components,
i.e., the gap and the dust distribution around the planet.

We test different environments of a planet located in a circumstellar disk for
the resulting temperature structure which, in combination with the density
distribution, mainly determines the likelihood to detect any of the features
characterizing the embedded planet. The models considered here cover a broad
range of different, most reasonable scenarios. A detailed description of all
considered model configurations and the resulting observational consequences
is given in Wolf & D’Angelo (2005). In the following, we concentrate on the
most significant results of this study.

2.1 The planetary accretion region as a hotspot in a young disk

The evolution of a circumstellar disk with an embedded planet can be formally
described by the Navier-Stokes equations for the density and the velocity field
components (see, e.g., D’Angelo et al. 2002 for details). For the purpose of
the present study, the disk is treated as a two-dimensional viscous fluid in
the equatorial plane. Disk material is supposed to have a constant kinematic
viscosity that is equivalent to a Shakura & Sunyaev parameter o = 4 x 1073
at the location of the planet.

1 see, e.g., http://www.alma.nrao.edu/



A planet-sized object with mass Mp revolves around the central star, moving
on a circular orbit whose radius is rp. It perturbs the surrounding environment
via its point-mass gravitational potential. The ratio of Mp to M, is 2 x 1073,
hence Mp = 1 M;yp if M, = 0.5 Mgn. We base this study on two-dimensional
models because, by means of high-resolution three-dimensional simulations,
D’Angelo et al. (2003) demonstrated that computations in two dimensions
give a satisfactory description of disk-planet interactions when dealing with
heavy planets (Mp/M, > 107*) in thin disks (aspect-ratio ~ 0.05).

The simulations are started from a purely Keplerian disk. Due to the angu-
lar momentum transfer among the inner disk (r < rp), the planet, and the
outer disk (r > rp), a deep density gap is soon carved in along the orbital
path. Characteristic spiral features, spreading both interior and exterior to the
planet’s orbit are excited by the gravitational potential of the planet (Fig. 2,
left panel). The disk depletion interior to the planet’s orbit (r < rp), due
both to gravitational torques exerted by the planet on the disk material and
to viscous diffusion towards the star, is accounted for by allowing material
to flow out of the inner border of the simulated disk domain, thus account-
ing for accretion onto the central star. These calculations also simulate the
growth rate of the planet due to the feeding process by its surroundings. A
fraction of the matter orbiting the planet inside of an accretion region is re-
moved on a timescale on the order of a tenth of the orbital period. Since the
accretion process is a highly localized phenomenon, the accretion region must

be small. Therefore, we choose a radius r& equal to 6 x 1072 ry, where the

Hill radius rg = rp J/Mp /(3 M,) = 8.7 x 1072 rp approximately characterizes
the sphere of gravitational influence of the planet. In order to achieve the
necessary resolution to study the flow dynamics on these short length scales,
without neglecting the global circulation within the disk, we utilized a nested-
grid technique (D’Angelo et al. 2002, 2003). We obtain a planetary accretion
rate, Mp, on the order of 10™*Mgn yri,

Since a measure of the planetary accretion rate is available through our sim-
ulations, it is possible to evaluate the accretion luminosity of the planet L2°.
For a planet with a radius of a few Jupiter radii (e.g., Burrows et
al. 1997), Mp = 1M, (orbiting a M, = 0.5 My, star) and rp = 5 AU, we
get L2 =~ 107* Lgy,. However, the accretion rate is observed to slowly di-
minish with time, due to the depletion of the disk and the deepening of the
gap. Hence, the accretion luminosity decays with the time. As an example,
extrapolating Mp after a few 10* years, the above estimate of L# becomes
~ 107° Lgun. This value for the planetary accretion luminosity is on the same
order of magnitude as the luminosity derived by Burrows et al. (1997) for
a young Jupiter-mass planet.

