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Abstract. The technological developments initiated in the early 21st century have led to the implementation
of “planet finders” instruments on 8-m class telescopes which are in operation since 2014-2015. Such facilities
are at the inception of significant progresses in the study of exoplanetary systems by enabling high contrast
imaging of the environment of young nearby stars. One of the most productive science in this field is
certainly the observations at high angular resolution of circumstellar disks, from the very young gas-rich
protoplanetary disks all the way to more elusive dust-rich debris disks. In this paper, we summarize the main
results obtained for these two categories of objects focusing on their morphological characteristics, as well
as on the measurement of optical properties of the small dust particles to which the near IR spectral range is
sensitive to. We mostly provide exemples based on observations performed with the SPHERE instrument at
the VLT.

Résumé. Les développements technologiques initiés au début du 21ème siècle ont conduit à la mise en place
d’instruments “découvreurs de planètes” sur des télescopes de la classe 8m en fonctionnement depuis 2014-
2015. De telles installations sont à l’origine de progrès significatifs dans l’étude des systèmes exoplanétaires
en permettant l’imagerie à haut contraste de l’environnement des jeunes étoiles proches. L’une des sciences
les plus productives dans ce domaine est certainement l’observation à haute résolution angulaire des disques
circumstellaires, depuis les très jeunes disques protoplanétaires riches en gaz jusqu’aux disques de débris
plus insaisissables, riches en poussières. Dans cet article, nous résumons les principaux résultats obtenus
pour ces deux catégories d’objets en nous concentrant sur leurs caractéristiques morphologiques, ainsi que
sur la mesure des propriétés optiques des petites particules de poussière auxquelles la gamme spectrale
du proche IR est sensible. Nous présentons surtout des exemples basés sur des observations réalisées avec
l’instrument SPHERE au VLT.

Keywords. Circumstellar disks, planet formation, exoplanets, high contrast imaging, polarimetric imaging.

Mots-clés. Disques circumstellaires, formation des planètes, exoplanètes, imagerie haut contraste, imagerie
polarimétrique.

Note. Follows up on a conference-debate of the French Academy of Sciences entitled “Exoplanets: the new
challenges” held on 18 May 2021, visible via
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html.
Note. Fait suite à une conférence-débat de l’Académie des sciences intitulée « Exoplanètes : les nouveaux
défis » tenue le 18 mai 2021, visible via
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html.

Manuscript received 5 December 2022, accepted 6 December 2022.

ISSN (electronic): 1878-1535 https://comptes-rendus.academie-sciences.fr/physique/

https://doi.org/10.5802/crphys.134
mailto:anthony.boccaletti@obspm.fr
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html
https://comptes-rendus.academie-sciences.fr/physique/


152 Anthony Boccaletti

1. Introduction

Understanding how and when planets form is a central question in the study of exoplanets.
In the current paradigm, mostly based on Solar System observations, a stellar system emerges
from the gravitational collapse of a gaseous cloud, which leaves a protostar in the center and
a disk of gas and dust orbiting the star in a nearly flat distribution, owing to the conservation of
angular momentum. Dust will grow from sub micron-size to form pebbles [1], which after a series
of accretion and collision interplays can produce km-size bodies, i.e. the planetesimals [2, 3].
Oligarchic growth [4] can explain how these planetesimals will end up in massive planetary
cores (likely a few M'), and finally, these cores will accrete gas [5] resulting in the formation
of giant planets. This whole process of “core accretion” is estimated to last about 1 Myr or so,
after which the gas is dissipated by photo-evaporation [6], or integrated into the atmospheres
of giant planets. This scenario (see details in [7]) provides the big picture, but one lesson from
exoplanets searches is clearly the diversity of their properties. For instance, some alternative
models to the core accretion scenario have been proposed, like the gravitational instability [8],
which is able to generate giant planets more rapidly and directly from the collapse of the gas in
the protoplanetary disk, in a sort of small-scale stellar formation mechanism. It is not unlikely
that several mechanisms take place among stellar systems or even in a same system.

Two means can be considered to address the context of planet formation from the observation
of the exoplanet population. First, we can study statistically the orbital properties (semi major
axis, inclination, eccentricity), and the bulk properties (mass, radius, hence density) of known
planets, and compare it to synthetic planet population models [9]. Another way consists in
measuring their composition to derive chemical constraints on the abundance of elements
in comparison with planet formation models [10]. These two aspects require to characterize
beforehand the environment in which planets form and evolve to provide inputs to these planet
formation models.

