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In this chapter, we review the breakthrough progress that has been made in the field of
high-resolution, high-contrast optical and near-infrared imaging of planet-forming disks. These
advancements include the direct detection of protoplanets embedded in some disks, and derived
limits on planetary masses in others. Morphological substructures, including: rings, spirals,
arcs, and shadows, are seen in all imaged infrared-bright disks to date, and are ubiquitous across
spectral types. These substructures are believed to be the result of disk evolution processes, and
in particular disk-planet interactions. Since small dust grains that scatter light are tightly bound
to the disk’s gas, these observations closely trace disk structures predicted by hydrodynamical
models and serve as observational tests of the predictions of planet formation theories. We argue
that the results of current and next-generation high-contrast imaging surveys will, when combined
with complementary data from ALMA, lead to a much deeper understanding of the co-evolution
of disks and planets, and the mechanisms by which planets form.

In memory of Prof. Willy Kley

We dedicate this chapter to our co-author Willy Kley, who
unexpectedly passed away in December 2021. His unique
contributions to our field, and his optimism and kindness
will be remembered for a long time. An obituary written by
Richard Nelson can be found at the end of this Chapter.

1. Introduction

1.1. Motivation

Transit, radial velocity, and imaging surveys have dis-
covered and confirmed over 4500 exoplanets1 indicating
that planet formation is a robust and efficient process. Ob-

1September 2021; https://exoplanets.nasa.gov/
discovery/exoplanet-catalog/
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serving campaigns have also confirmed that planetary sys-
tems show an incredible diversity in the nature of individual
planets and in the architecture of planetary systems. Con-
firmed planetary systems span a range of star-planet sep-
arations and masses, from widely-separated Super-Jupiters
at tens to hundreds of astronomical units (au) (e.g. Marois
et al. 2008) to compact Super-Earth systems compressed
to within just a few au from their host stars (e.g. Lissauer
et al. 2011). Planet formation has also been confirmed to
occur in multiple star systems, where around a dozen plan-
ets have been found (Kostov et al. 2016). The origin of this
extreme diversity, and whether it is inherited from the ear-
liest stages of planet formation in protoplanetary disks, is
unknown. Since protoplanetary disks set the initial condi-
tions for planet formation, the observed diversity of exo-
planets might well be related to the diversity of disk physi-
cal properties. The evolution of bulk disk gas and dust will
be key in determining where, when, and how planets form
and evolve. The interaction of planets with their host disk is
another key piece of the puzzle in planetary evolution; mas-
sive planets form first and can dramatically affect disk struc-
ture (Bae et al. 2018), influencing the formation and evolu-
tion of lower-mass planets, and dominating the dynamical
evolution of the planet-star-disk system (see Chapters Bae
et al.; Paardekooper et al.).

To understand the diverse outcomes of planet formation,
it is therefore crucial to understand the structure of proto-
planetary disks from the epoch of formation and throughout
the disk evolutionary sequence, using the disks’ morpho-
logical appearances are essential clues. Planet formation
and disk evolution processes occur simultaneously, influ-
ence one another, and jointly shape disk structures. The
two main imprints of these processes on the disk are (i)
perturbations in the disk structure (that is, formation of sub-
structures), and (ii) spatial differentiation of gas and dust.
High-resolution imaging of gas and dust grains in proto-
planetary disks affords a direct probe of both imprints. To
probe disk evolution, large samples of high-resolution mul-
tiwavelength disk imagery accross a wide range of disk evo-
lutionary stages are required.

Until recently, disk observations were limited in an-
gular resolution and could not provide clear constraints
on the physical processes driving their evolution. Mod-
eling spectral energy distributions (SEDs) derived from
whole-disk photometry cannot unambiguously determine
the disk structure, as it is highly degenerate (Woitke et al.
2019). In the past few years, major progress in instrumen-
tation has enabled some limitations to be overcome and
has dramatically affected both observational and theoret-
ical studies of planet formation. The advent of the Ata-
cama Large Millimeter/sub-millimeter Array (ALMA) al-
lowed us to spatially resolve the thermal emission of cold,
large (mm-sized) dust grains and molecules in circumstellar
disks (e.g., Dutrey et al. 2014) and circumplanetary disks
(CPDs) (Isella et al. 2019; Benisty et al. 2021). In the
optical and near-infrared (near-IR) regime, telescopes with
extreme adaptive optics (AO) enabled nearly diffraction-

limited imaging (∼4 au at 100 pc), providing access to both
thermal emission from young planets and dust in CPDs, as
well as to the scattered light from small (micron-sized) dust
grains in the disk surface layers (Keppler et al. 2018). The
first images of disks obtained at high resolution revealed a
greater complexity than previously envisioned (Quanz et al.
2011; ALMA Partnership et al. 2015), revolutionizing our
view of protoplanetary disk evolution. The first surveys
with ALMA and high-contrast near-IR imagers suggested
that small-scale substructures are frequent and have a va-
riety of morphologies, locations, and properties (Andrews
2020; Garufi et al. 2018). The direct comparison of images
obtained at different wavelengths allows us to constrain the
radial and vertical distributions of gas and dust in disks. In-
deed, large grains settle to the midplane, and small grains
are well coupled to the gas, covering the full vertical gas ex-
tent of the disk. Therefore, multi-wavelength observations
trace different disk layers (e.g., Dong et al. 2012a) and en-
able construction of a three-dimensional view of the disk
physical conditions.

One of the major quests in our field is to identify and
constrain favorable conditions for planet formation. We
need to know where, when, and how planets form, and
whether there are significant differences in the planet pop-
ulation as a function of system age and location in the disk.
In the core-accretion model (Pollack et al. 1996), planet for-
mation starts with the growth of dust grains to planetesi-
mal sizes. However, pressure gradients in the gas will lead
to sub- or sometimes super-Keplerian velocities of the gas.
Dust grains then feel a drag force that causes them to drift
radially towards regions of the disk with higher pressure,
usually toward the inner disk. In the absence of a way to
reduce or stop radial drift, this effect results in all dust grain
orbits decaying toward the star before any planet could form
(Weidenschilling 1977). Local variations of the gas pres-
sure (reversing the radial pressure gradient) provide a way
to maintain these dust grains in the disk, as dust grains with
Stokes number close to 1 (Birnstiel et al. 2010) will move
to the nearby local pressure maximum and get trapped there
(e.g., Pinilla et al. 2012). In these so-called dust traps,
grains can grow efficiently to pebble sizes, and when a high
dust to gas ratio is reached, streaming instabilities can oc-
cur and lead to the formation of planetesimals (Youdin and
Goodman 2005). These local variations of the gas pressure
will lead to distinct observable features (substructures) at
different tracers (gas lines, scattered light and thermal emis-
sion images) (e.g., Baruteau et al. 2019). The typical size
gas substructures is the pressure scale height, which is about
one to several au at separations of few tens of au from the
central star, a scale accessible with high angular resolution
observations.

Generally speaking, observed disk substructures can
thus be both the cause (as favored locations of planetesi-
mal growth), and the consequence (as imprints of massive
forming planets) of planets in disks. Therefore, theoretical
studies aimed at constraining the origin of substructures are
pivotal (see Chapters Bae et al.; Lesur et al.; Paaderkooper
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et al.). In short, substructures can be created by the dy-
namical evolution of the gas in the disk, through (magneto-
)hydrodynamical instabilities and disk winds (e.g., Riols
et al. 2020a). Such processes lead to both symmetric and
asymmetric pressure perturbations, which will in turn trap
dust grains. On the other hand, substructures may be sign-
posts of embedded, yet-undetected, protoplanets. For ex-
ample, planets launch spiral density waves at Lindblad res-
onances, deplete their orbit of material (Kley et al. 2001)
leading to dust and gas depleted gaps (Bae et al. 2017),
or even large cavities. The characteristics of these gaps
and cavities depend on the planet mass and orbital parame-
ters and on the disk viscosity. Planet-disk interactions also
often trigger large-scale hydrodynamical instabilities (vor-
tices; Meheut et al. 2010) that lead to strong azimuthal
asymmetries. Disk substructures can therefore serve as a
guide to detect hidden planets (Dong et al. 2019) as well as
a local probe of the disk conditions while dynamical inter-
actions are ongoing. An extensive study of the prevalence
and properties of substructures will allow us to determine
the relative importance of the vaious mechanisms driving
disk evolution, and can help constraining a yet-undetected
population of exoplanets that can then be compared to the
demographics of more evolved exoplanetary systems (see
Chapter Bae et al.).

Early results from scattered light disk imaging were pre-
viously discussed in the Protostars & Planets (PP) series
(PPV; Watson et al. 2007 and PPVI; Espaillat et al. 2014),
and are summarized in the following paragraph. Hub-
ble Space Telescope images provided the first evidence of
substructures in disks, in particular around Herbig AeBe
stars which presented extended nebulosity (Grady et al.
1999; Fukagawa et al. 2004). Spiral features were de-
tected around HD100546 (Pantin et al. 2000; Grady et al.
2001) and HD141569A (Mouillet et al. 2001; Clampin et al.
2003), and radial clearing and fading of the outer disk were
observed in HD141569A and TW Hya respectively (Wein-
berger et al. 1999; Krist et al. 2000). Observations of the
silhouette of edge-on disks enabled determination of disk
scale heights (e.g., Perrin et al. 2006), supported by model
fitting (Watson et al. 2004). Detailed analysis of multi-
wavelength images of GG Tau provided evidence for dust
stratification in the disk from the scattering phase function
(McCabe et al. 2002; Duchêne et al. 2004). Between PPV
and PPVI, near-IR polarimetric disk observations were con-
ducted, in particular through the SEEDS (Strategic Explo-
rations of Exoplanets and Disks with Subaru) survey (e.g.,
Thalmann et al. 2010; Hashimoto et al. 2012; Mayama et al.
2012; Takami et al. 2013), and VLT/NACO observations
(e.g., Quanz et al. 2011, 2012) providing further support
for the presence of substructures (cavities, rings, spirals) in
IR-bright disks. The focus of the Espaillat et al. (2014)
PPVI review was on transition disks (there referred to as
transitional, and pre-transitional disks).

Since PPVI, monumental progress has been achieved
in the field of high-resolution disk imaging, indicating the
ubiquity of substructures in scattered light. Another major

result since PPVI, is the first and so far unique discovery
of a protoplanetary system still embedded in its birth en-
vironment, PDS 70. This chapter is a review of major re-
sults in the field of optical and near-IR high-resolution disk
imaging, as well as highlights of relevant results from other,
highly complementary, observational techniques. Large
emphasis is placed on the disk substructures resolved by po-
larimetric images from ground-based telescopes since much
of the recet work of the community has been in this area.
Figure 1 is a compilation of such images, highlighting a
number of the results reviewed in this chapter. The data
presented in the figure presents the pinnacle of our current
observational capabilities in the optical and near-IR direct
imaging of circumstellar disks, achieved thanks to lead-
ing observational facilities such as the Subaru telescope,
the Gemini-South telescope, and the ESO Very Large Tele-
scope. The methodology and instruments used are de-
scribed in Section 2 of the chapter. Section 3 provides
a general theoretical background for understanding sub-
structures, Section 4 reviews results on the global structure
of disks and the properties of dust grains, and Section 5
presents an overview of observations of disk substructures,
such as cavities, rings, spiral arms, and shadows. In Sec-
tion 6, we discuss the discovery of the first young embedded
planetary system along with a review of current upper limits
for other systems. We discuss future avenues for research
in the field of direct imaging of disks and protoplanets in
Section 7, and summarize our chapter in Section 8.

2. Methodology

At optical and near-IR wavelengths, the star itself and the
hot innermost disk regions are the primary sources of pho-
tons. While the current generation of single-dish telescopes
cannot spatially resolve thermal emission from the disk re-
gions inwards of a few au, thermal emission from planets
located at separations larger than 10 au are, in principle,
observable if these planets are not heavily embedded. At
similar separations, 10s of au from the star, the protoplane-
tary disk can be mapped in scattered light. Small (sub-)µm-
sized dust grains and aggregates, which are well coupled
to the gas, can efficiently scatter stellar photons at optical
and near-IR wavelengths. The gas- and dust-rich planet-
forming disks depicted in Figure 1 are optically thick to op-
tical and near-IR radiation (Chiang and Goldreich 1997).
Scattered light observations will therefore be sensitive to
the optical depth τ ∼ 1 layer located in the surface of the
disk. As such, it will be directly related to both the stellar
irradiation (that drops off radially with the squared distance
to the star) and the local inhomogeneities in the surface.
Therefore, the net amount of observed scattered photons de-
pends on both the number of photons incident on the disk
surface and the availability of scattering dust grains.

2.1. Requirements

High-contrast imaging of planet-forming disks in the op-
tical and near-IR faces several challenges, namely the need
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Fig. 1.— Gallery of disks observed with the SPHERE, GPI, and HiCIAO instruments, highlighting the wide range of morphological
features present in planet-forming disks and their ubiquity across spectral types. All images are normalized within the depicted stamp
and colorbars are arcsinh scaled. A 50 au scalebar appears in the lower left corner of each image, and grey central circles mark regions
obscured by a coronagraph. North is up and East to the left in all images. The star name, instrument, and wavelength are indicated in
the upper left corner of each image. In all cases, the polarimetric Qφ image is shown, with the exception of GG Tau, for which we show
polarized intensity. Images are coarsely sorted by spectral type (x axis) and morphological type (y axis), though we note that many disks
exhibit features matching multiple morphological categories. All relevant references for individual systems are listed in appendix A.
Figures 8, 9 and 10 provide additional disk images.
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for high angular resolution and high contrast, as well as
cancellation of atmospheric perturbations if observations
are obtained with ground-based instruments. The structures
that we aim to observe have typical widths of the pressure
scale height H in the gas (Dullemond et al. 2018), which
depends on the local sound speed and on the Keplerian an-
gular velocity. For typical disk models, H/R is typically
0.05-0.1 at radii of tens of au, implying that substructures
have typical widths of a few au at most. This requires the
use of large diameter telescope facilities. Indeed, nearby
reservoirs of young stellar objects in low-mass star forming
regions (e.g., the Taurus and Lupus molecular cloud com-
plexes, or the Chamaeleon I cloud) are located at distances
between ∼150 pc and 200 pc (Dzib et al. 2018; Luhman
2018). At such distances, 6-8 au translates into on-sky an-
gular scales of ∼0.040′′, for a diffraction limited resolution
element on an 8m-class telescope in the H-band (λ = 1.65
µm). This also means that, with the largest currently avail-
able telescope facilities (8-10 m telescopes such as the Very
Large Telescope, Subaru, and Gemini), only the disk re-
gions beyond a few au can be spatially resolved. The angu-
lar resolution that is actually achieved by the current obser-
vations depends on the wavelength regime and, in the show-
case examples of Figure 1, ranges from 25 mas to 70 mas.
Therefore, for objects in Taurus and Lupus (e.g., GG Tau
and IM Lup), this translates to scales of 4 to 10 au. In the
more distant star forming region of Orion (e.g. GW Ori),
we are still able to resolve scales between 10 and 30 au. To
give an impression of the different extents of the systems
and of the observed sub-structures, each image in Figure 1
is accompanied by a scale bar of 50 au in the lower left cor-
ner.

To reach the theoretical diffraction limit with a large
ground-based telescope, the disrupting effect of the atmo-
sphere needs to be compensated for. This requires the em-
ployment of active or adaptive optics systems (Babcock
1953). This technology in particular has seen crucial ad-
vancements in the past decade, leading to the latest genera-
tion of so called ”extreme” AO systems (Fusco et al. 2006;
Macintosh et al. 2006; Jovanovic et al. 2015; Guyon 2018).
Nowadays, images of planet-forming disks are routinely ob-
tained at wavelengths ranging from I-band (∼ 0.8µm) to
K-band (∼ 2.2µm), as is clear from Figure 1. The observa-
tions at different wavelengths were initially driven by tech-
nical considerations. K-band and H-band observations are
generally favored due to the increase stability of the atmo-
sphere at longer wavelengths. Optical observations deliver
superior angular resolution, but can only be conducted for
very bright target stars due to adaptive optics requirements.

Another requirement is the need to achieve high contrast
between the primary star and the scattered light from cir-
cumstellar dust in the disk, as scattered light from the disk is
significantly fainter than the star. For gas-rich flared disks,
the observed average contrast between the polarized and
stellar flux is on the order of 10−2 to 10−4 (Garufi et al.
2018, see Sect. 4.1). Blocking star light first requires the
use of a coronagraphic mask, but is generally optimized

by combining coronagrapic hardware design with advanced
observational and post-processing techniques, as discussed
below. The scientific progress in the field has been enabled
by significant advancements in all three areas.

2.2. Differential imaging techniques

Even with the use of AO and state-of-the-art corona-
graphs, additional image post-processing is needed to dis-
entangle the stellar speckle halo from scattered light origi-
nating in the circumstellar environment. For this purpose,
differential imaging techniques are used, combining opti-
mal observational strategies and data reduction techniques.