Based on the density structure obtained from the hydrodynamical simulations
we derive a self-consistent temperature structure in the disk. For this pur-
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Fig. 3. Simulation of ALMA observations of a disk with an embedded planet with a
mass of 1 Mj,p around a 0.5 Mgy star (orbital radius: 5 AU). The assumed distance
is 50 pc (left) / 100 pc (right). The disk mass amounts to Mgig = 1.0 x 1072 Mgyy.
Only structures above the 20-level are shown. The size of the combined beam is
symbolized in the lower left edge of each image. Note the reproduced shape of the
spiral wave near the planet and the slightly shadowed region behind the planet in
the left image. [from Wolf & D’Angelo 2005]

pose we use the three-dimensional continuum radiative transfer code MC3D
(Wolf 2003; see also Wolf et al. 1999). We derive the disk temperature struc-
ture resulting from stellar heating on a global grid covering the whole disk,
but simulate the additional heating due to the planet on a much smaller grid
centered on the planet, which sufficiently resolves the temperature gradient in
its vicinity.

We now discuss observable quantities under the assumption that the disk is
seen face-on since this orientation allows a direct view on the planetary re-
gion. The thermal dust reemission of circumstellar disks can be mapped with
(sub) millimeter observations and it has been performed successfully for a
large number of young stellar objects (e.g., Beckwith et al. 1990). The only
observatory, however, which - because of its aspired resolution and sensitivity
- might have the capability in the near future to detect features as small as a
gap induced by a planet in a young disk, will be ALMA. For this reason, we
perform radiative transfer simulations in order to obtain images at a frequency
of 900 GHz, which marks the planned upper limit of the frequency range to be
covered by ALMA. This frequency is required for our simulations because it
allows to obtain the highest spatial resolution. The trade-off is the relatively
high system temperature (~ 1200 K; Guilloteau 2002) which adds a significant
amount of noise to the simulated observations. Therefore, long observing times
(8h in our simulations) are mandatory. To investigate the resulting maps to
be obtained with ALMA, we use the ALMA simulation software developed by
Pety et al. (2001) and chose an observation setup according to the directions
and suggestions given by Guilloteau (2002). Furthermore, we introduce a ran-
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Fig. 4. Simulation of ALMA observations with a close-up view of the region around
the planet. Mp/M, = 1M;up/0.5 Mgy, Comparison of disks, seen at two different
distances (left map: 50 pc, right map: 100 pc). The size of the displayed region
amounts to 6 AUx6 AU. The asterisk marks the position of the planet. The contour
lines mark selected signal-to-noise levels. [from Wolf €& D’Angelo 2005]

dom pointing error during the observation with a maximum value of 0.6” in
each direction, 30° phase noise, and further error sources, such as amplitude
errors and “anomalous” refraction (due to the variation of the refractive in-
dex of the wet air along the line of sight). The observations are simulated for
continuous observations centered on the meridian transit of the object. The
object passes the meridian in zenith where an opacity of 0.15 is assumed. The
bandwidth amounts to 8 GHz.

Based on these simulations, whose outcomes are shown in Figures 3 and 4,
we make the following predictions about the observability of a giant planet in
young circumstellar disks:

(1) The resolution of the images to be obtained with ALMA will allow de-
tection of the warm dust in the vicinity of the planet only if the object
is at a distance of not more than about 50-100 pc. For larger distances,
the contrast between the planetary region and the adjacent disk in any
of the considered planet/star/disk configurations will be too low to be
detectable. However, the more pronounced, larger gap can be observed
also for objects at larger distances, such as in nearby rich star-forming
region (e.g., Taurus; Wolf et al. 2002).

(2) Even at a distance of 50pc a resolution being high enough to allow a
study of the circumplanetary region can be obtained only for those con-
figurations with the planet on a Jupiter-like orbit but not when it is as
close as 1 AU to the central star. This is mainly due to the size of the
beam (~ 0.02” for the ALMA configuration as described above).