In the early stage, a system contains large amount of gas and dust (with a typical 100:1 ratio)
in the form of a protoplanetary disk, also known as a “planet forming disk”, which can determine
locally the composition of a planet, or even its fate given that planets interact with the gas, and
migrate inward or outward [11]. Mature systems, which represent the vast majority of known
exoplanets, have experienced significant dynamical evolution, so that the determination of the
conditions of their formation is not straightforward. For this reason, observing the systems when
they are just a few million year old is more relevant to put constraints on planetary formation.
Protoplanetary disks have complex morphologies as a result of gas dynamics and size-dependent
coupling with dust particles, eventually leading to planet formation. In a later stage, when
the system evolves and the gas dissipates, planetesimals become the most abundant objects.
Collisional cascades among the planetesimals produce second generation micron-sized grains,
hence the term of “debris disk” [12]. Like in the Solar System the planetesimals are distributed
in the form of belts, similar to the Kuiper and the asteroid belts, and located at a few tens of
astronomical units (AU) from the star.

Historically, the first disks were identified from the excess emission that the dust produces
at infrared wavelengths, like the so-called Vega phenomenon [13–15], the emission peak being
proportional to the temperature of the grains, and thus to the stellocentric distance of the
dust, together with its optical properties. The IRAS satellite has been instrumental in detecting
such signatures (in excess compared to the blackbody-like emission of a single star, see Fig. 1)
at IR wavelengths of 10 to 100 „m typically, and interpreted as either protoplanetary disks
(near/mid IR emission, high fractional IR luminosity) or debris disks (far IR emission, low
fractional IR luminosity). However, the spectral energy distribution (SED) of a system derived
from photometric measurements carries important degeneracies related to its geometry (single
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belt, multiple belts, continuous disk with or without cavity) and to the dust properties (emission
depends on temperature, size, shape, and composition of grains) [12].

Figure 1. Spectral Energy Distribution of fl Pictoris measured with IRAS (left), and first
image of the debris disk observed with a 2.5-m telescope at 850 nm and with a 700 diameter
coronagraph [16] (right). The FoV is about 9200x8200.

Given the aforementioned characteristics, and because exoplanetary systems have AU-scale
dimensions, imaging disks with high angular resolution and high sensitivity has been decisive to
characterize them further, both in scattered light at visible and near IR wavelengths, as well as in
thermal emission at millimetric wavelengths. The first image of a debris disk was obtained in the
early 80s from the ground, around the famous star fl Pic, featuring a favorable combination of
proximity, size, luminosity and inclination [16]. It took more than a decade to achieve similar
level of performance on other systems, thanks to the HST [17–20], while on the ground the
sensitivity has been a strong limitation [21] until the implementation of adaptive optics on 8-
m class telescopes. Taking advantage of an angular resolution of 40-50 mas corresponding to a
few AU for the nearest stars like fl Pic, to a few tens of AU in the main young star associations
at 100-150 pc, the exploration of the brightest disks unveiled a rich morphology with spirals,
gaps, and rings [22–30]. Unsurprisingly, this breakthrough in disk imaging coincides with the
first obtained images of extrasolar giant planets [31–36] (see [37] this proceeding for a review of
exoplanet imaging results and projects).

A revolution came with extreme adaptive optics facilities (so called “planet finders”) combined
to optimized coronagraphs, and also because significant eVorts were invested in the observa-
tional and data reduction strategies [38]. The instruments SPHERE at the VLT [39], GPI at Gem-
ini [40], and SCExAO at Subaru [41] were prolific to resolve structures in protoplanetary and de-
bris disks in scattered light, shedding light on how the matter is distributed in the first stages of
planetary formation. The morphology and the fine structures distribution of millimeter dust and
gas in protoplanetary disks is also revealed owing to radio-interferometry with ALMA which pro-
vides complementary informations about those exosystems with a similar angular resolution as
SPHERE [42, 43].