2.2.1. Reference Differential Imaging.

The most straightforward technique is reference differ-
ential imaging (RDI). It relies on observations of a reference
star with similar spectral properties and apparent magni-
tude to the scientific target, which are used to calibrate the
instrument point spread function (PSF). In an idealized sce-
nario, the instrument and sky conditions remain identical
between the two observations, and thus the PSF will not
change. One can then use the reference star image to sub-
tract the stellar light from the science target image, leaving
only the disk or planet signal. This technique has the great
advantage that it in principle does not reduce the through-
put of the scientifically interesting signal from circumstellar
disks and planets. In practice, it has been mainly used in
space-based observations (Grady et al. 1999; Weinberger
et al. 1999; Grady et al. 2000, 2001; Debes et al. 2017;
Choquet et al. 2016), as the PSF stability is superior rel-
ative to ground-based observations. Libraries of reference
stars can be constructed using all existing observations in
the same instrument mode. This strategy, pioneered for
the Hubble Space Telescope, was applied to HST/NICMOS
data in the Archival Legacy Investigations of Circumstellar
Environments (ALICE, Choquet et al. 2014). In addition
to choosing the optimal reference star, principal compo-
nent analysis (PCA) based reduction algorithms are used
to deconstruct the reference star images and fit them to the
science star. When a bright circumstellar disk is present,
this can result in over-fitting the data images. In practice,
this over-fitting significantly limits the throughput of cir-
cumstellar signal, especially for disks that appear bright in
scattered light. Over-fitting can be counteracted by iterative
approaches that disentangle disk and stellar signal. One re-
cent advancement was made by Ren et al. (2018), who use
non-negative matrix factorization for this purpose.
With the advent of extreme AO systems leading to better
correction of the atmospheric perturbations, RDI is now
maturing as a differential imaging technique (Boccaletti
et al. 2021). Recently, Wahhaj et al. (2021) presented re-
sults obtained with VLT/SPHERE on the HR8799 system,
obtaining a point-source contrast limit of 11.2 magnitudes
at 0.1′′, through alternated observations of science target
and reference star. This strategy is now increasingly used
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in ongoing programs. However, finding the optimal refer-
ence star can be difficult, especially in regions of the sky
offset from the galactic plane where the stellar density is
lower. Since changing atmospheric conditions usually limit
the contrast achieved with RDI from the ground, other tech-
niques rely on the science data itself to disentangle stellar
and circumstellar light.

2.2.2. Angular Differential Imaging.

The most widely used technique is angular differential
imaging (ADI). ADI was originally designed for the detec-
tion of faint thermal emission from wide-separation extra-
solar planets (Marois et al. 2006). The ADI technique uses
the apparent rotation of the stellar field on the sky during
a night, when observed with an altitude-azimuth mounted
telescope. Instruments on such telescopes usually have a K-
mirror build in, the so-called ”de-rotator”, to field-stabilize
the image of the sky on the detector. For ADI observa-
tions, field-stabilization is switched off, and instead all op-
tical components relative to the telescope entrance pupil are
stabilized. In this so-called ”pupil-stabilized” mode, one
attempts to keep the instrumental PSF and the unresolved
stellar image stable, while off-axis stars, planets or disk
signal will show apparent rotation, enabling to clearly iden-
tify those. This technique in a simpler form was pioneered
with the Hubble Space Telescope (”roll-subtraction”) where
the entire telescope was rolled around the optical axis be-
tween exposures (Schneider and Silverstone 2003). Differ-
ent ADI approaches to deconstruct and subtract the stellar
light are available, for example, the principal component
based analysis (KLIP, PynPoint packages; Soummer et al.
2012; Amara and Quanz 2012), or locally optimized com-
bination of images (LOCI package; Lafrenière et al. 2007).

ADI has the advantage compared to RDI that the stellar
light contribution is determined from the science star data
itself. However this comes with the disadvantage of signal
suppression, often referred to as ”self-subtraction”. This is
caused by the temporal overlap of the planet or disk signal
with itself on the detector, and depends on the amount of
field rotation that is achieved during the observations. The
field rotation is given by the change of the parallactic angle
and is a function of the observing time, the location of the
observatory, the declination of the star and the local sideral
time. Long observations are needed, but in practice, the in-
strumental drift of the PSF and changing weather conditions
are limiting factors (Cantalloube et al. 2019).

For point sources such as planets, this signal suppres-
sion can be well characterized by injection of model point
sources into the data before reduction. This is however
challenging in the case of extended disks with an unknown
brightness distribution. A typical result is a strong signal
suppression along the minor axis of the disk, leading to
broken ring structures (Milli et al. 2012; Perrot et al. 2016;
Ginski et al. 2016; de Boer et al. 2016). This effect also
complicates the detection of embedded planets in disks.

The presence of extended disk signal leads to a higher noise
floor in the ADI processed data. Extended disk signal can
also lead to false-positive planet signals when confronted
with aggressive post-processing. Rameau et al. (2017a)
and Follette et al. (2017) demonstrated this effect for the
prominent case of the HD100546 system for which mul-
tiple planet candidates were suggested in the past (Quanz
et al. 2013a; Brittain et al. 2013; Currie et al. 2015). Signal
suppression is a function of separation from the center of
rotation as well as the inclination of the disk. The smaller
the separation from the center and the smaller the incli-
nation of the disk, the stronger is the signal suppression.
Therefore, ADI is particularly ill suited to detect disks in
face-on viewing geometry or small disks.

2.2.3. Polarization Differential Imaging.

The use of polarization differential imaging (PDI, Kuhn
et al. 2001) successfully enabled the imaging of circumstel-
lar disks. When stellar light is scattered off by dust grains,
the resulting light is partially linearly polarized. The de-
gree of linear polarization depends on the scattering angle
between 0◦ (forward scattering) and 180◦ (backward scat-
tering)2, and is typically peaking at 90◦, i.e., close to the
ansae of the disk. Figure 2 provides a schematic represen-
tation of stellar light scattered by a disk.

The latest generation of instruments include a polarizing
beam-splitter or a non-polarizing beam-splitter combined
with polarization filters (Tamura et al. 2006; Perrin et al.
2015; Schmid et al. 2018; de Boer et al. 2020). These are
usually combined with a half-wave plate that modulates the
polarization direction of the incoming light and allows to
split it into two orthogonal, linearly polarized components,
which are imaged simultaneously on the detector. Since the
star exhibits only a low level of polarization, the stellar light
will be nearly identical in both beams, while the polarized
scattered light from the disk will differ. As the central star
illuminates all directions of the surrounding disk, the disk
will exhibit an azimuthal orientation of the electric field
vector for single scattering events. This leads to a so-called
”butterfly” pattern when one subtracts the two orthogonal
polarized beams from each other, i.e., one polarization di-
rection will show as two positive lobes in the image and the
other as perpendicular aligned negative lobes. The strength
of the PDI technique, is that as orthogonal polarized beams
are recorded simultaneously or nearly simultaneously (de-
pending on the instrumental design), there is no temporal
variation of the instrument PSF. In addition, there is no sig-
nal self-subtraction as in ADI, due to the different polariza-
tion directions in each part of the disk.

The PDI technique follows the Stokes formalism (Stokes
1851), in which the polarization state is fully described by

2Note that in solar system research, the scattering angle is sometimes de-
fined such that that 0◦corresponds to backward scattering, not forward
scattering. We use the convention that is commonly used in the context
of light scattering theory and astronomical observations.
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Fig. 2.— Schematic representation of the scattering geometry, viewing geometry and the influence of phase functions. The top panel
shows the scattering locations in which forward (≈ 0◦), backward (≈ 180◦), and ≈ 90◦ scattering take place for a viewer that is off
to the right-hand side. For the case of grains/aggregates that are somewhat larger than the wavelengths of observation (which seems to
be typical for the studied disks), the key-hole symbols highlight the significant forward scattering enhancement at each scattering point.
The total intensity I and polarized intensity P produced by the scattering event are sketched in the plot, showing the phase functions as a
function of scattering angle from 0◦(forward scattering) to 180◦(backward scattering). Below the plot, we indicate the scattering angles
that actually occur in a disk seen under specific inclinations, assuming a height of the scattering surface in the outer disk of 0.15r. Note
that the smallest scattering angle observable will actually be limited by the inner working angle of the observation. The bottom row
shows the brightness variations of the disk surface one would expect just from the properties of the sketched phase functions, this time
using the perspective of the reader, clearly showing the effects of enhanced forward scattering by large grains/aggregates. In contrast, in
a disk in which small (sub-micron) grains are dominant, the intensity phase function will be nearly constant (isotropic scattering), and
the intensity view would present a much more evenly bright disk surface. The polarized intensity would peak along the major axis of the
projected disk (90◦scattering), resembling the degree of polarization view shown at the bottom right.

the Stokes vector S:

S =


I
Q
U
V

 (1)

where I is the total intensity of the light, Q the verti-
cal and horizontally linearly polarized light, U the linearly
polarized light rotated with 45◦ with respect to Q, and V
contains the circularly polarized light. The latter is typically
not measured. Q and U images are obtained by rotating the
astrophysical polarized signal into the frame of the polar-
izer or polarizing beam-splitter within the instrument. One
major consideration when attempting to record any polar-
ized signal is that reflections within the instrument will lead

to additional instrumental polarization (see Snik and Keller
2013 for a detailed discussion). These can be partially can-
celled by the so-called ”double-difference’ method (Bag-
nulo et al. 2009) that records not only Q and U frames but
Q+, Q−, U+ and U−. The difference between Q+ and Q−

(U+ and U−) is that the HWP is rotated by 45◦, which flips
the sign of the incoming polarized signal, while instrumen-
tal polarization introduced downstream of the HWP retains
its original sign. If the HWP is placed early in the path of
light within the instrument, then a subtraction of Q+ and
Q− (U+ and U−) will cancel the majority of instrumen-
tal polarization, while the astrophysical signal is retained.
However even using this method, some instrumental po-
larization, upstream of the HWP is retained. Furthermore,
the stellar light itself may exhibit low levels of polarization,

7



Benisty, Dominik, Follette et al. Optical and Near-infrared View of Planet-forming Disks and Protoplanets

due to interstellar dust or local dust. Both of these will sig-
nificantly affect the contrast achievable with PDI and need
to be removed. To do so, it is assumed that instrumental and
stellar linear polarization will to first order be proportional
to the total intensity of the stellar light. Thus the usual
approach is to measure the total intensity and polarized in-
tensity signal in an area of the image for which no disk
signal is expected, or for which it is expected that the stellar
and instrumental polarization signal will be dominant. One
can then derive the proportionality factor between total and
polarized intensity and subtract a thus scaled version of the
total intensity image from the double difference corrected
Stokes Q and U images. This removes simultaneously the
remaining instrumental polarization and the stellar polar-
ization. This critical technique was pioneered by Canovas
et al. (2011) and Hashimoto et al. (2012) and is now a stan-
dard component of PDI image processing.
To obtain a polarized intensity image of the disk, one
can combine the Stokes Q and U components PI =√
Q2 + U2. However, as this involves squaring the Q and

U images, the PI images often suffers form a faint halo in
the areas most strongly affected by photon noise. It is there-
fore more convenient to instead use the azimuthal Stokes
parameters (Monnier et al. 2019; de Boer et al. 2020):

Qφ = −Q cos(2φ) − U sin(2φ)

Uφ = +Q sin(2φ) − U cos(2φ)
(2)

where φ is the azimuth angle in the image plane. Using
this formalism all azimuthally polarized signal is positive
in Qφ and radially polarized signal is negative in Qφ. Uφ
contains signal that is 45◦ offset from either polarization
direction. In practice Qφ and PI are nearly identical, with
the more favorable noise properties in the Qφ image. If the
polarized light is due to single scattering events only, Uφ
contains no signal and can be used as a convenient noise
estimator. However, this breaks down for disks seen under
high inclination, where multiple scattering along the line of
sight becomes a significant factor (Canovas et al. 2015).

PDI as a technique is now matured to the point that it
can be used for the characterization of the innermost disk
regions and directly imaged extrasolar planets. Asymmetric
dust distributions in regions smaller than the telescope res-
olution element (e.g., inner disk, CPDs, planetary clouds)
will introduce a residual polarization. These effects are gen-
erally small, on the order of 0.1-1% (Stolker et al. 2017a),
but can become extreme, for edge-on viewing geometries
as in the case of CS Cha b, which yielded a degree of lin-
ear polarization of 13.7±0.4% in the J-band (Ginski et al.
2018). Similarly, van Holstein et al. (2021) used unresolved
polarimetric measurements of the sub-stellar companion in
the DH Tau system to show that it must be surrounded by an
accretion disk. These examples demonstrate the achieved
maturity of the PDI technique, as well as the important
insights that can be gained from the polarization state of
unresolved sources.

2.2.4. Spectral Differential Imaging.

A way to overcome temporal PSF variations is offered
by spectral differential imaging (SDI). High contrast imag-
ing instruments have integral field spectrographs (IFS) with
low spectral resolution (R< 100; Claudi et al. 2008; Larkin
et al. 2014; Groff et al. 2015), providing images at different
wavelengths. SDI is based on the fact that the stellar speckle
halo scales radially with wavelength, while any continuum
source remains nearly identical with wavelength. The stel-
lar speckles can therefore be subtracted after rescaling the
images, revealing the disk or planet signal. SDI has the
advantage that images at all wavelengths are taken simul-
taneously, such that temporal PSF changes or changing
weather conditions are not problematic anymore. However,
this technique assumes that the instrument response is iden-
tical across wavelengths. This can be a problem in partic-
ular for ground based AO imagers, as the correction of the
wavefront aberrations is wavelength-dependent with better
correction obtained at longer wavelengths. In addition, the
radial shift applied when re-scaling the images depends on
the wavelength range covered by the instrument. Finally,
SDI suffers from similar signal suppression effects as ADI
imaging in the radial direction and is thus not ideal for the
imaging of extended structures. At higher spectral resolu-
tion R>1000, specific spectral lines can be resolved, and
atmospheric or accretion tracers of young planets can be
observed. This technique was used to detect the second
protoplanet in the PDS 70 system, discussed in section 6.1.

2.3. Facilities and sample

Pioneering images of externally illuminated protoplane-
tary disks (proplyds) and disks seen in absorption against
the bright nebular background were obtained in the Orion
Nebula with the Hubble Space Telescopes (O’Dell et al.
1993; O’Dell and Wen 1994). As is clear from Figure 3,
only a few disks had been imaged at the time of PPV (Wat-
son et al. 2007), and most of them were edge-on disks
seen in silhouette or very extended disks (e.g., Grady et al.
2000, 2001; Krist et al. 2000; Stapelfeldt et al. 2003). The
time between PPV and PPVII marks the transition between
space- and ground-based facilities as the main carrier of op-
tical and near-IR images of protoplanetary disks, follow-
ing pioneering work by Roddier et al. (1996), Pantin et al.
(2000), Kuhn et al. (2001), Itoh et al. (2002), and Apai
et al. (2004) with the University of Hawaii adaptive optics
system, the Adaptive Optics Near IR System (ADONIS)
at ESO, the United Kingdom IR Telescope (UKIRT), the
Subaru/CIAO, and the VLT/NACO facilities, respectively.
Nowadays, the vast majority of scattered light images at
the optical and near-IR wavelengths are acquired with 8-
m, AO- and polarimeter-equipped, telescopes, in particular
with VLT, Subaru, and Gemini in PDI mode (see Sect.2.2).

The first instrument to perform systematic PDI observa-
tions of disks was the Subaru/HiCIAO instrument, through
the SEEDS program that observed tens of protoplanetary
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VLT/SPHERE, GPI

First PDI images
HST images

Large surveys (DARTTS, DESTINYS, LIGHTS)

Stars too faint for AO

Subaru HiCIAO, VLT/NACO

Diskless stars

Fig. 3.— Total number of protoplanetary disks imaged per year. The count includes targets with observations (both
detections and non-detections) that were published for the first time. The inset diagram shows the evolving range of stellar
properties probed by the available sample. The count does not include proplyds and disks seen in silhouette.

disks, with 18 observations so-far published, half of which
being bright T Tauri stars and the other half, Herbig Ae/Be
stars (e.g., Hashimoto et al. 2012; Kusakabe et al. 2012;
Mayama et al. 2012; Tanii et al. 2012; Takami et al. 2013;
Follette et al. 2013; Tamura 2016; Mayama et al. 2020).
PDI was also successfully employed with VLT/NACO to
image the disk around a handful of Herbig Ae stars (Quanz
et al. 2011, 2012, 2013a; Canovas et al. 2013; Garufi et al.
2013, 2014; Avenhaus et al. 2014a,b). This first PDI cam-
paign was limited by the performance of the AO system
available at the time enabling detection of only bright disks
(typically 10−2 times the central star, see Sect. 4.1) around
bright stars (typically R mag < 10). As of 2015, the two
dozens targets imaged with PDI were mainly 1–3 M� stars
older than 4 Myr (see Figure 3, top), providing therefore a
very biased sample.

The sample of observed targets was then significantly
expanded with the advent of the extreme-AO system driv-
ing VLT/SPHERE (Beuzit et al. 2019) and GPI (Macin-
tosh et al. 2014). Between 2015 and 2020, the sam-
ple size tripled, reaching more than a hundred. In addi-
tion, the range of stellar properties probed by these images
stretched to younger ages (1–2 Myr) and lower mass (0.3
M�, see Figure 3, top). The stability of the systems em-
ployed and the maturity of the post-processing techniques
have motivated systematic observations performed under
specific observing programs such as DARTTS-S (Disks
ARound TTauri Stars with SPHERE, Avenhaus et al. 2018;
Garufi et al. 2020), LIGHTS (Large Imaging with GPI Her-

big/TTauri Survey, Laws et al. 2020, Rich et al. in prep.),
and DESTINYS (Disk Evolution Study Through Imaging
of Nearby Young Stars, Ginski et al. 2020, 2021b).