(3) The observation of the emission from the dust in the vicinity of the planet



S. [myy]
S. [myy]

Y Y
Fig. 5. Spectral energy distribution of protoplanetary disks with embedded planets
(simulations). Left: Mp /M, = 1M;up/0.5 Mgun, Maisk = 1072 Mgy (same model as
used for Fig. 4, left column); Right: Mp /M, = 1 M;up/0.5 Maun, Maisk = 1076 Mgy.
The planet is located at a distance of 5 AU from the central star. Solid line: net
SED; long dashed line: disk reemission; short dashed line: direct (attenuated) and
scattered radiation originating from the protoplanet (due to planetary radiation
and/or accretion); dot-dashed line: (re)emission from the planet and the dust within
the sphere with a radius of 0.5 AU centered on the planet. The assumed distance is
140 pe. [from Wolf & D’Angelo 2005]

will be possible only in case of the most massive and thus young circum-
stellar disks (~ 1072 — 10™2Mgyy ).

2.2 Influence of the planet on the spectral energy distribution

The contribution of the planet to the net flux at 900 GHz — by direct or
scattered radiation and reemission of the heated dust in its vicinity — is <
0.4% (depending on the particular model) than that from the small region of
the disk considered in our simulations. Furthermore, the planetary radiation
significantly affects the dust reemission spectral energy distribution (SED)
only in the near to mid-infrared wavelength range (see Fig. 5). However, since
this spectral region is influenced also by the warm upper layers of the disk and
the inner disk structure, the planetary contribution and thus the temperature
/ luminosity of the planet cannot be derived from the SED alone.

2.3 Inner cavities in young circumstellar disks?

Observed mid-infrared SEDs of selected disks around T Tauri and debris-type
disks show hints of inner cavities (void of small dust grains) such that the inner
radius of the disk is apparently much larger than the sublimation radius — at
least of selected dust species. Examples among T Tauri disks are GM Aurigae
(Koerner et al. 1993, Rice et al. 2003) and TW Hya (Calvet et al. 2002). Two
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Fig. 6. Simulated 10pum image of the inner region of a T Tauri circumstellar disk
with a cleared inner region (radius: 4 AU), seen under an inclination of 60° (as-
sumed distance: 140pc). Left: Original image; Right: Reconstructed image (not
scaled), based on simulated mid-infrared VLTT observations combining 4 Telescope
(APreS-MIDI/MATISSE concept study; see e.g., Lopez et al. 2005). [from Wolf et
al. 2005]

alternatives are discussed to explain these inner ”holes”: a) dust evolution
(mainly grain growth) resulting in a depletion of small grains and b) the
influence of a giant planet in the inner region. In Fig. 6 the reconstructed
image of a circumstellar disk with an inner hole is shown which could be
obtained with the VLTI combining up to 4 Auxiliary Telescopes (Wolf et
al. 2005).

3 Debris Disks

3.1 General overview

Debris disks are solar system sized dust disks produced as by-products of
collisions between asteroid-like bodies and the activity of comets left over
from the planet formation process. In the case of our solar system, the debris
of Jupiter-family short-period comets and colliding asteroids represents the
dominant source of zodiacal dust located inside the Jupiter orbit. A second
belt of dust is located beyond the orbit of Neptune (e.g., Dermott et al. 1992;
Liou et al. 1995). Besides the solar system, optical to mid-infrared images of
(3 Pic and AU Mic (e.g., Kalas & Jewitt 1995; Weinberger et al. 2003, Kalas
et al. 2004) and (sub)millimeter images of Vega, Fomalhaut, € Eri, and 3 Pic
(Holland et al. 1998; Greaves et al. 1998, Liseau et al. 2003) have revealed
spatially resolved debris disks which were first inferred from observations of
infrared flux excesses above photospheric values with IRAS. Based on stud-
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ies with ISO, the disk fraction is thought to decrease significantly with age,
amounting to much less than 10% for stars with ages > 1Gyr (e.g., Span-
gler et al. 2001; see also Habing et al. 2001; Greaves et al. 2004; Dominik &
Decin 2003). Planetary debris disks are assumed to represent the almost final
stage of the circumstellar disk evolution process, i.e., they are the evolutionary
products of ongoing or completed planet formation.