This paper focuses exclusively on the measured properties of circumstellar disks recently
observed in scattered light, based in particular on examples from SPHERE observing programs,
although not exhaustively.
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2. Detection methods

Circumstellar disks are intrinsically angularly small, and faint, featuring a large contrast (>10¡3,
defined as the ratio between the intensity of an object in the field and the host star) with respect to
the central star, hence require large telescope diameters, high sensitivity and high dynamic to be
observed. Therefore, the techniques for disk imaging and exoplanet imaging are identical, both
being oV-axis, resolved or unresolved, objects with respect to the optical axis defined by the star
(assumed unresolved). In that respect, an extreme adaptive optics (AO) system like SPHERE is
able to routinely achieve Strehl ratio larger than 80% in the near IR (J, H and Ks bands) for bright
stars (R<10) and can even provide a Strehl of 50% at visible wavelengths for R<9 [44], allowing
to deliver exquisite image quality with angular resolution of 15 to 50 mas for wavelengths in the
range 0.6-2.0 „m. Such a low wavefront error level is necessary for a coronagraph to provide a
large rejection of the starlight (see [45] this proceeding for a review of coronagraphic techniques).
The SPHERE coronagraph [46] has a diameter of about 0.200 which means that no oV-axis object
can be recovered below the Inner Working Angle of » 0.100. Raw contrasts measured with SPHERE
are typically reaching 10¡3 ¡ 10¡4 in separation range 0.1 ¡ 0.300, and better than 10¡4 between
0.300 and the correction radius at » 0.800 (see [39, Fig. 10]).

To reach a contrast that is compatible with exoplanet or disk imaging, the residual starlight left
behind the coronagraph must be further removed or at least attenuated. This starlight pattern is
a complex mixture of diVraction eVects which can be static, highly variable, or quasi-static, the
latter being the more diYcult to get rid of. In conjunction with the improvement of AO systems,
several techniques, combining observing strategies and numerical methods, were developed
with the purpose to calibrate the stellar light, independently of the oV-axis object to detect. For
disk imaging, this can be accomplished in three diVerent ways, taking advantage of data diversity
introduced by a specific observing mode in order to disentangle the starlight from astrophysical
sources around the star, and taking into account the properties of these sources.

The most obvious technique relies on the observation of one or several reference stars ob-
served in the same configuration as the science target, usually in a short time frame to ensure
a somehow similar starlight pattern. The so-called reference star diVerential imaging (RDI) has
been very successful with the HST (Fig. 2), in an atmosphere-free environment where the global
wavefront is highly stable. In fact, following the discovery of the fl Pictoris debris disks, the
first scattered light disk images at high angular resolution, were obtained with RDI [17, 18]. The
method was generalized later to using a set of reference stars, with for instance linear combina-
tions of frames and Principal Component Analysis, which allowed to discover a few more disks
left undetected in archival HST data [47, 48]. On the ground, because of the atmospheric turbu-
lence, but also due to the inevitable gravity related variations of the optical wavefront, RDI has
been much less eVective until recently [49]. However, advanced numerical techniques, like artifi-
cial intelligence, are now being deployed to tackle this challenge since the amount of data, hence
potentially of reference frames, is just gigantic.

A second technique, devised for exoplanet detection, is taking advantage of the field rotation
at the focus arising from the alt-azimuthal mount configuration in large telescopes or rolls with
space telescopes (Fig. 2). If the wavefront errors are mostly coming from a pupil plane the net
eVect is that an oV-axis object rotates in the image as the parallactic angle, while most of the
starlight is fixed, or evolves diVerently (with the exception of the aberrations caused by high
altitude winds). As such, Angular DiVerential Imaging ([50, ADI]) has been used for detecting all
the directly-imaged exoplanets known today and comes with various flavors of data processing
techniques [51, 52]. An important aspect of ADI is that it implies a self-subtraction of the object
to detect, as long as this object contributes, even in a small fraction, to the construction of the
reference frame(s) to be subtracted to the data set. For a planet, which can be modeled as
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a point source, the self-subtraction can be taken into account to measure its photometry, but
the problem is far more complex for an extended structure like a disk. In that case, the self-
subtraction depends on the morphology of the object which is basically what we are trying to
measure [53]. As a result, we have to assume a particular morphology and perform forward
modeling to recover the disk geometric parameters and then its optical properties [54]. While this
is doable for debris disks which can be approximated as a belt (or multiple belts) and providing
the inclination is relatively large, it is totally unpractical for protoplanetary disks. In practice,
we are only measuring departures to an azimuthally-symmetrical geometry. To get around this
problem some algorithms have been recently proposed to attempt preserving at most the �ux of
an extended object [55,56]. Still, performing direct measurements of complex structures around
stars with ADI remains challenging and could lead to wrong interpretations of the morphology:
streamers can be seen at the edge of a highly inclined debris disk belt as an ampli�cation in one
direction of the disk halo [57], or rings and spirals can be pinched in some directions as a result
of the disk minor axis rotating slower than the outer part combined to the e Vect of the scattering
phase function [58]. Both ADI and RDI can be used with either IRDIS the camera of SPHERE and
IFS the low resolution spectro-imager, providing spectral information from 0.95 to 2.3 ¹ m.