Despite the significant progress in alleviating the sam-
ple bias, the stellar parameter space that is currently cov-
ered is still impacted by technical limitations. The mini-
mum stellar brightness necessary to drive the AO at the tele-
scope is in fact preventing us from accessing faint embed-
ded young stars, the brown dwarf regime, and stars lighter
than 0.3 M�. As is clear from Figure 3, the observed stars
distribute in a sort of cusp with the upper desert due to ab-
sence of disks in old massive stars and the lower desert im-
posed by the current limits of AO guiding systems.

3. Theoretical background of disk substructures

To provide context for the observed substructures in
disks we present a brief review on how such features could
be generated. Both scattered light and sub-millimeter con-
tinuum emission in these sources are probing dust grains.
The origin of the observed substructures in disks is there-
fore intimately related to the motion of dust particles em-
bedded in a gaseous medium. As the gas moves at sub-
Keplerian velocities, due to its pressure support, and the
dust grains move at Keplerian velocities, a velocity differ-
ence exists between gas and dust grains. Drag forces then
act on dust grains and influence their motions. Small grains
are well coupled to the gas, and their distribution is ex-
pected to be representative of the distribution of the gas.
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Regions where dust grains can be lifted high above the disk
midplane (due to high surface density or strong vertical
mixing) will be exposed to direct stellar light that can be
scattered towards the observer. On the other hand, low den-
sities and weak turbulent mixing remove grains from the
direct exposure to stellar light, leading to dark regions in
the disk, while drag forces will cause larger grains to move
towards higher pressure regions. Long-term stable pressure
maxima and minima (often implying surface density max-
ima and minima) will lead to variations in the distribution
of both small and large grains, creating observable features
at various tracers. The origin of these substructures is there-
fore related to the mechanisms that can produce long-term
stable pressure variations. In the following, we provide a
brief overview of such mechanisms.

3.1. Mechanisms not invoking planets

Radial gradients of temperature and density in a disk
form condensation fronts, regions where the gas transitions
from a gaseous to solid form. These condensation fronts
typically contain water and carbon oxides. At these fronts
the change in chemistry and opacity can lead to a non-
monotonic pressure gradient, with the possibility to col-
lect dust particles (Ciesla and Cuzzi 2006), or induce grain
growth (Zhang et al. 2015). Using a hydrodynamical two-
fluid approach it was suggested that an instability arises
through the vertical settling of dust in protoplanetary disks
which produce toroidal gas vortices that are able to col-
lect dust in them, leading to observable ring-shaped features
(Lorén-Aguilar and Bate 2015).

The formation of organized structures in disks has been
seen also in a variety of magnetohydrodynamical (MHD)
simulations, both in local and in global simulations. In
this summary, we focus only on global simulations be-
cause the local simulations only yield spatial information
on small scales of the order of the disk thickness (pres-
sure scale height), while the observed features cover a large
spatial extent. For more details, we refer the reader to the
Chapter by Lesur et al. In non-ideal simulations that in-
cluded a transition between a magnetically active region
where turbulence is driven by the magneto-rotational in-
stability (MRI) and a dead-zone, where non-ideal effects
quench the MRI, Ruge et al. (2016) observed dust collec-
tion near the interface between the two regimes due to a
presence of a pressure maximum. Riols and Lesur (2019)
provide an overview of MHD simulations that show ring
occurrence. Generally, configurations with net magnetic
field can show ring-like features, even in the ideal-MHD
case, where the rings represent themselves as a succession
of sub-Keplerian and super-Keplerian bands (Béthune et al.
2017). In disks that are unstable to the MRI, Béthune et al.
(2016) found self-organized toroidal structures in unstrati-
fied three-dimensional disks when including the Hall-effect
in the MHD-equations. In global axisymmetric simulations
using ambipolar diffusion Riols et al. (2020b) show that the

zonal flows (rings) are closely linked to the existence of a
MHD wind. In their simulations, the ring width and sepa-
ration is roughly compatible with observed features.

An important non-axisymmetric feature in disks are vor-
tices, i.e., localized regions which, in a frame moving with
the mean flow, show a reversed (anti-cyclonic) rotation.
Such vortices are regions of increased density and pres-
sure and small embedded dust particles will collect in them
leading to observable, crescent-shaped features. In hydro-
dynamical disks without an embedded planet, two scenar-
ios can lead to such vortices. The first is the subcritical
baroclinic instability (SBI, Klahr and Bodenheimer 2003;
Lesur and Papaloizou 2010), which requires a negative ra-
dial entropy gradient in the disk and finite amplitude per-
turbations. The second is the vertical shear instability (VSI,
Nelson et al. 2013; Barraza-Alfaro et al. 2021; Blanco et al.
2021) suggested to generate turbulence in disks which re-
quires a vertical gradient in the angular velocity and short
cooling times. In thicker, nearly isothermal disks large scale
vortices can be generated as shown in 3D hydrodynamical
simulations (Richard et al. 2016; Manger et al. 2020).

3.2. Gap creation by planet-disk interactions

Planet-disk interactions can also trigger a variety of fea-
tures that can be observed. This process is based on the
effect that a planet created a wake that travels through the
disk as a spiral wave.

Sufficiently massive planets embedded in a disk deplete
the gas at the orbital location if the thermal and viscous
criteria for gap-opening are met. Such an annular gap is
caused by angular momentum transfer from the planet to the
ambient gas induced by the spiral density arms that are cre-
ated by the planet, as showed in full hydrodynamical sim-
ulations (Bryden et al. 1999; Kley 1999). The gap depth
and width depend on the disk viscosity (Crida et al. 2006).
Above a critical mass of few ten MEarth (depending on the
disk viscosity and temperature), density (pressure) maxima
inside and outside the gaps exist. Dust can collect there and
lead to the observed ring-like features where the dust den-
sity divergence exceeds that of the gas (Paardekooper and
Mellema 2006).

A striking application of these ideas is the interpreta-
tion that possibly all the multiple rings observed in sub-
millimeter observations are created by embedded planets
(Zhang et al. 2018; Lodato et al. 2019). We refer to the
Chapter by Bae et al. for a comparison with the exoplanet
population. For several cases it was noted that one sin-
gle planet is able to produce a multitude of rings (Dong
et al. 2017). However, this effect turned out to be a con-
sequence of the over-simplified thermodynamics used to
describe the disk temperature in the simulations (often a
power law for the temperature radial profile). The reason
for the appearance of multiple rings was traced back to the
locally isothermal approximation which results in an incor-
rect angular momentum transport in disks (Miranda and
Rafikov 2019). Zhang and Zhu (2020) show that for a cool-
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ing time that equals the dynamical timescale, τcool ∼ Ω−1,
the strength of the spiral arms is weakest, while for shorter
(more isothermal) or longer (more adiabatic) cooling the
strengths of the spirals become stronger again. As a con-
sequence the number of rings created by a single planet
varies with the cooling timescale (Facchini et al. 2020). Zi-
ampras et al. (2020a) showed in fully radiative simulations
which included viscous and stellar heating that a multi-ring
system such as the one observed in AS209 with ALMA
(Guzmán et al. 2018) is better explained by multiple plan-
ets instead of a single one, emphasizing the need to con-
sider radiative effects. If planetary migration is included,
Wafflard-Fernandez and Baruteau (2020) showed that a sin-
gle planet with different migrations speeds can in principle
generate multiple rings in the dust distribution which are,
however, slowly dissipating with time via disk turbulence.
For more details on migration, we refer to the Chapter by
Paardekooper et al.

3.3. Spiral waves

Spiral arms can be produced in disks, and such spiral
arms can differ in their pitch angle β, which is the angle that
the spiral makes with a circle around the star. First, a planet
embedded in the disk will lead to wakes in the form of spi-
ral arms that are sheared out by the Keplerian motion. The
value of β is determined by the local temperature (sound
speed) in the disk. Using linear theory, valid for planets
lighter than the thermal mass, Mth ∼ h3M∗, where h de-
notes the disk aspect ratio, the shape of the spirals was given
for disks with constant h by Ogilvie and Lubow (2002);
Muto et al. (2012). Deviations occur for massive planets
where the spirals turn into strong shocks (Zhu et al. 2015)
and when the heating by the spirals is included (Ziampras
et al. 2020b). In these cases the pitch angle becomes larger.
A second possibility would be a massive (stellar) compan-
ion object, that triggers the formation of tidal arms in the
inner disk which appear as wide spirals with a large pitch
angle (Dong et al. 2015b, 2016a). In a circumbinary disk,
the gravitational torque exerted by the binary leads to the
formation of a large eccentric inner cavity in the circumbi-
nary disk with highly reduced mass and large asymmetric
features can be produced in the disk such as blobs, eccen-
tricities and spiral arms (see for example Thun et al. 2017;
Ragusa et al. 2017; Keppler et al. 2020a). Another, third
possibility, is the formation of spiral features in more mas-
sive disks where the disk’s own self-gravity cannot be ne-
glected, usually for disk masses of about ∼ 1/10 of the
stellar mass. In simulations that include disk self-gravity
and a simplified cooling presciption it was shown using,
Smoothed Particle Hydrodynamics (SPH) simulations that
the disks settle to an equilibrium state where the induced
turbulent heating by the spiral arms match the cooling rate
where the Toomre parameter is unity Q ∼ 1 throughout the
disk (Cossins et al. 2009). Additionally, in recent 3D grid
simulations it was shown that the occurrence of the spiral
arms is an intermittent process and the spirals do not show

long-term global coherence (Béthune et al. 2021). Both
simulations indicate that the pitch angles are confined to a
narrow range β ∼ 15◦, relatively independent of the stellar
mass and disk radius.

Planets can also induce non-axisymmetric features. As
an annular gap is created by a massive planet, steep ra-
dial gradients of the surface density, pressure and a change
in the rotational profile occur. This can trigger a Rossby-
wave instability (RWI, Lovelace et al. 1999) near the gap
edge creating a vortex (Li et al. 2005). Numerical stud-
ies have shown that vortex properties depend on various
physical processes such as turbulent viscosity and disk self-
gravity. Lower viscosity allows vortices to live longer (de
Val-Borro et al. 2006), whereas the inclusion of self-gravity
tends to weaken vortices, shortening their lifespan (Regály
and Vorobyov 2017).

Most theoretical studies consider planets orbiting in the
plane of the disk. However, the presence of a massive
planetary or sub-stellar companion on an inclined orbit can
induce a warp in the disk (Xiang-Gruess and Papaloizou
2013), and relative misalignment of specific disk radii. The
condition for the tilting to occur is that the companion an-
gular momentum is greater than the inner disk’s (Matsakos
and Königl 2017). This is confirmed by 3D hydrodynam-
ical simulations that show that in the case of an inclined
planet, massive enough to carve an annular gap, the inner
and outer disk can be misaligned (Nealon et al. 2018), and
in some cases, the disk can have a higher inclination than
the planet (Bitsch et al. 2013). If the mass ratio is high,
in the extreme case of an equal mass stellar binary, the in-
ner disk can break and freely precess (Facchini et al. 2013),
leading to a variety of misalignment angles that could in-
duce narrow or broad shadows on the outer disk (Facchini
et al. 2018). Secular precession resonances in the case of
high stellar-companion mass ratio can also lead to signif-
icant disk misalignments (Owen and Lai 2017). Finally,
the Kozai-Lidov effect can bring a massive planet located
within the cavity to a high inclination in the case of a mul-
tiple systems, like HD100453, inducing the misalignment
of the inner disk (Martin et al. 2016; Gonzalez et al. 2020;
Nealon et al. 2020; Ballabio et al. 2021).

4. Global structure of protoplanetary disks

In the following section, we review observational results
that enabled to constrain the global disk structures, through
their spatial extent in the IR scattered light and the apparent
shape of the scattering surface. We also discuss how the
dust grain properties directly affect the disk appearance.

4.1. Disk radial extent and brightness

In the following, we refer to ’disk size’ as being the
extent of the disk in scattered light. The first targets im-
aged in scattered light were small-scale reflection nebulae
like T Tau (Nakajima and Golimowski 1995) and excep-
tionally bright and extended disks like AB Aurigae (Rod-
dier et al. 1996; Weinberger et al. 1999; Grady et al. 1999).

11



Benisty, Dominik, Follette et al. Optical and Near-infrared View of Planet-forming Disks and Protoplanets

2.0”

200 au

HD163296
HST/STIS (broad band VIS)

Gemini/GPI 

H-band

Fig. 4.— Hubble Space Telescope total intensity image of
the disk surrounding the Herbig star HD 163296 taken at
visible wavelength range with the Space Telescope Imaging
Spectrograph (STIS). The masked center area was covered
by a coronagraphic mask. We show a combination of all
observation epochs presented in Rich et al. (2020). Part of
this data was first presented in Grady et al. (2000). The cir-
cular inset shows Gemini/GPI polarized light data taken in
the near-IR from Monnier et al. (2017). While lacking the
same inner working angle as modern ground based facili-
ties, the HST data is sensitive to faint extended structures
typically not detected from the ground.

Before 2010, only very large disks (>100 au in size) such
as HD163296 (see Figure 4) or SU Aur were observed with
HST (Grady et al. 2000, 2001, 2009; Krist et al. 2000; Pinte
et al. 2008), or as HD100546, with the first AO-systems
(Pantin et al. 2000; Kuhn et al. 2001; Fukagawa et al. 2006;
Riaud et al. 2006). AO-assisted observations from 8-m tele-
scopes then detected a dozens disks of intermediate sizes
(15−100 au in size, e.g., Mayama et al. 2012; Thalmann
et al. 2015; Rapson et al. 2015), some that were previously
undetected in HST surveys (Grady et al. 2005). The suc-
cessful observations of disks of intermediate sizes is due
to the fact that their extent corresponds to separations of
0.1′′−0.7′′, where the stellar illumination is still significant
and both the angular resolution and sensitivity achieved by
current ground-based telescopes are optimal to probe the
disk. On the other hand, the common employment of a
coronagraph for this type of observation prevents the access
to separations (and therefore disk extent) smaller than 0.1′′–
0.15′′. The first attempt to characterize small disks (<15
au in extent) has recently been made with high-precision
polarimetry, as mentioned in Section 2.2. The polarization
state of unresolved light can be measured if the instrumen-
tal polarization and cross-talk are corrected with sufficient
accuracy (van Holstein et al. 2020). The determination of
the degree and angle of linear polarization from unresolved

emission together with radiative transfer modeling allows
one to infer the presence, orientation, and potentially incli-
nation of unresolved disks around the primary star (Keppler
et al. 2018; Garufi et al. 2020) or around sub-stellar com-
panions (Ginski et al. 2018; van Holstein et al. 2021).

While the diversity of disk sizes can be appreciated from
near-IR imaging, the determination of the disk extent solely
based on a sub-set of images is questionable. An illus-
trative case in this regard is HD163296 (Figure 4), where
the disk is detected out to more than 500 au from HST
images (Wisniewski et al. 2008) and to 440 au from Sub-
aru/CIAO images (Fukagawa et al. 2010) but to less than
100 au from SPHERE and GPI (Muro-Arena et al. 2018;
Monnier et al. 2017). A similar difference between HST
and SPHERE images was reported for 2MASS J1609-1908
and 2MASS J1614-1906 (Garufi et al. 2020; Walker et al.
2021). This discrepancy is due to the modest sensitivity
of polarimetric observations from the ground as the polar-
ized light is only a fraction of the total scattered light (see
Sect. 4.3). In general, the disk outer radius with detectable
signal is strongly related to the amount of detectable pho-
tons in polarized scattered light. The observable amount of
scattered light from a circumstellar disk is determined by
the following factors, summarized in Figure 2: (i) the num-
ber of photons that reach the disk surface, governed by the
stellar luminosity and by the possible presence of disk ma-
terial shadowing the outer disk regions (see Sect. 5.2); (ii)
the overall efficiency of dust grains in scattering photons at
a specific wavelength (the dust albedo); (iii) the disk geom-
etry and the scattering phase function, as these two elements
determine the fraction of photons scattered in the direction
of the observer (Mulders et al. 2013); (iv) in case of polari-
metric observations, the polarizing efficiency of scattering
particles (see Sect. 4.3; e.g., Murakawa 2010).