In contrast to optically thick young circumstellar disks around Herbig Ae/Be
and T Tauri stars with spatial structures dominated by gas dynamics, the
much lower optical depth and lower gas-to-dust mass ratio in debris disks
(Zuckerman et al. 1995; Dent et al. 1995; Artymowicz 1997; Liseau & Arty-
mowicz 1998; Greaves et al. 2000a; Lecavelier et al. 2001) let the stellar radi-
ation — in addition to gravity — be responsible for the disk structure. Besides,
fragmentation becomes a typical outcome of particle collisions, because rela-
tive velocities of grains are no longer damped by gas. The Poynting-Robertson
(P-R) effect, radiation pressure, collisions, and gravitational stirring by em-
bedded planets are all important in determining the dust population and
disk structure (Liou & Zook 1999; Grady et al. 2000; Moro-Martin & Mal-
hotra 2002).

Since the mass of small grains in debris disks and therefore the thermal dust
reemission from these disks are much smaller than in case of T Tauri disks, only
a very limited sample of observations existed in the recent past, as IRAS and
ISO could only probe the brightest and closest system. However, because of
the unprecedented sensitivity of the mid-infrared detectors aboard the Spitzer
Space Telescope there has been a substantial increase in the total number of
detected debris disks. As an example, the A-Star and FGK GTO Surveys and
the FEPS Legacy Survey (cf. Meyer et al. 2004) are allowing to extend the
search for disks around stars to greater distances and more tenuous disks,
achieving detections rates adequate to establish disk frequency and proper-
ties on a sound statistical basis (e.g., Rieke et al. 2005; Bryden et al. 2005;
Beichman et al. 2005).

In the simplest model of debris disks, their structure is controlled by gravity,
radiation pressure, and P-R drag. In a collisionless system without sources
and sinks and with grains in circular orbits, the radial density distribution
p(r) decreases as 1/r due to P-R drag (e.g., Briggs 1962). This “classical so-
lution” approximately represents the overall distribution of dust in the solar
system (e.g., Ishimoto 2000). Another simply-structured debris disk would be
a cloud of grains moving outward from the centre in hyperbolic trajectories.
This solution, which applies to so-called S-meteoroids in the interplanetary
space is described by p(r) oc 772 (e.g., Lecavelier des Etangs et al. 1998;
Ishimoto 2000). However, as for instance Gor’kavyi et al. (1997) pointed out,
there exist several effects that may change the distribution considerably, in-
cluding resonance effects with planets, gravitational encounters with planets
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which occur in the form of elastic gravitational scattering, mutual collisions
of particles, evaporation of dust grains, and existence of sources of dust with
highly eccentric orbits (such as the Encke comet in the case of the solar sys-
tem; e.g., Whipple 1976, Sykes 1988, Epifani et al. 2001). The resulting density
distribution is in most cases no longer described by a single power-law, but de-
pends strongly on the properties (mainly the orbits and masses of planets and
dust sources) of each particular disk/planetary system. In the case of § Pic,
visible observations of the scattered starlight and mid-infrared images show
a decrease of the mid-plane number density profile with increasing distance
from the central star (Artymowicz et al. 1989; Kalas & Jewitt 1995), possibly
indicating that most of the dust sources are located in the inner disk.

Although debris disks represent a rich source of information about the for-
mation and evolution of planetary systems, they also impose problems on the
observations of exoplanetary systems. First, zodiacal light of our own solar sys-
tem has a potential serious impact on the ability of space-born observations
to detect and study their targets. It is attributed to the scattering of sunlight
in the UV to near-IR, and — important for mid-IR missions such as DAR-
WIN (e.g., Fridlund 2000) — the thermal dust reemission in the mid to far-IR.
At infrared wavelengths from approximatelly 1um, the signal from the zodi-
acal light is a major contributor to the diffuse sky brightness and dominates
the mid-IR sky in nearly all directions, except for very low galactic latitudes
(Gurfil et al. 2002). Based on measurements obtained with the COBE satellite,
Fixsen & Dwek (2002) derived an annually averaged spectrum of the zodiacal
cloud in the 10-100pum wavelength range. The spectrum exhibits a break at
~150pm that indicates a knee in the dust size distribution at a radius of about
30pm (see Fig. 7).