Finally, the third technique bene�ts from the polarization of the light induced by the scattering
of the starlight by dust grains, while the starlight itself is generally unpolarized. Therefore,
�ltering the linearly polarized signal in the image of an exosystem is highly e Y cient to reduce
the contribution from the star and to reveal the dust contribution. Dual Polarization Imaging
(DPI, also referred as Polarimetric Di Verential Imaging) is implemented in SPHERE IRDIS but
is only available in broad band or narrow band �lters. Unlike ADI, the morphology of the
disk is fully preserved, but as a drawback the beam splitter and the polarizers implemented in
SPHERE transmits only 50% of the light, while the polarized signal of a disk is also intrinsically
smaller (usually a few tens of % of the unpolarized �ux). DPI comes also with a series of
observational constraints but combining DPI and pupil tracking can circumvent these issues,
and provides simultaneously for the same data set the polarized and unpolarized image [59,60].
Yet, DPI imaging has been extremely e Y cient for resolving structures in the vast majority of
protoplanetary disks observed with SPHERE [61].

3. Characterization of protoplanetary disks

Protoplanetary disk is a generic term which corresponds to the phase between the formation
of the star and the transition to the debris disk phase when the gas is dissipated. This period
probably lasts a few Myr during which the system can undergo signi�cant evolution which
impacts the disk structuring. Unresolved photometry in the near to far IR has provided in the
past some hints about the structures in these disks, in particular the presence of cavity or gaps,
which shows up as features in the SED of these systems owing to the temperature-distance
dependence. Imaging is able to retrieve much more details in the morphology, and allows to
leave some degeneracies when modeling the SED. All disks observed in scattered light have
structures. If they don't, it is essentially because they are too small and/or too faint given the
sensitivity [58]. Structures are easier to detect in polarimetry if the disk is nearly face-on, while at
high inclinations the e Vect due to the phase function or the spatial distribution of the dust can
be degenerated. In the case of protoplanetary disks, combining observations in the near IR and
millimeter wavelengths is crucial to test formation theories because the two regimes are sensitive
to di Verent sizes of dust particles (sub-micron, and millimeter respectively), the distribution of
which can di Ver during the evolution of a system. For instance, small particles are e Y ciently
coupled to the gas while the largest are not. Therefore, we can observe di Verent distributions
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Figure 2. Illustrations of the RDI (left) and ADI (right) methods from the same instrument:
ACS on HST. The ACS PSF being strongly aberrated, the coronagraphic images that are
displayed here are very extended. The left panel shows an observation of HD 141569 and
a reference star together with the subtraction revealing the gas-rich debris disk [22]. The
right panel is an observation of the disk of ¯ Pic observed at two roll angles, demonstrating
the stability of the coronagraphic di Vraction pattern with respect to the disk itself which
rotates with the �eld [62].

and dynamics with SPHERE and ALMA. Below, we discuss the main structures that we manage to
observe in scattered light.