The disk brightness in scattered light can be measured
comparing the surface brightness of the disk Sscat with the
stellar flux F∗ measured from the same set of images, which
defines a brightness measure that is independent from the
luminosity. The typical ratio between the Sscat integrated
over the entire disk and F∗ is around 10−2 (e.g., Fukagawa
et al. 2010). However, to measure the local capability of the
disk to scatter the stellar radiation, we need to consider that
the illumination from the star scales as a function of dis-
tance r as 1/(4πr2). Therefore, we define αscat as the ratio
of the surface brightness relative to the measured stellar flux
as:

αscat(r) = Sscat(r) ·
4πr2

F∗
(3)

To alleviate the dependence of the observed brightness on
the disk inclination (through the scattering phase function),
the Sscat can be measured along the disk major axis where
all observed photons are scattered by angles close to 90◦.
Also, to obtain a unique value representative of a disk,
the contrast can be averaged between the innermost and
outermost radii with detectable signal rin and rout. The
scattered-to-stellar light contrast αscat thus calculated is
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Fig. 5.— Disks observed with VLT/SPHERE sorted by polarized-to-stellar light contrastαpol (see Eq. 5) with increasing disk brightness
from left to right. All images are using the same absolute color map. References are listed in Appendix A.

then:

αscat =
1

rout − rin
·
∫ rout

rin

Sscat(r) ·
4πr2

F∗
dr (4)

If the scattered-light images are polarimetric, the polarized-
to-stellar light contrast αpol from the observed polarized
surface density Spol is therefore similarly:

αpol =
1

rout − rin
·
∫ rout

rin

Spol(r) ·
4πr2

F∗
dr (5)

This measurement expresses the fraction of photons re-
leased by the star that are effectively scattered and polar-
ized by the resolved portion of the disk. Garufi et al.
(2017, 2021) measured the αpol for a large number of
disks finding values from few times 10−4 to few times
10−2 (the current detection limit for any disk being αpol ∼
3 × 10−4). Figure 5 provides the values of a few illus-
trative sources. We classify targets into three categories:
faint disks (αpol < 10−3 typically corresponding to peak
brightness of less than a mJy/arcsec2), moderately bright
disks (αpol ∼ 10−3 − 10−2 and peak brightness of few
mJy/arcsec2) and bright disks (αpol > 10−2 and peak
brightness of tens mJy/arcsec2).

A clear dichotomy between bright and faint disks was
already found in early scattered light observations of Her-
big AeBe stars (Grady et al. 2005), that detected far-IR
bright disks (so-called Group I; Meeus et al. 2001) while
far-IR faint (Group II) yield non-detections. This was orig-
inally interpreted as tracing differences in the geometry of
the outer disk, with flared vs flat disks, respectively. How-
ever, recent studies found that Group I sources host disks
with a large cavity (>10 au), imaged at near-IR or millime-
ter wavelengths (Maaskant et al. 2013; Garufi et al. 2014;
Honda et al. 2015). In general, this work shows a clear cor-
respondence between a high disk brightness and the pres-
ence of a dust-depleted cavity, suggesting that the scattered

light brightness and the flared structure of the outer disk
is related to the directly illuminated (and therefore bright)
outer cavity edge of the disk.

Intermediate and large disks (>15 au) that appear faint in
scattered light can be explained by (partial) self-shadowing
(Dullemond et al. 2002). The observed anti-correlation be-
tween the disk brightness and the thermal near-IR excess
from the SED (Garufi et al. 2022) supports a view where,
in these objects, the disk inner rim at the dust sublimation
front is puffed up (Dullemond et al. 2001), and leaves the
outer disk in penumbra (Dong et al. 2015a). A clear ex-
ample is the non-detection of HK Lup in polarized scat-
tered light (Garufi et al. 2020, see Figure 5) despite its large
disk extent and brightness seen with ALMA (Ansdell et al.
2016). The distribution of the disk brightness appears uni-
form across M-to-A spectral types (Garufi et al. 2022), and
given the bias of the current census (see Sects. 2 and 5.3),
self-shadowed disks may be quite common.

As explained above, the measurement of the disk extent
in scattered light depends on many factors. In addition to
those previously mentioned regarding telescope sensitivity,
scattering properties and disk geometry, the intrinsic ver-
tical distribution of small grains in the disk upper layers,
controlled by the turbulent mixing, may be another key fac-
tor. Scattered light measurements can therefore not be used
to estimate the physical disk extent, that should be mea-
sured in an optically thin gas tracer of the bulk disk density
with ALMA. For more details on this topic, we refer to the
Chapter by Miotello et al.

4.2. Shape of the disk surface

A disk in hydrostatic equilibrium directly exposed to the
stellar radiation is expected to exhibit a flaring surface (e.g.,
Chiang and Goldreich 1997). Such a geometry was pro-
posed by Kenyon and Hartmann (1987) based on the large
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thermal IR excess of YSOs and confirmed with Hubble ob-
servations showing the disk silhouette (e.g., Burrows et al.
1996; Padgett et al. 1999). Constraining the exact shape
of the disk surface is fundamental to obtain a comprehen-
sive view of the thermal and chemical structure of the disk.
Scattered-light images (along with images taken in PAH
emission features, Lagage et al. 2006) are among the best
methods to measure the surface shape as, in optically thick
disks, the observed photons are scattered by the uppermost
disk layer. Observations of disk seen edge-on provide a di-
rect measurement of the surface height (Stapelfeldt et al.
1998, 2014; Villenave et al. 2020). This type of observa-
tion is typically not possible for ground-based telescopes
because the star needed to drive the AO system is masked
by the disk itself and is thus faint at optical or even near-
IR wavelengths. However, there are a growing number of
objects, observed from the ground, for which the backside
of the disk is visible as forward scattering peak below the
dark midplane (see Figure 1 for some examples). When
the disk midplane appears as a dark lane separating the ob-
servable front and rear disk faces (e.g. IM Lup and DoAr
25; Avenhaus et al. 2018; Garufi et al. 2020), the H(r)
can be roughly measured from its width, and is found to
be very large in the outskirt of such extended disks (∼70
au at r = 300 au). These measurements can be refined by
combination with dedicated radiative transfer models (e.g.,
Villenave et al. 2019).

More generally the disk surface height can be inferred
from the structures traced in the image, assuming that the
disk is not eccentric. This is due to the fact that the typi-
cal flared and thus ”bowl-shaped” surface of the disk will
produce apparent offsets of disk structures along the minor
axis, when viewed under an inclination. This effect is read-
ily visible in our schematic figure 2, where the rim of the
near-side of the disk appears much closer to the central star
than the rim of the far-side. This well known projection
effect has been used by Silber et al. (2000) and Duchêne
et al. (2004) to measure the surface height of the GG Tau
circumbinary disk, by tracing its inner rim at the edge of the
central cavity. The same method can in principle be applied
by tracing the outer rim of compact disks. This method be-
comes particularly powerful in disks with multiple rings (de
Boer et al. 2016). In these cases the overall shape of the sur-
face H(r) can be measured as a function of the separation
from the central star and its flaring parameter (tracing the
evolution ofH(r) with r) can be fitted. However, fitting ap-
proaches can cause significant discrepancy in the measure
of the scattering height. For example, in HD97048, Ginski
et al. (2016) measured a height of 18.5 au at 100 au, with
a flaring index of 1.73±0.05 while Rich et al. (2021) find a
larger value of 2.48+1.52

−0.3 . This discrepancy is due to the fact
that the former study concentrated on the sharp-peaked, for-
ward scattering side of the ring for the extraction of the ring
offset and semi-major axis, while the latter considered also
the far side. The reasoning behind the different approaches
was that the disk far side is marginally radially resolved and
thus some ambiguity may be introduced whether one traces

the same height throughout the ring. It may well be possi-
ble that the true H(r) function lies in between the reported
results. On the same target, the height of the emission of
polycyclic aromatic hydrocarbons (PAH) was inferred to be
∼34 au at 100 au with a flaring index of 1.26±0.05 (Lagage
et al. 2006). Avenhaus et al. (2018) applied this method to
five bright T Tauri disks, finding flaring index values rang-
ing between ∼1.1 and ∼1.6, and that the individual rings
of the various disks could be fitted by an individual flaring
index of 1.21 with H(r = 100 au) = 15.8 au.
Obviously this method can only be applied to disks that
show regular ring structures, and excludes those who have
complex substructures (Laws et al. 2020). In these cases the
height of the scattering surface may be inferred from mea-
suring the scattering phase function of the dust particles.
However a good knowledge of the disk surface is a pri-
ori needed to correct for the projection effects to measure
the real scattering angles (Stolker et al. 2016b). This de-
generacy can in principle be broken with detailed radiative
transfer modelling as shown for example by Takami et al.
(2014); Dong et al. (2016b). These simulations on the other
hand depend on our knowledge of the dust scattering phase
functions, which, as we discuss in Sect. 4.3 is still poor.

Rich et al. (2021) complemented this method with com-
plementary measurement of the gas emission surfaces as
observed with ALMA in the 12CO gas line in three disks.
Such measurements can constrain the level of coupling be-
tween the small grains and the gas, as well as the turbulent
mixing distributing small grains in the upper surface layers.
They find that in two disks, the 12CO and scattering surface
are similar at small radii, but that at large distance, the scat-
tering surface is lower than 12CO emission surface, while
for the third object, the two surfaces are similar. Radiative
transfer modeling shows that a large gas-to-dust ratio could
be responsible for the surface height differences, as well as
changes in the physical conditions in the disk such as local
heating due to a planet. Depending on the (molecular, dust)
tracer considered the measured emission height will differ,
and this is strongly dependent on temperature (for gas line
as 12CO) and on dust properties (for scattered light).

We note that these disk surface measurements are only
available on bright disks. Little is known about self-
shadowed disks, for which the H(r) of the disk regions
in the penumbra are expected to be significantly lower.
Measurements of these values and an actual distribution of
values across an unbiased sample of disks is currently un-
available due to the difficulty in observing these faint disks.
Similarly, the scattering surface shape is typically unknown
for disks with complex morphology.

4.3. Dust properties

Most parts of the disks are optically thick at optical and
near-IR light, and therefore, scattered light observations
trace dust in the upper layers of disks, often several pres-
sure scale heights above the midplane (Chiang and Goldre-
ich 1997; Lagage et al. 2006). The dust in these regions
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Fig. 6.— Polarized phase functions extracted from H-band ob-
servations (lines with error bars; Ginski et al. in prep.), compared
with the T-Matrix light scattering simulations (full lines; Tazaki
et al. in prep). The upper set of theoretical curves correspond to
dust aggregates consisting of 4096 monomers of radius of 0.1 µm
with resultant aggregate radii of approximately 10 µm (BCCA; an
open structure aggregate) and 3.1 µm (BPCA; a compact structure
aggregate). The lower set of curves is for smaller dust aggregates
consisting of 8, 16, 32 monomers with resultant aggregate radii of
3.3, 4.5, 6.0 µm, respectively.

should be well-coupled to the gas, with slow settling pro-
cesses and efficient vertical mixing processes. This means
that the dust should be either small individual grains (Dong
et al. 2012b), or porous, possibly fractal aggregates. Mod-
els of dust aggregation generally show that aggregation is
fast (Dullemond and Dominik 2005; Okuzumi et al. 2012),
and that the velocities needed to destroy aggregates in colli-
sions are only reached when these aggregates become large
enough to start decoupling dynamically form the gas (Birn-
stiel et al. 2010), so there are good reasons to expect the dust
in the disk surface to be present on the form of aggregates.
However, fragmentation and infall of molecular cloud mate-
rial can replenish small individual particles to some degree,
so observational tracers are needed determine the properties
of the dust. Here, we focus much of our discussion of dust
properties of optical properties of aggregates.

Information about the properties of the dust is encoded
in the intensity and degree of polarization of the reflected
light, in the angular dependence of these quantities (phase
functions), and in the wavelength dependence (e.g. Takami
et al. 2014). Grains with sizes much smaller than the wave-
length of the observations scatter isotropically, with a bell-
shaped polarization fraction peaking around a scattering an-
gle of 90◦ (see Figure 2). The degree of polarization at the
peak can get quite high, typically 20 to 70% (Krivova et al.
2000; Silber et al. 2000; Graham et al. 2007; Perrin et al.
2009; Murakawa et al. 2008; Tanii et al. 2012; Poteet et al.
2018; Monnier et al. 2019; Hunziker et al. 2021; Tschudi
and Schmid 2021) and should be considered a lower limit
since multiple scattering or limited resolution would tend to
reduce the measured degree of polarization. Larger grains
concentrate more of the scattered light into a small angle
around forward-scattering direction, with smaller degrees
of polarization, still bell-shaped around 90◦. Aggregates
can behave like large grains when it comes to the amount of
forward scattering (Kozasa et al. 1993).

As discussed by Tazaki et al. (2019), aggregate sizes can
be derived from the ratio of the forward and backward scat-
tering intensity. If the aggregates are larger than the observ-
ing wavelength, then the polarization fraction is a measure
of the porousness of the aggregates, with higher polariza-
tion degrees indicating higher porosity. The color of total
and polarized intensity images indicate dust properties as
well, with porous aggregates leading to gray or slightly blue
colors, while more compact aggregates cause reddish colors
in total intensity (Mulders et al. 2013).

For intensity phase curves, many sources do indeed show
significant forward scattering enhancements (e.g. Quanz
et al. 2011; Hashimoto et al. 2012; Kusakabe et al. 2012;
Mulders et al. 2013; Ginski et al. 2016). When a full
range from small to large scattering angles can be probed
(see also see Figure 2), in both protoplanetary and in de-
bris disks, the phase function is usually characterized by
a very strong forward scattering peak, a somewhat flat re-
gion around 90 degrees, and a rise toward backward scat-
tering (e.g. Hughes et al. 2018; Milli et al. 2017; Stolker
et al. 2016a), consistent with lab measurements of large,
porous aggregates (Muñoz et al. 2017). Polarized phase
functions have now been measured for a number of disks,
over significant ranges in scattering angle (Figure 6). Such
polarized phase functions depend sensitively on aggregate
radii. Smaller aggregates show a symmetric polarized phase
function with respect to a scattering angle of 90◦. In con-
trast, larger aggregates tend to develop forward scattering
component. Aggregate structure also affects how strongly
the forward scattering peak is expressed. Looking at the
observations in Figure 6, there seem to be two classes
of polarized phase functions. One is a smoothly increas-
ing phase function for smaller scattering angles, such as
IM Lup, V4046 Sgr, RX J1852. This class of phase func-
tion shows a very strong resemblance to the polarized phase
functions of large (& µm) highly porous aggregates. The
other class is a phase function with a strong drop-off at
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Fig. 7.— Visual synopsis of the topics treated in Sect. 5 and 6. Disk substructures such as cavities, rings, and spirals are discussed in
Sect. 5.1, shadows and misaligned inner disk in Sect. 5.2, while protoplanets and accretion signatures in Sects. 6.1 and 6.2.

small scattering angles, such as PDS 70, HD 163296. Here,
the increase in scattering intensity is not able to compensate
the decrease in polarization fraction, leading to a drop in the
polarized phase functions toward these forward-scattering
angles. Such a functional shape can be well reproduces
with very small aggretates (. µm), or perhaps larger but
very compact aggregates/particles.

The dust material can imprint its solid-state features in
the scattered light as well. This should in principle give
the most direct access to the grain composition, but this ap-
proach is limited by the small number of usable solid state
features in the optical and near IR range. So far, scattered
light displaying the water ice feature at 3µm has been de-
tected in HD 142527 (Honda et al. 2009) and HD 100546
(Honda et al. 2016). A detailed study of the ice feature ob-
served in HD 142527 shows that the dust has an ice/core
mass ratio between 0.06 and 0.2 (Tazaki et al. 2021), where
the core was assumed to be made of silicate but may also
contain other components that do not show an absorption
feature at that wavelength.

5. Substructures

Since PPVI, near-IR and ALMA high angular resolu-
tion images have shown that disk substructures are very
frequent, appearing as dust depleted cavities, rings, gaps,
asymmetries and spiral arms. Figure 7 is a sketch of such
substructures and of the topics discussed in this section.

5.1. Cavities, rings, spirals

5.1.1. Cavities

The existence of large (> 10 au) regions devoid of, or
with significantly dimmed amount of dust grains was first
predicted from the lack of near- and mid-IR excess from the
SED (Strom et al. 1989). These objects were initially de-
fined as transition disks (referred to as ”transitional disks”
in the PPVI review of Espaillat et al. (2014)) since it was
believed that they were rapidly converting inside-out from
a dust-rich to a dust-poor composition. The first resolved
images were obtained for the extraordinarily large cavi-
ties of the multiple systems GG Tau (Dutrey et al. 1994,
with the IRAM interferometer) and HD142527 (Fukagawa
et al. 2006, with Subaru/CIAO). Cavities are now routinely
resolved by PDI observations (e.g., Mayama et al. 2012;
Hashimoto et al. 2012). However, in many cases the near-
IR cavity is either smaller than when measured at millime-
ter wavelengths (e.g., Garufi et al. 2013; Villenave et al.
2019; Maucó et al. 2020) or undetectable at radii down
to coronagraph (typically at 10–15 au; e.g., Benisty et al.
2015; Ginski et al. 2016; Muro-Arena et al. 2020). This
spatial segregation of dust size is currently best explained
by the existence of dust trapping of mm-sized pebbles at a
local pressure maximum induced by a planetary companion
(Pinilla et al. 2012). In this scenario, gas still flows through
the cavity and carries well-coupled small grains with it.
Therefore, one naturally expects a radial segregation be-
tween small and large grains (de Juan Ovelar et al. 2013)
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that may be used to predict the position and the properties
(mass) of a putative planetary companion responsible for
the cavity (for a given disk viscosity).