Second, the exozodiacal dust disk around a target star, even at solar level, will
likely be the dominant signal originating from the extrasolar system. In the
case of a solar system twin, its overall flux over the first 5 AU is about 400 times
larger than the emission of the Earth at 10pum. Although the factor reduces
to a few tens after partial rejection by usage of a nulling interferometer, one
still has to make sure that the exo-zodiacal signature will not mimic planetary
signals such as would be the case if the disk is significantly clumpy (as almost
always found in the outer regions of debris disk — e.g., Holland et al. 1998;
Greaves et al. 1998; Holland et al. 2003). If the origin of this clumpiness is
in perturbations of planets, then detecting clumps can help to pinpoint those
planets (e.g., Wyatt 2003). In this context one has to be aware that collisionally
regenerated debris disks are also intrinsically clumpy because dust created by
collisions between large planetesimals starts out in a clumpy dust distribution

(Wyatt & Dent 2002).
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Fig. 7. The annually averaged spectrum of the zodiacal light, normalized to that of
a 240 K blackbody. Diamonds represent DIRBE data, and the solid error bars rep-
resent the FIRAS spectrum. At wavelengths below ~150um, the zodiacal spectrum
is that of a graybody with an optical depth of ~ 3 x 10~7 (similar to the value 10~7
quoted by Leinert 1996). At longer wavelengths the dust emissivity falls off as A =2,
as shown by the solid line. [from Fizsen € Dwek 2002]

3.2 Structure of debris disks with embedded planets

The high-resolution images of debris disks in scattered light in the optical /near-
IR and in thermal emission at mid-IR to millimeter wavelengths show the
presence of density structure, such as rings, gaps, arcs, warps, offset asym-
metries and clumps of dust (e.g., Greaves et al. 1998; Schneider et al. 1999;
Wilner et al. 2002; Holland et al. 1998, 2003; Koerner et al. 2001). In evolved,
optically thin debris disks some of these features are likely to be the result of
gravitational perturbations by one or more massive planets on the dust disk.
There are several mechanisms by which giant planets can sculpt the disks:
(a) capture of dust in mean motion resonances (MMRs) with the planet, as
the dust particles drift toward the central star due to P-R drag; (b) gravi-
tational scattering of dust particles by the planet; (c) resonance capture of
dust-producing planetesimals due to planet migration; and (d) secular (long-
term) planetary perturbations. The resulting characteristic density patterns
are expected to provide the strongest indirect hints on the existence of planets
embedded in these disks (see e.g., Liou & Zook 1999; Wyatt et al. 1999; Ozer-
noy et al. 2000; Moro-Martin & Malhotra 2002, 2003, 2005; Wilner et al. 2002;
Quillen & Thorndike 2002; Sremcevi¢ et al. 2002; Kuchner & Holman 2003).

Resonant trapping takes place when the orbital period of the planet is (p + ¢)/p
times that of the particle, where p and ¢ are integers, p>0 and p + ¢>1. Tak-
ing into account radiation pressure force, a/a,=[(p + q)/p)**x(1-3)'/3, where
a and a, are the semimajor axis of the orbit of the particle and of the planet
repectively and [ is the ratio of the radiation pressure force to the gravita-
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Fig. 8. Four basic resonant structures in debris disks: (I) low-mass planet on
a low-eccentricity orbit, (II) high-mass planet on a low-eccentricity orbit, (III)
low-mass planet on a moderate-eccentricity orbit, and (IV) high-mass planet on
a moderate-eccentricity orbit. [from Kuchner & Holman 2003]

tional force. Each resonance has a libration width Aa, that depends on the
particle eccentricity and the planet mass, in which resonant orbits are sta-
ble, while resonance overlapping makes the region close to the planet chaotic.
When trapped in outer MMRs (¢>0), the dust particle receives energy from
the inner planet, balancing the energy loss due to P-R drag. This makes the
lifetime of particles trapped in outer MMRs longer than in inner MMRs, with
the former dominating the disk structure.