3.1. Spirals

Spirals can be the result of density waves being launched by a planet orbiting the star and prop-
agating in the gas [63]. Near IR observations in scattered light are sensitive to micron-size grains
which are strongly coupled to the gas, so these images are e Vectively tracing the perturbation in
the gas distribution. One of the �rst protoplanetary disk observed with SPHERE, MWC 758 [64],
has two prominent and almost symmetrical spirals which totally dominate the scattered light im-
age. These patterns can be interpreted using the linear theory of wave density [65] as being in-
duced by a gravitational perturber in Keplerian rotation around the star, so presumably a planet.
The linear relation to describe the shape of a spiral in polar coordinates µ(r ) (r being the radial
distance to the star), as a function of the planet location ( r c, µ0) and disk properties reads as fol-
lows [66]:
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The linear theory is convenient in the context of direct imaging as it provides an analytical
expression of the spiral shape being a function on the planet location, the angular velocity and
the disk aspect ratio (scale height divided by the radius), hence related to the gas temperature.
The properties of the disk are contained in the parameter ® and ¯ , which are the exponents of
the power law describing the variation of the angular velocity ­ / r ¡ ®, and the sound speed
cs / r ¡ ¯ . The �t of this relationship in MWC 758 (Fig. 3), but also HD 135344B [67] images,
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leads to several solutions with either inner or outer planets. The case with inner planets yields
large aspect ratios corresponding to unphysical temperatures, so that the scenario with outer
planets is usually favored. The same conclusion is reached based on hydrodynamical models in
which a pair of a so-called “grand-design” spirals can be generated by a single perturber [63]. In
complement, direct imaging in unpolarized light with SPHERE allows to put strong constraints
on the presence of giant planets (undetected in polarized light) in these systems with more
sensitivity at large separations, precisely where the presence of planets is favored by the analysis
of spiral arms. However, no planet was discovered yet in these systems. For instance, the SPHERE
data achieve detection limits as low as 1 » 2 M J for HD 135344B [68] and MWC 758 [69].

As of today we never identi�ed a bona-�de planet related to a spiral arm, with the exception
of HD 100453 [70,71], in which the perturber is not a planet but a low-mass star. In the context of
�ndings connection between spirals and planets, the even more complex system AB Aur is unique
to understand this connection, because it is one out of the two cases where a pair of spirals is
detected both in scattered light and in CO gas with ALMA [72]. Two independent observations
reported hints of the presence of two protoplanets possibly associated to the spiral arms. First,
with SPHERE in polarimetry, the eastern spiral features a twist which matches relatively well
the classical spiral model, this twist being the place where the inward and the outward spiral
components are launched [73] (Fig. 4). Second, based on SCExAO data, a di Vuse region at the tip
of the western spiral has been modeled as a combination of a protoplanet emission and scattering
from the disk [74], the location of which is also in line with ALMA observations [72]. The disk
around HD 169142 was also scrutinized with SPHERE with very aggressive processing to remove
the starlight which allowed to detect or re-detect several blobs inside the complex spiral pattern of
this disk. Since these disk features also move at Keplerian velocity [75] the connection to planets
is still to be demonstrated.

Dynamically, being waves, spirals are expected to rotate at the same angular velocity as the
source, and as such can appear to move at a super-Keplerian speed outwards of the launching
site, or sub-Keplerian inwards. However, it is challenging to obtain a precise measurement,
especially for outer planets simply because the orbital period can be as large as a few hundred
years, while an inner planet may produce a visible motion in a few years. We note that in the
case of MWC 758 the extreme reproducibility of SPHERE images and the knowledge on the �eld
orientation allowed to derive a rotation of 0.22 ± consistent with an outer perturber at 172 AU [76]
still to be discovered. Follow up of other systems, in particular AB Aur may allow to better
constrain the origin of spirals.

Most of the disk with spirals were observed face-on because it is the most e Y cient case in
DPI with SPHERE, but in a few cases, based on a comparison to radiative transfer models, we
were able to identify spirals in more inclined disks, like for RY Lup [77]. Interestingly, for RY Lup
and also T Cha [78], the direction of polarization is not fully azimuthal, indicating that multiple
scattering occurs within the dusty disk.

Overall, the connection between spirals and planets is not fully con�rmed. Spirals can also
arise from gravitational instabilities which can develop when the disk is self-gravitating [79],
under the conditions that the disk is more massive than a quarter of the star's mass. The
aforementioned systems are not expected to be that massive. However, some disks like AB Aur
(Fig. 4) and HD 100546 show a variety of spirals morphologies which may have a di Verent origin,
possibly self-gravity [58,73].