5.1.2. Rings

Multiple rings in PDI were first detected in the Herbig
Ae star HD169142 with early NACO observations that re-
vealed the presence of two rings (Quanz et al. 2013b). Sub-
sequent observations of the same disk with more advanced
instrumentation indicated that the first ring is highly struc-
tured (Pohl et al. 2017) with asymmetric clumps distributed
along the ring that rotate at Keplerian rotation (Gratton
et al. 2019). Multi wavelength scattered light observations
in the J and H bands can show a differential color for the
two rings indicating that the stellar light hitting the outer
disk has been reddened while traversing the first ring (Mon-
nier et al. 2017). Subsequent observations of T Tauri and
Herbig Ae stars indicated that multiple rings are quite com-
mon in T Tauri disks (e.g., Rapson et al. 2015; Thalmann
et al. 2016; Monnier et al. 2017; Muro-Arena et al. 2018;
Avenhaus et al. 2018; Bertrang et al. 2018). Overall, rings
are found at all radii accessible to direct imaging, that is
from the inner working angle (van Boekel et al. 2017), to
the outermost radius probed at the given sensitivity (de Boer
et al. 2016). Using analytical prescriptions for the gap mor-
phology (Kanagawa et al. 2015) or hydrodynamical sim-
ulations followed with radiative transfer (Dong and Fung
2017), the properties of the annular gaps (width, depth) are
related to the presence of massive planets for a given disk
viscosity which can then be compared to current detection
limits (Asensio-Torres et al. 2021, see Sect. 6.2). Other ex-
planations are provided, for the presence of rings seen in
the surface layers, for example ice lines (Okuzumi et al.
2012) of different volatile species. They can perturb dust
dynamics locally which has a direct observational conse-
quence (Pinilla et al. 2017). Pohl et al. (2017) compared
the location of the snow line for various volatile species and
found that for HD169142, the outermost gap could be ex-
plained by dust accumulation close to the CO ice line. This
study has unfortunately not been done on a larger sample of
rings and a morphological and statistical study of the rings
properties in a large survey of T Tauri stars, in terms of spa-
tial distribution, width, and contrast still remains to be done
to infer whether they have a similar origin.

Many of the disks that show multiple rings in the sub-
millimeter also exhibit rings in IR scattered light (see Chap-
ter Bae et al.). However, there is no general correspondence
between the location of the rings in the sub-millimeter and
in the IR, nor in the numbers of rings detected. One of
the clearest example is TW Hya (van Boekel et al. 2017;
Andrews et al. 2016), as showed in Figure 8, panels c and
d, not only the radial extent of the small grains distribu-
tion (seen in IR) differs strongly from the one of the large
grains (seen with ALMA) but the annular gap/rings loca-
tion do not match. This, in addition to providing a textbook

example of radial drift in disks, shows the difference in
dust/gas coupling and that the disk can be highly structured
beyond what is evident from sub-millimeter images. Muro-
Arena et al. (2018) showed that in the case of HD163296,
only one of the two rings imaged by ALMA (Isella et al.
2018) is detected in VLT/SPHERE observations. As the
second, further, ring is not detected in scattered light, a
natural explanation is that it lies in the shadow of the first
ring, and must be significantly settled. These studies show
that the analysis of a single dataset, obtained within a sin-
gle wavelength regime, provides limited information and
that it is crucial to perform a multi-wavelength analysis
of these disks to constrain the mechanisms at play. Such
a multi-wavelength approach can for example address the
efficiency of dust evolution processes (radial drift, dust set-
tling), as showed by the modeling of highly inclined disks
at these two wavelengths (Villenave et al. 2019, 2020).

5.1.3. Spirals

Figure 9 provides images of disks presenting spiral fea-
tures, that can be separated into various categories based
on their morphology and on their possible origin. Some
disks show two nearly symmetric arms (e.g., Grady et al.
2013; Wagner et al. 2015; Benisty et al. 2015; Stolker et al.
2016b). Juhász et al. (2015) showed that these spirals are
likely tracing local perturbation of the disk scale height,
rather than the density perturbations, and that in general
opening angles are too large to be accounted by a com-
panion located inwards of these spirals. This issue can be
solved by considering a massive companion located beyond
the spiral arms in the outer disk outside of the disk (Dong
et al. 2015a). However, these massive planets have not
been detected. Recently, Calcino et al. (2020) found that
a 10 MJup planet orbiting within the cavity on an eccentric
orbit could account for the properties of the spiral arms.

Other disks show multiple asymmetric arms that may
sometimes appear flocculent (e.g, Monnier et al. 2017).
While it is unclear whether this can be the origin in all
cases, some of these targets are known circumbinary disks
for which spiral arms are triggered by the interaction of the
disk with the stellar system within (e.g., Price et al. 2018;
Monnier et al. 2019). In other cases, e.g., HD34282 or CQ
Tau (e.g, Uyama et al. 2020; de Boer et al. 2021), the over-
all disk surface geometry might lead to apparent complex
structures. Impressive, complex, and multiple spiral arms
are observed in systems that show clear interaction with the
surrounding material, possible remnant of envelope (as in
e.g., AB Aur and DR Tau, Boccaletti et al. 2020a; Mesa
et al. 2022), and for which the synergy with ALMA ob-
servations is once more essential. In SU Aur, for example,
the geometry of the infalling material could be determined
thanks to the combined analysis of IR scattered light and
ALMA gas tracers (Ginski et al. 2021b). Another category
includes large scale spiral arms that are due to the dynam-
ical interaction of the disk with a known external compan-
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Fig. 8.— Comparison of IR scattered light images with ALMA observations. Panels (a)(b) for HD135344B, Panels (c)(d) for TW Hya.
Panel (e) shows the detection of a non-Keplerian feature (so-called kink) in a channel map of the CO observations of HD163296.
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Fig. 9.— Spiral features imaged in scattered light at the time of this review. The majority of the data was taken with VLT/SPHERE with
the exception of HD 34700, which was imaged with Gemini/GPI and LkHa 330 and V1247 Ori which were imaged with Subaru/HiCIAO.
All relevant references for individual systems are listed in appendix A. All data were taken in the IR J and H-bands with the exception
of LkHa 330 and MWC 758 which were imaged in the K and Y-band respectively. Color bars were individually adjusted to highlight
the disk morphology. Categories are based on the spirals appearance alone, as the driving mechanism behind the spirals is still unclear
(we do however list disks with a known outer companion in a separate category). We note that for several disks in principle multiple
categories apply, e.g. AB Aur clearly still interacts with the large scale cloud environment, but does also show multiple spiral arms
or HD 100453 has an outer companion but is also a prime example for a symmetric double-armed spiral disk. Without the ability to
disentangle driving mechanisms such a categorization by appearance will always contain a certain amount of subjectivity.

ion as in the SR24 and UX Tau systems (e.g., Mayama et al.
2020; Ménard et al. 2020), possibly resulting of a recent fly-
by event. We note that the classification proposed in Figure
9 is not absolute, and that several systems may fit in multi-
ple categories. We attempted to classify based on the most
prominent features, e.g. AB Aur shows large scale interac-
tion with the surrounding cloud and is cited as candidate
for possible late material infall by Dullemond et al. (2019),
however it also clearly shows multiple spiral features and
could thus also be categorized as multi-armed spiral disk.

Recently, Ren et al. (2020) discussed that multi-epoch
imaging can be used to discern small proper motions in spi-
ral arms. Different physical causes for spirals and blobs
make clear predictions for the proper motions, since some
structures might have a ’pattern’ speed that is lower than
the orbital timescale. For instance, Ren et al. (2020) de-
tect a small rotation (∼ 0.22◦/yr) of the MWC 758 spiral

pattern, slower than the local Keplerian motion expected
if spiral structure derived from gravitational instability; in-
stead, a perturber located in the outer disk is hypothesized.
Similarly, slight spiral motion reported by Xie et al. (2021)
for HD135344B point towards external perturbers. We are
only just beginning to accumulate results from proper mo-
tion studies and we can expect a rapid expansion as the time
base between epochs continues to increase.

Similarly to the rings, only a handful of disks show a
clear correspondence between spirals observed in the IR
and in the millimeter continuum, indicating the complex-
ity of disk evolution processes (Dong et al. 2018; Brown-
Sevilla et al. 2021). For example, AB Aur shows large scale
multiple spiral arms in scattered light (Fukagawa et al.
2004; Hashimoto et al. 2011; Boccaletti et al. 2020a) and, in
contrast, a ring in the sub-millimeter continuum (Tang et al.
2017). Another case is presented in Figure 8. HD135344B
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shows two spiral arms in the IR (e.g., Muto et al. 2012),
while in the sub-millimeter regime, presents a ring with
an additional azimuthal asymmetry at larger radii (van der
Marel et al. 2016; Cazzoletti et al. 2018). Such a corre-
spondence is often observed (Garufi et al. 2018; van der
Marel et al. 2021). While joint analysis of high resolu-
tion images at both wavelengths has only been done in a
handful of cases (Dong et al. 2018; Baruteau et al. 2019),
it has the potential to constrain the possible location of the
planet/companion, the 3D structure of the disk and in partic-
ular, its vertical thermal structure. Rosotti et al. (2020) com-
pared the morphology of spirals of HD100453 observed
with SPHERE and ALMA, and found that the opening an-
gles of the spirals in the surface layers is much larger than
in the midplane tracer. As the opening angle is directly re-
lated to the sound speed, and hence to the disk temperature,
Rosotti et al. (2020) interpreted this as a clear evidence for
a vertical thermal stratification.

5.2. Azimuthal shadows & misaligned inner disks

Shadows are another recurrent feature of disk images in
scattered light. While in principle any region of low surface
brightness seen in polarimetric maps can be due to shad-
ows, the community widely names shadows only those dips
in the disk brightness confined to specific azimuthal angles.
Here we refer to these structures as azimuthal shadows. The
prototypical example of such features is the two intensity
drops seen to north and south in the disk of HD142527
(Canovas et al. 2013; Avenhaus et al. 2014b, see Figure 10).
Through radiative transfer modeling, Marino et al. (2015)
interpreted these regions as shadows cast by a significantly
misaligned portion of the inner disk. Such a disk compo-
nent was possibly imaged by Avenhaus et al. (2017) as close
as 4 au from the star. In general, azimuthal shadows with
a diverse morphology were revealed in several disks, as we
review in this section and show in Figure 10. These features
offer the possibility to indirectly map the inner disk geom-
etry and its temporal evolution since marked changes in the
scattered light emission on months to years times scales can
be caused by shadowing from the inner disk with its shorter
dynamical timescales. Further, distinctive shadow patterns
tell us about the inner disk geometry on sub-au physical
scales typically only accessible by long-baseline IR inter-
ferometry.

Two main classes of azimuthal shadows are recurrently
observed, that are narrow shadows of a few degrees in az-
imuthal extent that are often seen as two symmetric nar-
row lanes, and broad shadows where up to half a disk is
faint (see Figure 1 and Figure 10). A particularly clear ex-
ample of narrow shadow can be found in SU Aur. In Fig-
ure 11, the outer disk and envelope are illuminated in scat-
tered light (Ginski et al. 2021b). Near the central star,
a dark lane can be seen suggesting a shadow cast by a
physically-thin disk that is very misaligned with the outer
disk. Indeed, in this rare case an near-IR interferometry
image on 1000× smaller scales was obtained using the

CHARA Array (Labdon et al. 2019) confirming this hy-
pothesis. In the case of SU Aur, it is possible that such
a misalignment is caused by late-time interactions with in-
falling material (e.g., Dullemond et al. 2019). Other no-
table examples of narrow shadows include GG Tau A (Krist
et al. 2002; Itoh et al. 2002, 2014; Keppler et al. 2020b) –
where the shadows are due to the material in the surround-
ing of the binary system, RX J1604.3-2130 (Pinilla et al.
2015, 2018) and HD135344B (Garufi et al. 2013; Stolker
et al. 2017b) – where the dips are highly variable in both
morphology and position, HD100453 (Wagner et al. 2015;
Benisty et al. 2017) – where shadows appear morphologi-
cally connected with the spiral arms, and DoAr44 (Aven-
haus et al. 2018) – where the shadows have a radio counter-
part (Casassus et al. 2018). Recently, Bohn et al. (2021)
analyzed a sample of 20 transition disks around T Tauri
and Herbig AeBe stars, observed with VLTI/GRAVITY
and ALMA to search for evidence for misalignments be-
tween the inner and outer disk regions. They found that six
disks exhibit significant misalignments, among which three
disks (HD100453, HD142527 and CQ Tau) show shadows
in scattered light images, with locations that match well the
predictions from the inner/outer disk geometry derived with
VLTI and ALMA respectively. For three other disks that are
found significantly misaligned (V1247 Ori, V1366 Ori, and
RY Lup), there is no evident sign of shadows in the scat-
tered light images. On the other hand, the shadows observed
in DoAr44, HD135344 B, and HD139614 while consistent
with misalignments show a complex morphology that can
not be well described with a simple misaligned inner disk.

In general, when there is smaller misalignment, an inner
disk will cast a broader, less distinctive, shadow. HST/STIS
(Debes et al. 2017) found a moving shadow pattern around
TW Hya, with a timescale suggesting an precessing in-
ner disk (possibly driven by a close-in exoplanet). Benisty
et al. (2018) found a dramatic contrast between the disk
surface brightness on the east compared to west side of
HD 1430006 that can be modelled by an inner disk mis-
aligned by 30◦. As explained in Section 3, an inner massive
exoplanet on a slightly inclined orbit can sufficiently mis-
align the inner disk and cast similar wide-angle shadows
(Nealon et al. 2019; Ballabio et al. 2021). At first glance,
HD 139614 appears to be another case of a nearly-aligned
inner disk casting a wide-angle shadow (Muro-Arena et al.
2020; Laws et al. 2020), but the shadow is too wide and
Muro-Arena et al. (2020) argue for the existence of two dis-
tinct warped or misaligned regions. Note that even when
the inner disk is mostly aligned, there can be more subtle
shadowing effects such as the reddening of starlight (not
full shadowing) by inner dust rings that partially occlude
the outer disk (e.g., HD169142; Monnier et al. 2017).

Not all shadow patterns are caused by misaligned disks.
Even within the misaligned-disk paradigm, many workers
(e.g., Stolker et al. 2017b; Pinilla et al. 2018) noted addi-
tional shadow variability requiring scale-height (H/r) varia-
tion in the inner disk atmosphere that could be due to irreg-
ular clumps or dust lifted at the base of magnetospheric ac-
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Fig. 10.— Shadows in disks. Left: Four exemplary cases of azimuthal shadows detected in disks with different facilities. The disks
around HD 142527 (Hunziker et al. 2021) and RX J1604 (Mayama et al. 2012) show narrow shadows, indicative of a strong misalignment
of inner and outer disk. TW Hya (Debes et al. 2017, image credit: ESA) and HD 139614 (Muro-Arena et al. 2020) show broad shadows,
indicative of a small misalignment or warp in the disk. Right: Sketch illustrating the interplay between inner and outer disk, observed
as an anti-correlation between the disk brightness in scattered light and the near-IR excess (black solid line, see Garufi et al. 2022).

cretion columns. HD 163296 shows globally variable scat-
tered light emission (Rich et al. 2019, 2020) but we know
the inner and outer disks are well aligned (Monnier et al.
2017; Setterholm et al. 2018). Rich et al. (2019) suggests
obscuration by dust clouds elevated in a disk wind might be
at play while recent VLTI/MATISSE and VLTI/GRAVITY
interferometric observations of the HD 163296 reveals an
inner disk asymmetry possibly caused by a vortex (Varga
et al. 2021; Gravity Collaboration et al. 2021). There is a
likely a close connection between these shadowing mech-
anisms to the well-studied photometric ”dipper” phenom-
ena (e.g., Cody et al. 2014; Bodman et al. 2017) where
young stars show diverse light curves due to variable obscu-
ration by intermediate and high inclination close-in disks.
The causes for such variations in scale height could include
magnetic field interactions (Bouvier et al. 1999).

Supporting this general picture, Garufi et al. (2018) dis-
cussed an empirical correlation between disks with nar-
row shadows and anomalously high thermal near-IR excess
from the SED, possibly indicating a dynamically perturbed
inner disk. Following up on this finding, Garufi et al. (2022)
found that, excluding these radially shadowed disks, large
disks present an anti-correlation between the disk bright-
ness in scattered light and the near-IR excess. Therefore, a
final picture is emerging for the inner/outer disk interplay
as is drawn in the sketch of Figure 10 (right panel), with
the inner disk geometry determining the illumination pat-
tern in the outer disk. On the one hand, uniformly shadowed
disks (see Sect. 4.1) may in principle evolve as unshadowed
disks as the material in the inner disk is depleted or as the

inner disk vertical structure changes. On the other hand,
radially shadowed disk may represent a particular stellar-
companion-disk configuration that leads to an inner disk ge-
ometry that yields both an exceptionally high thermal near-
IR excess and azimuthally confined shadows.

Time variability of the shadow patterns themselves re-
quire either precession of the inner disk with respect to the
outer disk, or orbital evolution of inner disk warps or height
structure in the inner disk wall. While inner disk preces-
sion is likely slow (� orbital time), Keplerian rotation of
warps or inner disk structures will cast long shadows that
can change on months timescale. Note that the changing
shadowing also changes the temperatures in the upper lay-
ers and Espaillat et al. (2011) reported ”see-saw” changes
in IR SEDs of T Tauri disks using Spitzer, observing in-
creased near-IR flux (e.g., higher scale height of inner disk)
associated with decreased mid-IR flux (more shadowing by
inner disk). The variability of the shadows position and
contrasts observed in RX J1604.3-2130 was found to be
within timescales of less than a day (Pinilla et al. 2015).
This implies that the dust casting the shadow is located
very close to the star (0.06 au, at corotation radius), in
an irregular misaligned inner disk, which dust content is
accreted/replenished by accretion in very short timescales
(Sicilia-Aguilar et al. 2020). In contrast, the shadow de-
tected in TW Hya was measured to move at a constant angu-
lar velocity of 22.7◦yr−1 in a counterclockwise direction,
corresponding to a period of 15.9 yr assuming circular mo-
tion (Debes et al. 2017). The sample of disks for which the
temporal evolution of shadow features is being systemati-
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Fig. 11.— Misaligned disk system in SU Aurigae. A complex scattered-light disk is seen on large scales (VLT/SPHERE; Ginski
et al. 2021b) with a dark lane caused by shadowing from a misaligned inner disk that has been directly imaged with the CHARA Array
(Labdon et al. 2019). The inset box is zoomed by a factor of ∼1000×.

cally tracked is still small, with currently only four cases in
the literature. Two of them are the aforementioned cases of
TW Hya as well as RX J1604.3-2130. In addition this was
also done in the cases of HD 135344B (Stolker et al. 2017b)
and PDS 66 (Schneider et al. 2014; Wolff et al. 2016). The
shortest monitoring time scales vary between days for RX
J1604.3-2130, weeks for HD 135344B, months for PDS 66
and years for TW Hya.