Kuchner & Holman (2003) pointed out that four basic resonant structures
probably represent the range of high-contrast resonant structures a planet
with eccentricity < 0.6 can create in a disk of dust released on low eccentric
orbits: (i) A ring with a gap at the location of the planet, (ii) a smooth ring,
(iii) a clumpy eccentric ring, and (iv) an offset ring plus a pair of clumps.
The appearance / dominance of one of these structures mainly depends on
the mass of the planet and the eccentricity of its orbit (Fig. 8).

The dust disk produced by the Kuiper Belt objects in our own Solar System
is an example of a debris disk with embedded massive planets in circular
orbits. In the Solar System, the planet dominating the trapping of particles in
MMRs is the outermost massive planet Neptune. Dynamical models show that
the dust disk density is enhanced in a ring-like structure between 35-50 AU,
with some azimuthal variation due to the trapping into MMRs and the fact
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Fig. 9. Semimajor-axis distribution of Kuiper Belt dust particles, showing the the
percentage of particles (in log scale) found at a particular semimajor-axis. The
different colors and line weights represent different particle sizes or J-values with
the black (thin), red (medium) and blue (heavy) lines corresponding to (-values of
0.00156, 0.025 and 0.4, respectively (which for astronomical silicates would corre-
spond to particle sizes of 135, 8.8, and 0.7 um, respectively). [from Moro-Martin,
Wolf & Malhotra, in prep.]

that trapped particles tend to avoid the resonance planet, creating a minimun
density at Neptune’s position. The effect of trapping into MMRs can clearly
be seen in the “equilibrium” semimajor axis distributions shown in Fig. 9 and
the disk surface density distributions shown in Fig. 10 (from Moro-Martin
& Malhotra 2002). Both figures show how the dust disk structure is more
pronounced for larger particle sizes (smaller () as the trapping in MMRs is
more efficient when the drag forces are small.

One of the most prominent features in Fig. 9 and Fig. 10 is the strong depletion
of dust inside 10 AU due to gravitational scattering of dust particles by Jupiter
and Saturn. Moro-Martin & Malhotra (2005) explored how this effect depends
on planet mass, semimajor-axis, eccentricity, and particle size. They found that
planets with masses of 3-10 My, located between 1-30 AU eject >90% of the
particles that go past their orbits, while a 1 My,, planet at 30 AU ejects >
80% of the particles, and about 50%-90% if located at 1 AU, with these results
being valid for particles with [-values between 0.00156 and 0.4 (see Fig. 11).
This results in a lower dust number density within the planet’s orbit, as the
dust grains drifting inward due to the P-R effect are likely to be scattered into
larger orbits.

Inner cleared regions have been found in several debris disks: § Pic (inner
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Fig. 10. Number density distribution of Kuiper Belt dust grains of different particle
sizes, corresponding to different 3-values. The dot to the right of the centre indicates
the position of Neptune. As in the previous figure, the trapping of particles in the
exterior MMRs with Neptune and the depletion of particles in the inner 10 AU due
to gravitational scattering with Jupiter and Saturn are the most prominent features.
[from Moro-Martin & Malhotra 2002]
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Fig. 11. (Left) Percentage of ejected particles (with 5=0.044) as a function of planet
mass for systems consisting on an outer belt of dust-producing planetesimals and a
single massive planet in a circular orbit. The different colors and line weights corre-
spond to different planet semimajor-axis. (Right) Percentage of ejected particles as
a function of planet semimajor axis. The different colors and line weights correspond
to different planet eccentricities. [from Moro-Martin & Malhotra 2005]
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radius: 20 AU), HR 4796A (30-50 AU), € Eri (50 AU), Vega (80 AU), and Fo-
malhaut (125 AU) — e.g., Dent et al. 2000; Greaves et al. 2000b; Wilner et
al. 2002; Holland et al. 2003. These cavities may be created by gravitational
scattering with an inner planet.

