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I. System architectures & statistics
— combining all detection methods —
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Figure 1. Approximate masses and orbital semi-major axes of known exoplanets. The color of each point indicates the
detection technique used to discover each planet. Shaded regions indicate the approximate range of parameter space
over which each detection technique is currently sensitive. Colored lines indicate the approximate sensitivity regimes
of future/ongoing exoplanet surveys: the ground-based direct imaging GPI Exoplanet Survey7 (orange line), the GAIA
planet astrometry survey8 for planets orbiting a 1 M� star at 200 pc (upper yellow line) and a 0.4 M� M dwarf at 25
pc (lower yellow line), and the WFIRST exoplanet microlensing survey9 (solid green line). This data was taken from the
Exoplanet Orbit Database.10 Masses of Kepler planet candidates are roughly estimated from the measured planet radii.

Based on RV monitoring of 166 G and K stars with Keck-HIRES, the NASA - University of California Eta-Earth

survey15 found a best fit power-law mass distribution, df/dME =
�
0.39+0.27

�0.16

�
M

0.48+0.12
�0.14

E , where f is the fraction
of stars with a planet on a orbital period shorter than 50 days, and ME = Mp sin i/M�. Extrapolating the power-
law, Ref. 15 predicted that 23+0.16

�0.10% of GK stars host an Earth-mass planet with 0.5 M�  Mp sin i  2 M� and
P < 50 days. The HARPS planet search similarly found that the occurrence rate of Neptune and sub-Neptune-
mass planets is strongly increasing between 30 M� and 15 M�.16 Radial velocity surveys also revealed that, in
contrast to their jovian cousins, Neptune-mass planets are not preferentially found around metal-rich stars.17

2.2 Astrometry

The presence of an orbiting planet may also be inferred through astrometry (precise measurements of the position
of a star on the sky). While the radial velocity technique relies on measuring the motion of a planet’s host star
along the line of sight, astrometry relies on measuring the motion of the star in the plane of the sky. The
astrometric signature of a star’s wobble about the system barycenter due to the gravitational tug of a planet
scales proportionally to the planet-to-star mass ratio and the planet’s orbital semi-major axis, and inversely with
the distance to the star. In stark contrast to radial velocities, astrometry’s sensitivity increases for planets on
longer orbital periods.

Astrometry has been used to characterize planets previously detected by radial velocities,18–25 but has not
yet yielded a confirmed discovery of a new planet (though this is poised to soon change with upcoming GAIA
data releases). Ground-based astrometric surveys have set upper limits on the occurrence rate of brown dwarf

3URF��RI�63,(�9RO����������������

'RZQORDGHG�)URP��KWWSV���ZZZ�VSLHGLJLWDOOLEUDU\�RUJ�FRQIHUHQFH�SURFHHGLQJV�RI�VSLH�RQ�����������7HUPV�RI�8VH��KWWSV���ZZZ�VSLHGLJLWDOOLEUDU\�RUJ�WHUPV�RI�XVH



Statistics

exclude lower-mass planets at wide separations are not taken
into account. The dominant formation channel for this
population of close-in giant planets is thought to be core
accretion plus gas capture, in which growing cores reach a
critical mass and undergo runaway gas accretion (e.g., Helled
et al. 2013).

The totality of evidence indicates that the decreasing brown
dwarf companion mass function almost certainly overlaps with
the the rising giant planet mass function in the 5–20MJup mass
range. No strict mass cutoff can therefore unambiguously divide
giant planets from brown dwarfs, and many of the imaged
companions below 13MJup listed in Table 1 probably originate
from the dwindling brown dwarf companion mass function.

Another approach to separate these populations is to consider
formation channel: planets originate in disks while brown
dwarfs form like stars from the gravitational collapse of
molecular cloud cores. However, not only are the relic
signatures of formation difficult to discern for individual
discoveries, but objects spanning the planetary up to the stellar
mass regimes may also form in large Toomre-unstable
circumstellar disks at separations of tens to hundreds of au
(e.g., Durisen et al. 2007; Kratter & Lodato 2016). Any binary
narrative based on origin in a disk versus a cloud core is
therefore also problematic. Furthermore, both giant planets and
brown dwarf companions may migrate, dynamically scatter, or

undergo periodic Kozai–Lidov orbital oscillations if a third
body is present, further mixing these populations and
complicating the interpretation of very low-mass companions
uncovered with direct imaging.
The deuterium-burning limit at ≈13MJup is generally

acknowledged as a nebulous, imperfect, and ultimately
artificial division between brown dwarfs and giant planets.
Moreover, this boundary is not fixed and may depend on planet
composition, core mass, and accretion history (Spiegel
et al. 2011; Bodenheimer et al. 2013; Mordasini 2013).
Uncertainties in planet luminosities, evolutionary histories,
metallicities, and ages can also produce large systematic errors
in inferred planet masses (see Section 3), rendering incon-
sequential any sharp boundary set by mass. However, despite
these shortcomings, this border lies in the planet/brown dwarf
“mass valley” and may still serve as a pragmatic (if flawed)
qualitative division between two populations formed predomi-
nantly with their host stars and predominantly in protoplanetary
disks.
Observational tests of formation routes will eventually

provide the necessary tools to understand the relationship
between these populations. This can be carried out at an
individual level with environmental clues such as coplanarity
of multi-planet systems or orbital alignment within a debris
disk; enhanced metallicities or abundance ratios relative to host
stars (Oberg et al. 2011); or overall system orbital architecture.