3.2. Rings and cavities

Cavities and rings in systems featuring IR excess were very soon suspected from the dip in the
excess at near IR wavelengths. The dust depletion at short stellocentric distances can be the result



158 Anthony Boccaletti

Figure 3. Images obtained with SPHERE illustrating main features observed in protoplan-
etary disks in scattered light (from left to right): the spiral arm of MWC 758 [64], the
rings/gaps in TW Hya [80], and the shadows in HD 135344 B [67].

of photo-evaporation, dust evolution, or gravitational sweeping by massive bodies like planets,
the latter being frequently involved as an argument to target such systems in high-contrast
imaging surveys [81]. Cavities are found in most protoplanetary and transition disks observed in
scattered light with SPHERE. Like spirals, the rings and cavities are easier to detect at moderate
disk inclinations with either DPI and/or ADI, as showcase with the images in both polarized and
unpolarized intensity of HD 97048 [82] and RXJ 1615 [83]. Their size can be di Verent than in the
millimeter regime indicative of dust segregation which may be explained by dust trapping by
planets at the gap edges. With sizes in the range » 200¡ 400 AU, and inclinations of 40 ¡ 50±,
the �tting of ellipses to the multiple rings detected in these systems allows to directly measure
the scale height which can be as large as 15 to 20 AU (measured at 100 AU). Such large values
are related to the fact that scattered light is sensitive to the surface of the disk (corresponding
to optical depth ¿ = 1). In nearly face-on geometries, alternation of rings and gaps was also
evidenced owing to di Verential polarimetry in the disk around TW Hya [80] or HD 169142. [84].
In that cases, surface density can be inferred from surface brightness radial variations. The gaps
in TW Hya (Fig. 3) are found to be relatively shallow which would imply a few to tens Earth-
masses perturbers if they have a gravitational origin. Since such planets are not yet detected,
other scenarios involving the accumulation of dust particles at snowlines are still plausible [85].

There are a few examples for which a cavity can be directly connected to one or more
perturbers, most are low mass stars like for HD 142527 [86] and GG Tau [87] (Fig. 4). In the latter,
the remarkable precision delivered by SPHERE allowed to interpret the many �ne structures at
the edges of the cavity with hydrodynamical models as being triggered by periodic perturbations
of the central binary star. The case of PDS 70 [88–91] is certainly the most relevant in this category
since at least two giant planets have been identi�ed in the cavity orbiting respectively at 22 AU
and 35 AU while the cavity is 55 AU wide. These very young objects still in a formation phase [92]
are presumably sculpting the disk.

3.3. Shadows

Direct imaging and in particular DPI has also revealed shadow patterns in some of the brightest
protoplanetary disks. Shadows are systematically associated to large near IR excess which is in
line with the fact that they take origins in the inner part of these systems due to inner belts casting
shadows in the outer parts. One of the �rst example was found in the disk of HD 142527 which
features a very large cavity and two localized centro-symmetrical shadows in the outer belt at
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the northern and the southern tips. They are observed both in the visible [93] and near IR [94]
and explained using radiative transfer with an optically thick disk close to the star and warped
by 70± with respect to the outer one [95]. Similar conclusions were reached for the shadows
of HD 100453 [96] with the particularity that these shadows are apparently connected to two
spirals. Although these spirals are likely gravitationally triggered by an outer M star companion,
the shadows may also play a particular role here. Finally, shadows can have much more complex
structures than just two anti-symmetrical dark regions casted on an outer belt, as in SAO 206906
where several shadows feature azimuthal variations at di Verent epochs (Fig. 3), reminiscent of
material in rotation at much closer orbital radius [67].

Figure 4. Typical small-scale structures: blobs in HD 169142 [75], cavity and multiple
spirals in GG Tau [87], spiral twist in AB Aur [73].

4. Characterization of debris disks

The debris disk phase is referring to the next stage in the evolution (the typical age is 10 » 15
Myr) of planetary systems when most of the gas is dissipated and large bodies are formed. The
system becomes dominated by gravity so that collisions among planetesimals produce “second-
generation” dust particles down to micron sizes. As a result, the dust is mostly generated in
one or several belts where the planetesimals collide. Because debris disks are intrinsically faint,
polarimetric imaging is less e Y cient than for protoplanetary disks but remains the only option
for disks seen at low inclination. On the contrary, non polarimetric imaging is also used more
frequently as long as the disk morphology is easier to describe with parametric models and
the use of forward modelling. This observing mode strongly bias the detection towards highly
inclined disks. High contrast imaging can essentially constrain their morphology (possibly with
temporal resolution) and the optical properties of dust particles. Hereafter, we summarize the
main physical characteristics of debris disks that are derived from observations.