Krivov et al. (2000) pointed out that the P-R effect can be ignored
in disks with optical depths smaller than about 107 (see also Arty-
mowicz 1997). For Solar System analogs, fainter than the disks observed
to date and that telescopes like ALMA and DARWIN will be able to de-
tect, P-R drag dominates the dynamics of the dust particles and therefore,
in that density regime, gravitational scattering with massive planets is likely
responsible for the creation of inner cavities (if observed).

Another two prominent examples for which the possible influence
of a planet on the disk structure has been discussed are the debris
disks around Vega and ([ Pictoris. The first shows two dominating
emission peaks / density enhancements in spatially resolved submil-
limeter maps (Holland et al. 1998, Wilner et al. 2002). However, Su
et al. (2005) did not confirm the existence of these structures, but
found a circular, smooth brightness distribution without indications
of clumpiness in high spatial resolution mid- and far-infrared images
obtained with MIPS /Spitzer. The [ Pictoris disk is seen nearly edge-
on and extends to at least a distance of 100 AU from the central star
(Zuckerman & Becklin 1993, Holland et al. 1998, Dent et al. 2000,
Pantin, Lagage, & Artymowicz 1997). The Northeast and Southwest ex-
tensions of the dust disk have been found to be asymmetric in scattered light
as well as in thermal emission. This warp is assumed to be caused by a gi-
ant planet on an inclined orbit that gravitationally perturbs the dust disk
(Augereau et al. 2001; Mouillet et al. 1997; see also Lubow & Ogilvie 2001).

3.8  Signatures of planets in spatially unresolved debris disks

Besides high-resolution imaging of debris disks, mid-infrared spectroscopy is
a valuable tool to deduce the existence of an inner gap, since the deficiency
of hot dust in the stellar vicinity causes a decrease of the mid-infrared flux
compared to an undisturbed disk. With increasing gap size the emission spec-
trum is shifted toward longer wavelengths and the mid-infrared flux is reduced
(see Fig. 12). Detailed studies of the influence of planets on the SED of debris
disks have been performed by Wolf & Hillenbrand (2003) and Moro-Martin,
Wolf, & Malhotra (2005). Moro-Martin et al. (2005), carried out a study on
how the dust density structure carved by massive planets affected the shape
of the disk SED. The disk SED depends on the grain properties (chemical
composition, density, and size distribution), the mass, and location of the per-
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Fig. 12. Influence of an inner gap on the SED of a debris disk. Inner disk radius:
dust sublimation radius (solid line), 0.1 AU (dotted), 1 AU (dashed), and 10 AU
(dash-dotted). Left / Right column: Fe-poor Silicate (MgSiO3) / Fe-rich Silicate
(Olivine, MgFeSiOy4). Top: a = 0.1um, Bottom: a = Imm. Disk mass: 10" Mg,y.
The central star has a solar-type SED (we use the solar SED published by Labs &
Neckel 1968, extended by a blackbody SED beyond 151 ym). The distance to the
system is assumed to be 50 pc. [from Wolf & Hillenbrand 2003]

turbing planet. They found that (1) the SED of a debris disk with embedded
giant planets is fundamentally different from that of a disk without planets,
the former showing a significant decrease of the near/mid-IR flux due to the
clearing of dust inside the planet’s orbit. (2) The SED is particularly sen-
sitive to the location of the planet, i.e. to the area interior to the planet’s
orbit that is depleted in dust (see Fig. 13, from Moro-Martin et al. 2005). (3)
There exist some degeneracies that can complicate the interpretation of the
SED in terms of planet location. For example, the SED of a dust disk dom-
inated by weakly absorbing grains (e.g., Fe-poor silicates) has its minimum
at wavelengths longer than those of a disk dominated by strongly absorbing
grains (e.g., carbonaceous and Fe-rich silicate). Because the SED minimum
also shifts to longer wavelengths when the gap radius increases (owing to a
decrease in the mean temperature of the disk), there might be a degeneracy
between the dust grain chemical composition and the semimajor axis of the
planet clearing the gap (see Fig. 14, from Moro-Martin et al. 2005).