5.3. Demography of disk substructures

At time of writing, nearly 130 stars hosting a planet-
forming disk have polarimetric observations published. Out
of these, the disk is firmly resolved around approximately
80 targets, with the remaining 50 equally distributed be-
tween non-detections and detection of scattered light from
the environment. From the 80 detected disks, substructures
are detected in 45 objects. For the remaining 35 disks,
the absence of substructure can be explained by the small
disk extent (e.g., ET Cha, Ginski et al. 2020), the faint sig-
nal in scattered light (e.g., CI Tau, Garufi et al. 2022, see
Sect. 4.1), or the very inclined geometry of the disk (e.g., T
Cha, Pohl et al. 2017). Therefore, the current census indi-
cates that disk substructures are ubiquitous when the disk is
bright and extended enough.

A demographical study of disk substructures in scattered
light was carried out by Garufi et al. (2018), who consid-
ered the 58 targets available at that time. All targets were
classified in six main categories: disks hosting multiple
rings, one or two bright spirals on small scale, multiple gi-
gantic spirals on large scale, a unique bright rim, as well as
faint and small disks.

At present, we can extend this type of study to a total
sample of 76 objects excluding the aforementioned inclined
disks and sources dominated by ambient emission. From
our count, spiral arms are currently detected in 16 disks (6
giant disks with multiple arms at large scale and 10 smaller
disks with 1-2 bright spirals at small scale), multiple rings
in 18 disks, and bright rim at the outer cavity edge in only
3 disks. In Figure 12, the distribution of the various classes
of disks with three meaningful stellar and disk properties
reveals trends in line with the results of Garufi et al. (2018).

Rings Spirals Giant spirals Faint Undetected

Spectral type

Near-IR excess

Disk dust mass

⊕ ⊕ ⊕ ⊕

Fig. 12.— Distribution of targets with ring-, spiral-, giant
spiral-, faint, and undetected disks with spectral type (top),
near-IR excess (middle), and disk dust mass (bottom).
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Spiral disks. Spirals are predominantly found around
early-type stars. The recent discovery of spirals in the disk
of WW Cha (Garufi et al. 2020) and GQ Lup (van Holstein
et al. 2021) slightly changed this view. However, their for-
mation is – unlike those of isolated early-type stars – proba-
bly due to the interaction with the accreting material and the
stellar companion, respectively. The paucity of spiral-disks
around late-type stars can in principle be explained by their
low luminosity, and therefore by the low disk temperature
because the detectability of spirals increases with the pitch
angle which in turn is correlated with the aspect ratio and
therefore temperature (van der Marel et al. 2021), or alter-
natively by their low mass and young age. Disks with 1–2
spirals on small scale (tens of au) are not particularly mas-
sive whereas those with multiple spirals at large radii (hun-
dreds of au) are. This suggests a possible different origin
for these two classes of spirals. The origin of spirals may
be intimately related to the structure of the inner disk since
the near-IR excess from the SED of these spiral-hosting tar-
gets is significantly higher than that of ring-hosting targets.

Ring disks. Targets with ring disks are uniformly dis-
tributed across stellar properties and disk mass. However,
the vast majority of disks with rings is found in sources with
low near-IR excess. In this regard, disks with rings and spi-
rals therefore show a dichotomic behavior.

Faint and undetected disks. A very large number of tar-
gets with faint or no detection in scattered light is found
around T Tauri stars. However, this behavior is not dic-
tated by their low luminosity (Garufi et al. 2022). Instead,
it is likely due to the young age of these sources. In fact,
low-mass stars that are older than 3–5 Myr are currently not
observed (see Figure 3) while the disk around intermediate-
mass stars older than that can only persist if disk substruc-
tures such as an inner cavity is present, and this determines
their brightness in scattered light (see Sect. 4.1). Unde-
tected disks are mostly those with low mass (since small)
while several faint disks are found among those with high
mass (since self-shadowed).

Shadows. The distribution of shadows with the spectral
type is uniform from K to F types. However, none have
been found around stars earlier than A9. As commented in
Sect. 5.2, shadows are – similarly to spirals – primarily as-
sociated with a high near-IR excess from the SED. This is
particularly true for narrow shadows, as five of seven targets
with such features sit in the upper quartile shown in Fig-
ure 12. So far, this empirical correlation is poorly explained
by modeling effort but it clearly reinforces the connection
between the morphology of shadows and that of inner envi-
ronment around the star.

6. Direct imaging of planets

High-angular resolution observations at near-IR and op-
tical wavelengths are not only excellent tools to probe the
properties of protoplanetary disks, but are also used to di-
rectly search for substructure-inciting planets within disks
(see details in Chapter 22 by Currie et al. on direct imaging

and spectroscopy of extrasolar planets).
Young, giant planets are still radiating remnant en-

ergy from the formation process, and direct near-IR ther-
mal emission is one way to detect them (see Section 6.2).
The relative contributions of direct photospheric emission
and emission from circumplanetary material to the thermal
emission from protoplanets is a subject of debate, and there
is both observational (Stolker et al. 2020; Wang et al. 2021)
and theoretical (Zhu 2015; Szulágyi et al. 2019a; Szulágyi
and Garufi 2021) support for substantial contribution from
circumplanetary disks (CPDs). As the degree of CPD con-
tamination of thermal emission from protoplanets is not
well constrained, protoplanet mass estimates from evolu-
tionary models carry a high degree of uncertainty.

Additionally, some transition disk host stars have ac-
cretion rates high enough to require the transport of gas
from the outer disk (Manara et al. 2014), through their
cleared central cavities, and onto the star. Whether accre-
tion onto the primary stars happens via high velocity low
optical depth flows (e.g. Rosenfeld et al. 2014) or dense
high-optical depth streamers (e.g. Casassus et al. 2013) re-
mains a subject of debate, but either mechanism results in
similar predictions of persistent accretion onto any proto-
planets embedded inside transitional disk cavities. This
has prompted several searches for accreting protoplanets in
planet-forming disks (see Section 6.3; Zurlo et al. 2020;
Cugno et al. 2019). Accretion shocks caused by infalling
gas on the planet itself or on the surface of the circum-
planetary disk will give rise to both excess UV continuum
emission from the stellar hotspot and line emission from in-
falling gas, making star-to-planet contrast ratios more favor-
able at a range of wavelengths where substantial accretion
luminosity is present (see section 6.3).

PDS 70b’s detection in multiband thermal emission (e.g.
Keppler et al. 2018) as well as in Hα (e.g. Wagner et al.
2018; Haffert et al. 2019) and the lack of any potentially
confounding nearby dust structures made it the first uncon-
troversial direct detection of an accreting protoplanet, as de-
tailed in Section 6.1. The successful operation of ALMA’s
longest baseline modes has enabled two complementary ap-
proaches to direct protoplanet detection. The first technique
is to search for circumplanetary material, analogous to the
disk hypothesized to exist around Jupiter in the protosolar
nebula (Batygin and Morbidelli 2013, 2020). This has been
successfully applied in the case of PDS 70 c (Isella et al.
2019; Benisty et al. 2021), and the DSHARP survey (An-
drews et al. 2018) has also provided detection limits for
CPDs in many observed mm gaps (Andrews et al. 2021).
The second method used for protoplanet study with ALMA
is to search for kinematic signatures in mm gas emission,
indicative of departure from Keplerian rotation due to an
embedded planet (as detailed in section 6.4).

6.1. Protoplanets in the PDS70 system

As the most robustly confirmed case to date, the PDS 70
system is an ideal laboratory to observationally study plan-
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Fig. 13.— The PDS 70 system as seen with SPHERE in the near-IR (left), overplotted with blue contours from Hα observations (center
left), and as observed in the sub-millimeter continuum (middle right, right). The difference between panels (c) and (d) is the angular
resolution of the data, the beam is provided in orange color in the bottom right corner. The SPHERE K-band data and the MUSE Hα
data both have an effective resolution of 70 mas, i.e. a factor ∼3 worse than the ALMA data shown in panel (d).

etary system formation. At a distance of 112.4 pc (Gaia
Collaboration et al. 2020) and with an age of ∼5 Myr
(Müller et al. 2018a), PDS 70 is a young T Tauri star sur-
rounded by a protoplanetary disk. The system has long
been suspected to host forming planets based on its large
observed central cavity (0.′′43, Long et al. 2018; Dong et al.
2012b; Hashimoto et al. 2012, 2015). Multi-epoch near-
IR observations using the VLT/SPHERE instrument (Beuzit
et al. 2019) as part of the SHINE exoplanet survey (Chau-
vin et al. 2017) revealed a point source, PDS 70 b, at a
projected separation of ∼200 mas and a position angle of
∼150◦ (see Figure 13, left; Keppler et al. 2018; Müller et al.
2018a). The planet was subsequently confirmed through
the detection of accretion excess emission in the Hα line
and in UV continuum (Wagner et al. 2018; Haffert et al.
2019; Hashimoto et al. 2020; Zhou et al. 2021). Hα imag-
ing by Haffert et al. (2019) revealed a second accreting
planet in the system, PDS 70 c, located at a projected sep-
aration of ∼230 mas and a position angle of ∼270◦ (see
Figure13, center panel). While extraction of signal from
PDS 70 b benefits from its location well within the gap of
the disk, excluding any possible confusion with disk fea-
tures, PDS 70 c’s emission is more challenging to disentan-
gle from the disk due to its close projected separation from
the inner edge of the outer disk (Mesa et al. 2019a; Stolker
et al. 2020; Wang et al. 2020).

Current astrometric measurements of the PDS 70 planets
span a baseline of more than 7 years. Orbital fits to the as-
trometry place PDS 70 b on a slightly eccentric (ε ∼0.2) or-
bit, while the orbit of PDS 70 c is consistent with being cir-
cular (Wang et al. 2021). With semi-major axes of ∼21 au
and ∼34 au, respectively, the planets are likely locked in a
dynamically stable 2:1 mean-motion resonance (Wang et al.
2021), as supported by hydrodynamical simulations of the
system (Bae et al. 2019; Toci et al. 2020).

The masses of the two planets, are still uncertain, but
have been estimated using a range of approaches, all of
which converge on masses that lie solidly in the planetary
regime. Dynamical stability and constraints on disk ec-

centricity confer upper limits of . 10 MJupon both com-
panions (Wang et al. 2021; Bae et al. 2019). Compar-
isons of near-IR spectro-photometry to evolutionary and
atmospheric models yield masses in the range of ∼1 to
∼17 MJup (Keppler et al. 2018; Müller et al. 2018a; Haf-
fert et al. 2019; Mesa et al. 2019b; Stolker et al. 2020;
Wang et al. 2020). Measured Hα line properties suggest
dynamical masses of ∼12 and ∼11 MJup for PDS 70 b and
c, respectively (Hashimoto et al. 2020), consistent with the
range of masses derived from near-IR spectro-photometry.

PDS 70 b and c present very red and almost feature-
less near-IR SEDs compared to other planetary mass com-
panions, hinting at the presence of dust at or near the
planets which may originate in the planetary atmosphere,
the accretion column, or in a surrounding circumplanetary
disk (Müller et al. 2018b; Christiaens et al. 2019; Stolker
et al. 2020; Wang et al. 2021; Cugno et al. 2021). Further
evidence of circumplanetary dust around PDS 70 c comes
from ALMA sub-millimeter continuum observations, re-
vealing compact emission co-located with the Hα and near-
IR emission of the planet (Isella et al. 2019; Benisty et al.
2021). Some emission is detected close to PDS 70 b, but it
appears faint and with an unclear morphology. In Figure
13, middle right, and right panels, the sub-millimeter con-
tinuum observations are presented with two different an-
gular resolutions. At very high angular resolution (right),
the emission co-located with PDS 70 c is separated from the
outer disk, but the faint emission around PDS 70 b is not re-
trieved. The dust mass of the CPD, as inferred from these
continuum observations, is on the order of ∼0.01 Earth
masses, where the precise value depends on the assumed
grain properties (Benisty et al. 2021). It is not clear whether
the nature of the CPDs around PDS 70 b and PDS 70 c is the
same (e.g., accretion or decretion disk) considering the fact
that one is located in a very gas-depleted cavity, while the
other is adjacent the main disk reservoir.

The presence of dust at or near the planets can also be in-
ferred from optical observations. Following the theoretical
models of Aoyama et al. (2018) and neglecting any fore-
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ground extinction, the line flux ratio of Hβ to Hα originat-
ing from the post-shock region of the planetary atmosphere
should be near unity. Considering the clear detection of
Hα but non-detection of Hβ, Hashimoto et al. (2020) de-
rived lower limits on the optical extinction of > 2.0 mag
and >1.1 mag for PDS 70 b and c, respectively, assuming
that the post-shock region is the primary source of hydro-
gen line emission. This extinction is presumably caused by
the presence of small, unseen dust grains coupled to the gas
within the cavity.

Theoretical models predict that the presence of a massive
planet in a disk generates a pressure bump outside of its or-
bit, trapping large dust particles and allowing small grains
to flow through the cavity (Pinilla et al. 2012). Detailed
hydrodynamical simulations by Bae et al. (2019) strongly
suggest that PDS 70 b and c open a common cavity, trapping
submillimeter particles at distances similar to the observed
location of the mm continuum ring. This is supported by the
fact that disk rotational velocities, as measured from 12CO
observations with ALMA, reveal radially extended pertur-
bations and only recover Keplerian rotation at regions close
to the continuum ring (Keppler et al. 2019). This indicates
a peak in the radial pressure profile close to the radial accu-
mulation of sub-mm particles, as expected for the process
of particle trapping.

6.2. Protoplanet IR candidates

Embedded protoplanet candidates have been put forward
in a number of disk systems in recent years (Kraus and Ire-
land 2012a; Quanz et al. 2013a; Brittain et al. 2013; Biller
et al. 2014; Reggiani et al. 2014; Quanz et al. 2015a; Sal-
lum et al. 2015; Currie et al. 2015; Garufi et al. 2016;
Reggiani et al. 2018; Wagner et al. 2019; Gratton et al.
2019), but many have proven difficult to robustly verify as
point-sources (Thalmann et al. 2016; Rameau et al. 2017a;
Follette et al. 2017; Mendigutı́a et al. 2018; Ligi et al.
2018; Sissa et al. 2018; Currie et al. 2019). The com-
plex morphologies of the disks in which protoplanet can-
didates are embedded make disentanglement of planet and
disk signals complex, and the fidelity of post-processing al-
gorithms for robust signal detection is a subject of debate.
The first reported protoplanet detections was of a ≈15AU
planetary-mass companion to the star LkCa 15, LkCa 15 b,
by non-redundant aperture masking (NRM) (Kraus and Ire-
land 2012b). An object consistent with the Kraus and Ire-
land (2012b) companion was detected in several additional
NRM epochs, as well as directly in Hα emission by Sal-
lum et al. (2015). The ‘b’ companion, as well as two other
point sources, LkCa 15 ‘c’ and ‘d’, were reported in sev-
eral additional NRM epochs (Sallum et al. 2016). How-
ever, the coincidence of the LkCa 15 companions with an
inner disk component imaged in polarized intensity (Thal-
mann et al. 2016) and total intensity (Currie et al. 2019)
has led to speculation that it may be due to the scattered
light signal from an asymmetrically disk. In fact, the can-
didates LkCa 15 b,c,d, HD100546 b,c, and HD 169142 b,c

have been put forward as both protoplanets (Kraus and Ire-
land 2012b; Sallum et al. 2015; Quanz et al. 2015b; Currie
et al. 2015; Biller et al. 2014) and potential disk signatures
(Thalmann et al. 2016; Currie et al. 2019; Follette et al.
2017; Rameau et al. 2017b; Pohl et al. 2017; Biller et al.
2014; Ligi et al. 2018) in the literature. Other protoplanet
candidates, such as those in MWC 758 have yet to be fully
verified (e.g. Reggiani et al. 2018), with additional observa-
tions, to rule out a disk contribution that remains significant
enough that it could lead to false detection.