4.1. Morphology and interaction with planets

For most known cases, debris disks are dust belts typically located at a few tens of AU from the
star. The disk around HR 4796 as observed with SPHERE [97] gives a clear example of such an
evolved system. It is relatively straightforward to estimate its size, its inclination (the angle with
respect to a face-on orientation) and its position angle (rotation in the plane of the sky with re-
spect to the North). As such, direct imaging of debris disks provides unambiguous measurements
of the locations of planetesimals, which once compared to previous estimations made from SEDs,
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lead to large discrepancies, as a clear proof that the latter is subject to degeneracies between tem-
perature and dust location. Belts in debris disks are usually rather sharp, especially at their inner
boundary which calls for the presence of a perturber shepherding the edge of the disk due to its
chaotic zone [98], although several planets would probably be needed to explain the large cavity
observed in debris disks. No such connection between a planet and the sharp edge of a disk has
been evidenced so far. On the contrary, the outer intensity slope of debris disk belts usually goes
like r ¡ 4 (r being the physical separation to the star), which is the characteristics of dust parti-
cles blown away by the radiation pressure. A sharper slope may indicate truncation by an object
outwards of the belt like for HR 4796 [97].

Generally speaking, it is tantalizing to seek for any departure to this simple belt geometry since
any non centro-symmetrical features could be the result of gravitational perturbations by planets,
and could thus be used as an indirect signature of their presence. Indeed, the spatial structure
and then the scattered light image of a debris disk can be strongly a Vected by the presence
of planets as illustrated in some theoretical works [99], depending on the disk inclination and
planet's eccentricity. A case study is the system ¯ Pic, an edge-on debris disk, in which a warp
has been identi�ed in the �rst AO+coronagraph images [100], and interpreted as the presence
of a » 10M J giant planet at » 10 AU on an inclined orbit (4-5 ±). The planet was con�rmed a
decade later [33], the properties of which are matching very well the predictions. While mostly all
directly imaged planets are found in young systems, which also contain a dust component, only
one other example, (with the exception of the much younger PDS 70 system), features a planet
and a debris disk in the same image: HD 106906 [101]. However, this planet is found at a larger
angular separation from the star (corresponding to 650 AU in projection), but the fact that the
disk belt is resolved allows to infer a much larger physical distance of 2000-3000 AU [102] (if the
planet and the disk were coplanar) suggesting an ejection mechanism.

An interesting outcome of SPHERE observations is the case of debris disks around
HIP 73145 [103], NZ Lup [104], and HIP 67497 [105] which features at least two or multiple
belts, together with the more complex HD 141569 in which many rings, ringlets and broken
structures have been detected [106]. One plausible explanation is that such multiple-ring ge-
ometries are generated by instabilities rather than shaped by planets, for instance based on the
so-called “photo electric” e Vect [107], which implies that the gas compound is not negligible
in these system with gas to dust ratio close to unity. CO gas was detected at least in HIP 73145
and HD 141569, with the latter being categorized as a gas-rich debris disk and showing a very
strong match between the gas and dust distribution [108,109]. To explain this it has been shown
that collisions within planetesimals in a belt can release both second generation dust and gas
explaining their colocation [110].

On the other hand we expect massive collisions between very large asteroids or small planets
to occur in a young planetary system, leaving a reservoir of dust at the place of the release, which
would be detected in scattered light images as brightness asymmetries [111]. Such a mechanism
has been posited to explain asymmetric features in several debris disks although without �rm
conclusions [109,112].

4.2. Scattering phase function

In the generic case of a debris disk with a single belt seen at a given inclination, the intensity
(relative to the star) along the belt varies with the scattering angle. This scattering phase function
can be measured to derive optical properties of the dust grains as long as we assume the disk to be
in�nitely thin, with an azimuthally constant surface density, although we can expect departure
from this simple hypothesis [112]. Both non polarimetric and polarimetric data are useful in
this case in providing complementary informations, with the problematic that non polarimetric
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