The Spitzer space telescope is carrying out spectrophotometric observations
of hundreds of circumstellar disks most of which are spatially unresolved. The
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Fig. 13. SEDs of dust disks in the presence of different planetary configurations
[solid: 3Myup at 1 AU; dashed: 3Myy, at 5 AU; dashed — dotted: 3Mj,, at 30
AU; dotted: system without planets]. Results are shown for three grain chemi-
cal compositions (indicated in each panel), and particle size distribution given by
n(b)db = ngb~? with ¢=3.0. In all cases the system is at a distance of 50 pc and
has a total disk mass of 10710 Mgyy,. [from Moro-Martin, Wolf & Malhotra 2005]

study of these SEDs can help us diagnose the radial distribution of dust, al-
lowing us to identify targets where the dynamical imprints of embedded giant
planets may be present (e.g., Kim et al. 2005; Beichman et al. 2005). But
because the SEDs are degenerate, to unambigously constrain the planet lo-
cation we need to obtain high resolution images able to spatially resolve the
disk. In the future, telescopes like ALMA, SAFIR?, TPF?, DARWIN and
JWST* will be able to image the dust in planetary systems analogous to our
own. If observed from afar, the Kuiper Belt dust disk would be the brightest
extended feature in the solar system, and its structure, if spatially resolved,
could be recognized as harboring at least two giant planets: an inner planet
(Jupiter plus Saturn) and outer planet (Neptune) (Liou et al. 1996; Moro-
Martin & Malhotra 2002). The goal is that high-resolution, high-sensitivity
imaging of debris disks around other stars will help us learn about the fre-
quency and diversity of planetary systems, helping us place our solar system
into context.

2 Single Aperture Far Infrared Telescope
3 Terrestrial Planet Finder
4 James Webb Space Telescope
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Fig. 14. [Left] Possible degeneracy between the grain chemical composition and the
location of the planet clearing the gap. Solid line: SED of dust disk composed of
MgSiO3 grains with a 3Mj,, planet at 1 AU; dashed line: same for MgFeSiOy4
grains with a 3Mj,, planet at 30 AU. In both cases ¢=2.5. [Right] Brightness
density distributions at 70 pm (assuming graybody emission from 12 pm grains)
expected from a disk with a 3Mjy,, planet at 1 AU (top) and 30 AU (bottom),
respectively (shown in arbitrary units). High resolution images are needed to solve
the degeneracy. [from Moro-Martin, Wolf & Malhotra 2005]
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4 Summary

Numerical simulations convincingly demonstrate that high-resolution imaging
performed with instruments / telescopes that will become available in the
near future will allow detection of planets in circumstellar disks. However,
scattering of stellar light and thermal emission by small grains — in the case
of optically thick disks seen at high inclination also absorption — will make di-
rect planet detection via imaging hardly feasible. But planets cause large-scale
perturbations in the disks which will be observable with observatories like the
Stratospheric Observatory For Infrared Astronomy (SOFIA), the James Webb
Space Telescope (JWST), but also ground-based observatories / interferome-
ters, such as ALMA or the VLTI by spatially resolved mapping of the dust
reemission. The particular type of perturbation depends on the evolutionary
stage of the disk. The most prominent signatures of planets embedded in
disks are gaps and circumplanetary accretion disks in the case of young disks
and characteristic asymmetric density patterns in debris disks. Further signa-
tures are, for instance, spiral structures in young disks or warps due to planets
on inclined orbits.
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