Although current high-contrast imaging instrument lim-
its for point sources are approaching contrasts of nearly
10−5 at 0.′′1 and 10−7 at 0.′′5 (see Figure 14), these levels are
achievable for only a small number of bright, nearby sys-
tems. Protoplanets are both farther away (d∼150-200 pc)
and more heavily extincted (by material local to the system
and interstellar dust) than most directly imaged exoplan-
ets (d∼50 pc). Planet searches at longer wavelengths (e.g.
Stone et al. 2018; Launhardt et al. 2020; Jorquera et al.
2021) are promising avenues for robustly detecting thermal
emission from embedded protoplanets. Depending on the
mass and age of the planet, and thus its temperature, the
peak of the planet emission is located in the near or mid-IR,
maximizing the photons received from the planet and at the
same time minimizing the required contrast relative to the
central star. Furthermore dust opacities are lower at longer
wavelengths (Ossenkopf and Henning 1994; Woitke et al.
2016), allowing for an easier detection of heavily embedded
planets. Simulations of the expected fluxes and a discus-
sion of the detectability of embedded planets with surround-
ing circumplanetary material is given in Szulágyi et al.
(2019b). At these longer wavelengths, angular resolution
however becomes increasingly challenging. Ground based
instrumentation in the L (3.8µm) and M-bands (4.78µm),
is limited to planets outside of ∼125 mas, which translates
into ∼20 au for the nearby star forming regions. Mid-IR
(∼10µm) observations by the James Webb Space Telescope
will only have an angular resolution of 425 mas. This limits
searches for embedded planets to the most extended disks
at these wavelengths. Under the assumption that the sub-
structures observed in disks are due to planets, a putative
underlying population of protoplanets could be inferred, as
has been done at longer wavelengths (Zhang et al. 2018;
Lodato et al. 2019). Using analytical prescriptions for the
gap properties, Asensio-Torres et al. (2021) derived the ex-
pected planet masses for a number of features in disks ob-
served with SPHERE and compared those to the detection
limits under various evolutionary models. The results are
shown in Figure 15, extracted from Asensio-Torres et al.
(2021). We note that this approach, while insightful, re-
mains model-dependent, in particular on the assumptions
on the disk properties (viscosity, temperature structure).

6.3. Search for accretion tracers

Disambiguation of protoplanets from ambient circum-
stellar disk structures requires clear separation from disk
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Fig. 14.— Contrast curves at optical and near IR wavelengths from a selection of ground and spaced based high-contrast imaging
instruments. The curves depict 5σ post-processed contrast limits, and are color coded by wavelength of observation. The points depict
the H-band contrasts of directly-imaged companions. Though the post-processing techniques and exposure times are inhomogeneous,
the datasets used to derive them are all exemplary, representing an approximation of the ‘best’ achievable contrasts with each instrument.
Image Credit: Vanessa Bailey (https://github.com/nasavbailey/DI-flux-ratio-plot) Sources: STIS handbook; E.
Choquet, J. Krist, B. Macintosh, personal communication; Beichman et al. (2010); Vigan et al. (2015)

material (as in PDS 70 b), detection of orbital motion, or
emission that is inconsistent with circumstellar disk emis-
sion, such as accretion signatures. Excess emission from
accreting objects is typically thought to consist of: (a) con-
tinuum emission from an accretion “hot spot” peaking in
the NUV–optical range, (b) excess line emission (primarily
Hydrogen) from infalling or shocked gas at a range of wave-
lengths, and (b) excess near-IR emission from the warm ac-
cretion disk (e.g. Hartmann et al. 2016; Zhu 2015).

Continuum excess in the blue optical to ultraviolet has
been successfully detected for several bound brown dwarfs
and even one protoplanet, PDS 70 b, with HST (Zhou
et al. 2014, 2021). Low-resolution spectroscopy and spec-
trophotometry of these sources yields important constraints
on continuum emission from the accretion hotspot. These
studies are limited to the widest companions because of the
small aperture and relatively limited options for PSF sub-
traction with HST. Near-IR continuum emission has also
been detected from several protoplanets (notably PDS70 b
and c, Keppler et al. 2018; Müller et al. 2018b), and pro-
toplanet candidates, including at very tight separation with

interferometric techniques (e.g., Sallum et al. 2015; Biller
et al. 2014). Some attempts have been made to quantify the
contribution of the circumplanetary accretion disk to emis-
sion from protoplanets at these wavelengths (e.g., Zhu 2015;
Eisner 2015), however uncertainties in accretion disk struc-
ture and disk and planetary physical properties make disen-
tangling planetary photospheric and accretion disk contri-
butions difficult.

Hα is among the brightest accretion emission lines, and
computational models suggest that planet/star contrasts at
Hα should be several orders of magnitude more favor-
able than thermal emission in the near-IR (Mordasini et al.
2017). This allows Hα excess to be detected from the
ground, where larger telescope apertures combined with
shorter wavelength emission allows for detection of accre-
tion from more tightly-separated companions. Achievable
contrasts at Hα inside of transitional disk cavities are typi-
cally ≈ 10−3 − 10−2, where only the most massive and/or
strongly accreting planets are expected to be detectable with
current technology (Mordasini et al. 2017), and this detec-
tion requires aggressive PSF subtraction.
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Fig. 15.— 5-σ detection limits compared to planets masses ex-
pected from modeling of the substructures. The masses are esti-
mated using the AMES-DUSTY, BEXHOT and BEX-WARM ini-
tial starts models (red, orange, blue, respectively). The locations
of the substructures for each star are given on the right. From
Asensio-Torres et al. (2021).

Despite the technical complexities, successful detec-
tions of accreting protoplanets have allowed for estima-
tion of planetary accretion rates, an important constraint on
their evolution, ultimate mass, and perhaps even informing
their formation mechanism (e.g., Stamatellos and Herczeg
2015). Initial estimates of accretion rates for protoplan-
ets have been high, comparable to those of T Tauri stars
(∼ 10−11 − −10−9M�/yr). These estimates should be
interpreted as very rough approximations, as calibration of
accretion signatures remains difficult. At present, it is un-
clear to what extent the magnetospheric accretion paradigm
for higher mass objects holds at planetary masses.

Conversion of an accreting object’s luminosity or con-
trast at a single accretion-tracing wavelength to a mass ac-
cretion rate estimate relies on a number of factors. Key
among these are (a) an assumption of a scaling relation be-
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Fig. 16.— Predictions for intensity ratios of Hnα to Hα calcu-
lated via the one-dimensional radiative hydrodynamic models of
Aoyama et al. (2018).

tween the luminosity at the observed wavelength (e.g., Hα)
and the total accretion luminosity at all wavelengths, and
(b) the companion’s physical properties, including mass and
radius. For classical T-Tauri stars, scaling relations have
been established empirically through a range of multiwave-
length observations (e.g., Rigliaco et al. 2012; Alcalá et al.
2017), however it is unclear to what extent these relations
hold at lower masses. Poor understanding of magnetic field
strengths and geometries for protoplanets make it difficult
to infer the precise accretion mechanism (e.g., magneto-
spheric accretion via a column of infalling gas or more dif-
fuse boundary layer accretion). Furthermore, while accre-
tion line emission for T Tauri stars is believed to originate
primarily in the infalling accretion column, the lower tem-
peratures in a protoplanetary atmosphere are predicted to
make the post-shock region the dominant source of Hydro-
gen line emission from protoplanets (Aoyama et al. 2018,
2020). The very different physical properties in this region
may dramatically alter line-to-total accretion luminosity re-
lations for lower mass objects. Planetary masses and radii
are also much more poorly constrained, observationally and
theoretically, compared to stars, yielding large uncertainties
in mass accretion rate estimates.

Though properties of gaps, such as width and degree of
depletion, have been used to predict planetary masses (e.g.,
Bae et al. 2018; Zhang et al. 2018; Lodato et al. 2019), they
do not provide unique constraints due to the degeneracies of
planet mass with disk viscosity and aspect ratio (Fung et al.
2014). Since meridional flow in planetary gaps is predicted
to be supersonic, accreting gas shocks in the planetary or
circumplanetary disk atmosphere. When the velocity of ac-
creting gas is high (more than ∼30 km/s; Aoyama et al.
2018), shocks cause the gas temperature to be high enough
(&104 K) to ionize atomic hydrogen, leading to line emis-
sion. Hydrogen radio recombination lines (HRRL) for the
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higher principal quantum number levels (n & 20) might be
a good kinematic tracer of accreting protoplanets. At ra-
dio wavelengths, dust extinction in the protoplanetary disk
is negligible compared to Hα, especially in the optically
thin gap region of the disk. If detected, mm Hydrogen line
ratios will allow for estimation of planetary masses, given
assumptions about planetary radii and free fall velocities,
by applying radiation-hydrodynamic models of the shock-
heated accretion flow (Aoyama et al. 2018).

6.4. Kinematic detections of protoplanets

The velocity structure of disk gas as revealed by ALMA
provides a unique, indirect signature of protoplanets (see
Chapter by Pinte et al.). A massive planet embedded in the
gas disk is expected to cause a local deviation from Keple-
rian velocity field (e.g., Perez et al. 2015), with a character-
istic pattern of sub- and super-Keplerian velocities near the
planetary perturber as a result of the lower gas pressure at
the location of the planetary clearing (e.g., Kley et al. 2001;
Tanigawa et al. 2012). This can be traced in the gas ve-
locity channels as seen in Figure 8 (right; so-called velocity
kinks) and also as a doppler-flip signature (Casassus and
Pérez 2019) in velocity maps. Recently, Izquierdo et al.
(2021b) proposed a statistical method to identify and quan-
tify kinematical perturbations and considered the contribu-
tions from both the upper and lower emitting disk surfaces.
This framework was validated with observational data on
HD163296 (Izquierdo et al. 2021a).

These deviations depend on the planet masses, and can
be used to estimate the unseen planet mass by comparing
with hydrodynamic simulations. To date roughly ten ob-
jects have been reported to possess the so-called velocity
kink structures, although some are tentative detections at
low signal-to-noise ratio. Table 1 summarizes their prop-
erties, corresponding planet mass estimates, and limits on
planet masses at those locations from near-IR imagery.

Another promising kinematic detection method for pro-
toplanets would be the presence of a ‘meridional flow’. The
gas flows from the disk onto the planet through the pole
and produces a 3D velocity signature that could be clearly
mapped in HD163296 (Teague et al. 2019) and HD169142
(Yu et al. 2021). Hydrodynamic simulations also predict a
kinematic signature for circumplanetary disks in the form
of a point source in the velocity channel maps (Perez et al.
2015). A tentative detection of such a point source was re-
ported for PDS 70, using ALMA observations of the 12CO
(3–2) line, in Keppler et al. (2019).

7. Future prospects

7.1. Perspectives

As mentioned before, multi-wavelength observations
trace different vertical layers in the disk: optical/near-IR
wavelengths trace small grains in the upper surface layer,
while (sub-)millimeter wavelengths trace larger pebbles lo-
cated at deeper layers within the disk, closer to the disk
midplane. One of remaining questions of our field con-

Table 1: Planet mass estimation from ALMA kinks com-
pared to near-IR detection limit

Object Radial Expected Detection Refs
location mass limit

(au) (MJup) (MJup)

HD 163296 260 2 2 1,2
68 1−3 5 3,2

DoAr 25 60 1−3 5 3,4
IM Lup 110 1−3 2 3,5
Elias 2−27 37 1−3 20 3,5
GW Lup 61 1−3 4 3,6
HD 143006 23 1−3 >20 3,6
Sz 129 47 1−3 >20 3,6
WaOph 6 63 1−3 3 3,6
HD 97048 130 2−3 2 7,8
HD 100546 26 5−10 >20 9

References for respectively kink’s radial locations, ex-
pected planet masses, and detection limit at the kink’s lo-
cations: (1) Pinte et al. (2018), (2) Guidi et al. (2018), (3)
Pinte et al. (2020), (4) Uyama et al. (2017), (5) Launhardt
et al. (2020), (6) Jorquera et al. (2021), (7) Pinte et al.
(2019), (8) Ginski et al. (2016), (9) Pérez et al. (2020).

cerns the connection between the observed structures in
these wavelengths. Some objects exhibit very different
sub-structures in different wavelengths as showed in Fig-
ure 8 (e.g., AB Aur in Fukagawa et al. 2004; Tang et al.
2017; SAO 206462 in Muto et al. 2012; Cazzoletti et al.
2018). The ALMA gas observations trace the optical depth
τ ∼1 layer that corresponds to the gas isotope abundances
(e.g., 12CO/13CO=67, 12CO/C18O=444, C18O/C17O=3.8,
Qi et al. 2011), with less abundant gases such as C17O
tracing deeper disk layers. Multi-wavelength observations
combined with radiative transfer modeling, could serve as
building 3D structures of the disk and help understanding
of possible common origin of different substructures in dif-
ferent wavelengths.

Near-IR observations of the polarization fraction in lin-
ear polarization could reveal the dust porosity in the disk.
Since planets are thought to form via collisional aggrega-
tion of dust grains (e.g., Weidenschilling and Cuzzi 1993;
Dominik et al. 2007), overcoming bouncing barrier (e.g.,
Wada et al. 2011) and radial drift barrier (e.g., Okuzumi
et al. 2012) is an important step in grain growth. Dust
porosity could be crucial to overcome these barriers. Nu-
merical simulations by Tazaki et al. (2019) suggest that high
polarization fraction (∼65–75%) in linear polarization is at-
tributed to highly porous dust aggregates, while more com-
pact dust structure tends to show low polarization fraction
(∼30%). In observed near-IR polarization fractions, both of
high (∼50%) polarization fraction (e.g., Silber et al. 2000;
Perrin et al. 2009; Tanii et al. 2012; Poteet et al. 2018) and
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low (∼30%) one (e.g., Canovas et al. 2013; Avenhaus et al.
2014b) have been reported in literature. Thus, some of these
observations may suggest the presence of large porous ag-
gregates. Future ExAO observations of polarization fraction
would provide more reliable results.

In addition, optical/near-IR circular polarization obser-
vations of protoplanetary disks might provide useful infor-
mation of magnetic fields. Magnetic fields are thought to
play an important role in the disk evolution via magnet-
ically driven disk winds (e.g., Suzuki and Inutsuka 2009;
Suzuki et al. 2016). The spatial distribution of close-in
super-Earths is attributed to the suppression of rapid inward
migration (i.e., type I migration) by magnetically driven
disk winds (Ogihara et al. 2018), and thus, observations of
the magnetic field strength and structure would be valuable
to understand formation of close-in super-Earths. Circu-
lar polarization has been observed in circumstellar materi-
als around young stars (e.g., Fukue et al. 2010; Kwon et al.
2013, 2014, 2016a,b, 2018), and has been interpreted as a
result of scattering from aligned non-spherical dust grains
(e.g., Gledhill and McCall 2000; Wolf et al. 2002) and the
dichroic extinction (e.g., Lucas et al. 2005). Non-spherical
dust grains could be aligned with the local magnetic field
(e.g., Davis and Greenstein 1951; Dolginov and Mitrofanov
1976; Draine and Weingartner 1996, 1997; Andersson et al.
2015). Tazaki et al. (2017) expect that circular polarization
in protoplanetary disks can be produced by scattering from
aligned dust grains. Future observations of circular po-
larization with VLT/SPHERE and Subaru/SCExAO would
constrain not only dust properties (i.e., spherical or non-
spherical) but also the magnetic field in disks.

The advances in instrumentation in the last decade have
led to a high temporal stability of ground based facilities,
which was prior only achievable with space based obser-
vations. This development has opened up the time domain
to be included in studies employing resolved scattered light
imaging. This allows to trace the proper motions of sub-
structures, such as spiral arms or dust-clumps, but also links
the resolved observations to the inner, un-resolved disk re-
gions via the variability of shadow features.

The proper motion of substructures gives insight into the
mechanisms shaping the disk. For example, the rotation of
spiral features has been the focus of attention. The angular
velocity of the spirals can in this case be connected to the or-
bital distance of the perturbing body, that launches the spiral
density wave in the gas. Ren et al. (2018) used a combi-
nation of HST/NICMOS, Keck/NIRC2 and VLT/SPHERE
data to investigate the relative position of the spiral arms
in MWC 758 over a time frame of more than 10 yr. They
found that their measurements were best fit by a pattern
speed of 0.6+3.3

−0.6 deg yr−1. With five additional years of
monitoring by VLT/SPHERE, they were eventually able to
constrain this to 0◦.22±0◦.03 (Ren et al. 2020), correspond-
ing to a planetary perturber at an orbit of ∼172 au. A similar
pattern speed was found by Boccaletti et al. (2021), from
their VLT/SPHERE data. This series of studies demon-
strates the advancements in temporal studies enabled by

modern ground based instrumentation, with a dedicated as-
trometric calibration strategy (see e.g. Maire et al. 2016 for
VLT/SPHERE). With growing time baseline we will in the
future be able to trace the motion of most spiral features.
The pattern speed, combined with the direction of motion
(leading versus trailing spirals), will enable us to constrain
the perturbing mechanism. Given the astrometric accuracy
of currently available instrumentation, a motion such as in
the spiral arms around MWC 758 can be detected within
roughly two years.

As we discuss in section 5.2, azimuthal shadows are a
common feature seen in scattered light observations. They
enable us to draw conclusion on the inner disk geometry
(typically inside of 10 au), which is inaccessible to current
imaging observations, due to limited angular resolution.
However, several studies have now found that the shadow-
ing signatures on the outer disks are changing over time
(Debes et al. 2017; Stolker et al. 2016b, 2017b; Pinilla et al.
2018). The timescales of some of these variations are as
short as days, suggesting that dynamical processes in the in-
nermost disk regions are responsible. Suggested processes
include the precession of an inner disk due to a perturbing
short-period planet or episodic accretion. These first stud-
ies motivate further monitoring in the future, in particular to
detect periodicity and the shortest timescales of variation.
Such monitoring campaigns may in the future be combined
with near-IR interferometry, using the latest generation of
instruments such as VLT/GRAVITY or VLT/MATISSE, to
access the innermost disk regions.

7.2. Instrument upgrades and new facilities

Multiple avenues for further improving optical and IR
imaging of circumstellar disks and embedded planets are
on the horizon. The main dimensions for progress in ob-
served systems are in total intensity calibration, wavelength
coverage, contrast limits, and ultimately higher angular res-
olution (and smaller inner working angle) with the next-
generation of Extremely Large Telescopes (ELTs). In ad-
dition to these gains, an important step forward will be to
shift the optical brightness and thus stellar mass limitations
of our current sample to the bulk of the low-mass star popu-
lation which is already targeted by ALMA sub-mm surveys.

The vast majority of the high-contrast and high-fidelity
disk imaging has been done in linear polarized intensity
(PI, polarized intensity = Q2 + U2) and often in only one
or two passbands. The full potential of probing the dust
size distribution in disks, a key diagnostic of planet for-
mation processes, can only be unlocked with broad wave-
length coverage and with PI images calibrated with total
intensity images. While many ”tricks” are effective in the
searching for point sources (i.e., exoplanets) in messy to-
tal intensity imaging – through angular differential imag-
ing (ADI), using chromatic properties of speckles, and/or
use of reference image libraries (e.g., LOCI) – these meth-
ods fail for extended low surface brightness objects such
as disks. The only path to improvement is through im-
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Fig. 17.— Recent VLT/SPHERE observation of the LkCa 15 system using a combination of the polarimetric imaging and the ”star-
hopping” mode for advanced reference differential imaging. The left panel shows polarized intensity and the middle panel shows total
intensity. Both are displayed on a linear stretch of the color map which is a factor 10 larger for total intensity. The right panel shows the
derived degree of linear polarization computed from the polarized intensity and total intensity image.

proved adaptive optics systems and/or more stable and re-
producible performance stability to allow the stellar halo to
be subtracted via either forward modeling or using contem-
poraneous observations of a reference source. While this
method has been attempted for decades, there was been re-
cent progress demonstrated using VLT/SPHERE. Figure 17
presents polarized intensity and total intensity images of
LkCa15, obtained simultaneously using the SPHERE star-
hopping mode (Wahhaj et al. 2021) that allows interspersed
observations of science target and a reference star with sim-
ilar spectral properties. This rapid switching combined
with the temporal stability of the adaptive optics system
enables to obtain a near perfect library of reference star
images, matching the scientific target. Combined with it-
erative post processing techniques that limit signal over-
subtraction, this allows for significant improvements to the
reference differential imaging technique. Obtaining both,
the polarized and total intensity images, makes it possible
to derive the degree of linear polarization, and further char-
acterize the dust grains properties.

Other AO systems are also undergoing wavefront sen-
sor upgrades, e.g., GPI2 (Chilcote et al. 2020), SPHERE+
(Boccaletti et al. 2020b), SCExAO (Lozi et al. 2020), and
MagAO-X (Males et al. 2020) in order to improve wave-
front stability, peak strehl, and natural guide star sensitivity
(especially, in the near-IR). In particular the last point, will
unlock the bulk of the low-mass (<0.5 M�) stellar popu-
lation in nearby star forming regions for observations, i.e.
the most common members with the most typical compact
disks. Embedded protoplanet studies will benefit from the
same instrument upgrades, as well as the advancement of
mid-to-high-resolution spectroscopic high-contrast imag-
ing instruments such as MUSE and GRAVITY.

Even with PI and total-I imaging, the secrets of the dust
populations require multi-wavelength observations. Optical

to near-IR wavelengths probe the characteristic dust sizes in
the upper layers and can reveal important grain characteris-
tics, including non-trivial properties arising from agglomer-
ates rather than perfect Mie-scattering spheres. The scatter-
ing phase function can also be derived for disks with well-
understood geometries, another probe of dust grain struc-
ture. Most protoplanetary disks lack the detailed phase-
function work we have seen for some debris disks (e.g.,
HR4796 Arriaga et al. 2020). We might expect radial-,
disk-height-, and age-dependence during the planet forma-
tion process and this represents a topic with immense po-
tential. In addition to improved optical/near-IR coverage
with existing AO instruments, mid-IR disk imaging from
VLT/ERIS, VLT/CRIRES+, VLTI/MATISSE will play an
increasing role in disk studies.

Lastly, we look beyond the current instruments to the
next-generation of telescopes. The James Webb Space Tele-
scope will offer new high-contrast views of disks in the
IR, although with a limited inner working angle. A sta-
ble point spread function should allow subtraction of the
central star to reveal new details in nearby disks. Its sen-
sitivity in near-IR atmospheric windows and in the MIR
will enable studies of new and more sensitive accretion di-
agnostics. The Roman Space Telescope will have an ex-
perimental coronagraph operating in the optical that, while
designed primarily for exoplanet science, will nonetheless
offer an unprecedented view of circumstellar disks in the
optical (Poberezhskiy et al. 2021) and will acheive Hα con-
trasts well below current ground-based limits (Mennesson
et al. 2018). We hope for detection of the exoplanets that
have been predicted for some disks based on analysis of
the dust substructures. Beyond the relatively-small aperture
space telescopes, we can look forward to the 30-m class
telescopes under construction on Earth. While no polariza-
tion capabilities are under development for the first gener-
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ation of ELT instruments, we expect the ∼ 2 − 4× boost
in spatial resolution will allow important disk imaging with
the following near-IR AO imagers: GMT/IRS, TMT/IRIS,
and ELT/MICADO. Another exciting ELT instrument for
disks is the mid-IR instrument ELT/METIS – bringing 50-
milliarcsecond angular resolution to the 10µm N band. The
increased sensitivity and angular resolution of these instru-
ments will allow direct detections of many young exoplan-
ets (as well as proper motion studies) in nearby disks, finally
revealing the links between planet formation and disk sub-
structures such as spirals, rings, etc. Polarimetry has been
mentioned for inclusion in some 2nd-generation, extreme
AO instruments (e.g., TMT/PSI, ELT/PCS) but will likely
not be available until >2035.

8. Summary

The years since PPVI have seen a revolution in the field
of high spatial resolution, high contrast imaging of planet-
forming disks and protoplanets. In addition to what ALMA
has been able to achieve, direct imaging at optical and near-
IR wavelengths have opened up a separate, complementary
view. At the time of PPVI, we had the HST images of only
a few planet-forming disks, and the Subaru telescope with
the SEEDS program along with VLT/NACO had started to
open up this space. While HST is still ruling supreme in
terms of sensitivity at large working angles, the advance-
ment of adaptive optics, advanced coronagraphy, and mod-
ern contrast-enhancing techniques on 8-10 m ground-based
telescopes have made it possible to achieve detailed imag-
ing at much smaller working angles. In the present chapter,
we have described the outcome of this revolution. We sum-
marize the key points of our review below.

1. The key contrast-enhancing technique has been Po-
larization Differential Imaging (PDI), allowing a very
clean separation of disk photons from stellar (halo)
photons without self-subtraction and the clearest de-
tections of disk structures. Reference Differential
Imaging allows access to total intensity, while An-
gular Differential Imaging drills down onto point
sources, and Spectral Differential Imaging starts to
give access to accretion-related line emission.

2. PDI observations allowed us to routinely image the
disk portion from 15 au to 100 au that is hardly ac-
cessible by HST. Space observations do sometimes
show a larger extent than that of the detectable po-
larized light, as also corroborated by the large size of
gas disks seen with ALMA.

3. The overall flaring disk shape predicted in theoretical
models for disks in hydrostatic equilibrium is com-
monly seen, and the shape of the disk surface can be
measured if the disk has either ring-shaped features
or a visible sharp outer edge.

4. The brightness of disks can vary significantly as a
function of illumination geometry and grain proper-

ties, covering a range of at least a factor of 100 in
luminosity-corrected brightness. The brightest disks
have a dust-depleted cavity, leading to an enhanced
illumination of the surface and inner rim of the re-
maining disk.

5. Measured scattering phase functions point to the ex-
istence of dust grains or more likely dust aggregates
with sizes of several micrometers in the disk scatter-
ing surface. Some dust is still covered by water and
possibly other ices.

6. Practically all bright and extended disks show a va-
riety of structures: cavities, rings, spiral arms, both
narrow and broad shadow features. Multiple rings are
detected in many disks, with planets as origin specu-
lated but unfortunately not yet confirmed. Spirals are
more frequently found in early-type star disks, can
be very prominent and sometimes be traced back to
the interaction with a companion. Flocculent spirals
which may result from gravitational instabilities or a
multiple system in the disk are common as well. Nar-
row shadow lanes are traced back to highly inclined
inner disks, while broad shadow features are proba-
bly related to disk warps of only a few degrees. Such
misalignments and warps can be caused by inclined
companions in the system, but also by late infall onto
the disk, as evidenced in the observation of a number
of disks. Some shadow features are variable in time,
pointing to the role of surface height variations in the
shadowing disk components.

7. Planetary or sub-stellar companions in disks can be
found with imaging techniques, looking for the con-
tinuum emission of the object, line or continuum
emission of a circumplanetary disk, kinematic distur-
bances in disk gas motions, or accretion-related emis-
sion lines. Just the detection of the PDS70 system
with 2 directly detected planets has revolutionized the
field. Many candidates still await confirmation and
characterization, and an increase of the number of di-
rectly detected planets is arguably the most important
goal for further research.

In the future, exceptional power will come from combin-
ing multiwavelength high angular resolution observations
including scattered light, dust continuum and molecular line
observations in similar detail on the same disks, in order to
derive the strongest constraints on the properties and physi-
cal processes in disks, helping to decipher the environment
in which planets for and planetary systems are shaped.
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Willy Kley
A tribute to a much-valued friend and colleague

We have all lived through some difficult times during the
last two years, but for his friends and colleagues one of the
darkest days arrived on 21st December 2021 with the sad
and unexpected news of Willy Kley’s passing.

Willy will be missed by the science community for many
reasons. For his contributions to our understanding of
planet formation, and his pioneering work on disc-planet in-
teractions. For his mentorship of students and early career
researchers, many of whom are now leading researchers in
the field, and for his exemplary commitment to university
teaching. For his collegiality, generosity and fundamental
decency as a human being.

Willy began his career in the late 1980s as a PhD student
in Munich, where, with Gerhardt Hensler, he introduced
the use of hydrodynamical simulations to study accretion
disc boundary layers in Cataclysmic Variables. Even at this
early stage his papers exemplified the qualities that would
become a hallmark of his later publications in planet forma-
tion: strongly motivated studies that address key questions
in the field; development and deployment state-of-the-art
numerical methods; results that lead to new insights, pre-
sented with a clear exposition.

Willy started to work on protoplanetary discs (PPDs) in
the early 1990s when he was a postdoc in Santa Cruz work-
ing with Doug Lin. He and Doug visited London for a year
in 1992, and collaborated with John Papaloizou on various
problems in accretion disc theory, especially the role of con-
vection in transporting angular momentum. Over the com-
ing years Willy also published results on the hydrodynamics
of boundary layers in PPDs and on FU Orionis outbursts.

The discovery of the first hot Jupiter, 51 Peg b, in 1995
changed everything, and the most important question of
the moment became how do such systems actually form?
Willy’s expertise in PPDs and his finely-honed numerical
skills, combined with his instinct for knowing which prob-
lems to work on, placed him in pole position to make an im-
mediate impact, which he did with the publication in 1999
of one of his most influential papers Mass flow and accre-

tion through gaps in accretion discs (Kley 1999). For the
next 20 years Willy would remain at the forefront of de-
velopments that have enhanced our understanding of planet
formation and the role of disc-planet interactions.

Willy’s scientific contributions, undertaken with many
collaborators, are too numerous to detail, but highlights
include: the first hydrodynamical study of a multi-planet
system embedded in a PPD, followed up by later works
on resonance capture to explain the GJ876 multi-planet
system; pioneering studies of planet formation and evolu-
tion in close binary systems; ground-breaking studies of
orbital evolution and gas accretion onto planets embed-
ded in PPDs, employing state-of-the-art numerical meth-
ods, realistic equations of state and radiative processes; 3D
radiation-hydrodynamic simulations of the Vertical Shear
Instability and the settling/mixing of dust in the outer re-
gions of PPDs. In addition, he contributed significantly to
Protostar & Planets review articles, including those pub-
lished as part of the PPV, PPVI and now PPVII conferences.
In testament to his standing in the field, he was invited in
2012 to lead the publication of an Annual Reviews article
on Disc-Planet Interaction and Orbital Evolution, which re-
mains as a standard reference text on the topic.

My personal recollections of Willy go back to 1992
when he and Doug Lin visited Queen Mary University of
London (QMUL) where I was as a PhD student. I had the
impossible task of running star formation simulations on
the ageing computers we had in the department at QMUL.
Thankfully, Willy and Doug had brought with them the lat-
est IBM workstation from Santa Cruz, along with a sub-
stantial allocation of time at the San Diego supercomputing
centre. As soon as Willy realised my situation, and with-
out prompting or hesitation, he gave me access to both of
these resources, literally enabling me to complete my PhD
in the process. This act of generosity was the start of a
life-long friendship. Willy and I started collaborating sci-
entifically in the late 1990s, by which time we were both
working on the problem of disc-planet interactions. Once
again I was in receipt of Willy’s generosity when he offered
to share his simulation code, which was far superior to the
method I was using at the time. Working with Willy was al-
ways a pleasure, and I recall with great fondness the many
wide-ranging discussions we had in restaurants and bars at
conferences, or over weissbier and schweinshaxe during my
numerous visits to Tübingen. He had many qualities as a
collaborator and a scientist, but the one that stands out most
of all was his love of science and dedication to understand-
ing the world we live in.

Outside of work Willy was a loving and committed hus-
band and father, and is survived by his wife, Martina, and
his daughters Lily, Xenia and Sian. He will be missed but
not forgotten.

Richard P. Nelson
March 10, 2022
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Casassus S. and Pérez S., 2019 ApJL, 883, 2, L41.
Casassus S. et al., 2013 Nature, 493, 7431, 191.
Casassus S. et al., 2018 MNRAS, 477, 4, 5104.
Cazzoletti P. et al., 2018 A&A, 619, A161.
Chauvin G. et al., 2017 SF2A-2017: Proceedings of the Annual

meeting of the French Society of Astronomy and Astrophysics
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A. Literature references for gallery figures

The data sets shown in Figures 1, 5 and 9, were gathered from the archives and reduced with latest pipeline versions of
the respective instruments. Here we list the publications in which the data sets were first described.

References for Figure 1 From upper left to lower right:
Disks with rings: TW Hya (van Boekel et al. 2017), RXJ1615-3255 (Avenhaus et al. 2018), HD 169142 (Momose et al.
2015), Oph IRS 48 (Follette et al. 2015).
Disks with spirals: GQ Lup (van Holstein et al. 2021), EM* SR 21 (Muro-Arena et al. 2020), HD 34700 (Monnier et al.
2017), HD 135344B (Stolker et al. 2016b).
Disks with broad shadows: EX Lup (Rigliaco et al. 2020), WRAY 15-788 (Bohn et al. 2019, Wolff et al., in prep.),
HD 143006 (Benisty et al. 2018), HD 139614 (Laws et al. 2020).
Disks with narrow shadows: GG Tau (Keppler et al. 2020b), RXJ 1604.3 (Pinilla et al. 2018), HD 142527 (Hunziker
et al. 2021), HD 100453 (Benisty et al. 2017).
Disks with visible backside: IM Lup (Avenhaus et al. 2018), MY Lup (Avenhaus et al. 2018), PDS 453 (Menard et al., in
prep.), HD 34282 (de Boer et al. 2021).
Disks interacting with ambient material: DO Tau (Huang et al., subm.), 2MASS J1615-1921 (Garufi et al. 2020),
GW Ori (Kraus et al. 2020), MWC 758 (Laws et al. 2020).

References for Figure 5 From left to right: HK Lup (Garufi et al. 2020), J1609-1908 (Garufi et al. 2020), SZ 111
(unpublished), DoAr 44 (Avenhaus et al. 2018), RY Lup (Langlois et al. 2018)

References for Figure 9 From upper left to lower right:
Symmetric/ double-arm disks: DZ Cha (Canovas et al. 2018), V1247 Ori (Ohta et al. 2016), MWC 758 (Benisty et al.
2015), LkHa 330 (Uyama et al. 2018), EM* SR 21 (Muro-Arena et al. 2020), HD 135344B (Stolker et al. 2016b).
Asymmetric/ multi-arm disks: CQ Tau (Uyama et al. 2020), HD 100546 (Sissa et al. 2018), AT Pyx (Ginski et al. 2021a),
HD 142527 (Hunziker et al. 2021), RY Lup (Langlois et al. 2018), HD 34282 (de Boer et al. 2021).
Flocculent spirals: SU Aur (Ginski et al. 2021b), GG Tau (Keppler et al. 2020b), HD 34700 (Monnier et al. 2017).
Interaction with environment: WW Cha (Garufi et al. 2020), DR Tau (Mesa et al. 2022), AB Aur (Boccaletti et al. 2021).
Disks with outer companions: HD 100453 (Benisty et al. 2017), GQ Lup (van Holstein et al. 2021), UX Tau (Ménard
et al. 2020)
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