Figure 12. Probability distributions for the occurrence rate giant planets from a
meta-analysis of direct imaging surveys in the literature. �

�2.8 %2.3
3.7 of BA stars,

<4.1% of FGK stars, and <3.9% of M dwarfs harbor giant planets between
5–13 MJup and 30–300 au. The correlation between stellar host mass and giant
planet frequency at small separations (<2.5 au) from Johnson et al. (2010) is
shown in blue. Larger sample sizes are needed to discern any such correlation
on wide orbits. �

�0.6 %0.5
0.7 of stars of any mass host giant planets over the same

mass and separation range.
(A color version of this figure is available in the online journal.)

Figure 13. The demographics of exoplanets from direct imaging (dark blue),
radial velocity (light blue), transit (orange), and microlensing (green) surveys.
Planets detected with radial velocities are minimum masses. It remains unclear
whether imaged planets and brown dwarfs represent distinct populations or
whether they form a continuous distribution down to the fragmentation limit.
Directly imaged substellar companions are compiled from the literature, while
planets found with other methods are from exoplanets.eu as of 2016 April
(Schneider et al. 2011).
(A color version of this figure is available in the online journal.)
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Size/mass distribution

of planets of different types, it remains
challenging to connect the two. Knowing
the mass of a planet does not specify its
size, and vice versa. A planet the mass of
Earth could have a variety of sizes, de-
pending on the composition and the extent
of the atmosphere.

This degeneracy can be lifted for
~200 planets with well-measured masses
and radii (Fig. 3), most of which are
giant planets. The cloud of measure-
ments in Fig. 3 follows a diagonal band
from low-mass/small-size to high-mass/
large-size. This band of allowable planet
mass/size combinations has consider-
able breadth. Planets less massive than
~30ME vary in size by a factor of 4 to 5,
and planets larger than ~100 ME (gas
giants) vary in size by a factor of ~2. For
the gas giants, the size dispersion at a
given mass largely is due to two effects.
First, the presence of a massive solid
core (or distributed heavy elements) in-
creases a planet’s surface gravity, caus-
ing it be more compact. Second, planets
in tight orbits receive higher stellar flux
and are statistically more likely to be
inflated relative to the sizes predicted by
atmospheric models (the “hydrogen”
curve in Fig. 3). Although it is clear that
higher stellar flux correlates with giant
planet inflation (28), it is unclear how
the stellar energy is deposited in the
planet’s interior. Energy deposited in a
planet’s outer layers is quickly reradiated
unless it is somehow circulated to the
interior.

Low-mass planets have an even
greater variation in size and inferred com-
positional diversity. The planet Kepler-
10b has a mass of 4.6ME and a density
of 9 g cm−3, indicating a rock/iron com-
position. With such a high density, this
planet likely has little or no atmosphere
(29). In contrast, the planet Kepler-11e
has a density of 0.5 g cm−3 and a mass of
8 ME. A substantial light-element atmo-
sphere (probably hydrogen) is required
to explain its mass and radius combi-
nation (30). The masses and radii of in-
termediate planets lead to ambiguous
conclusions about composition. For ex-
ample, the bulk physical properties of
GJ 1214b (mass 6.5 ME, radius 2.7 RE,
density 1.9 g cm−3) are consistent with
a several compositions: a “super-Earth,”
with a rock/iron core surrounded by ~3%
H2 gas by mass; a “water world” planet,
consisting of a rock/iron core, a water
ocean, and atmosphere that contribute
~50%of themass; or a “mini-Neptune,” composed
of rock/iron, water, and H/He gas (31). For this
particular planet, measuring the transmission spec-

trum during transit appears to have lifted the de-
generacy. The small atmospheric scale height of
GJ1214b favors a high mean molecular weight at-

mosphere (possibly water) but is also con-
sistent with an H2 or H/He atmosphere
rendered featureless by thick clouds (32).

Gas Giant Planets
The orbits of giant planets are the easiest
to detect by using the Doppler technique
and were the first to be studied statistically
(33, 34). Observations over a decade of a
volume-limited sample of ~1000 F-, G-,
and K-type dwarf stars at Keck Observ-
atory showed that 10.5% of G- and K-
type dwarf stars host one or more giant
planets (0.3 to 10 Jupiter masses) with
orbital periods of 2 to 2000 days (orbital
distances of ~0.03 to 3 AU). Within those
parameter ranges, less massive and more
distant giant planets are more common. A
fit to the giant planet distribution in the
mass-period plane shows that occurrence
varies as M–0.31 ± 0.2P+0.26 ± 0.1 per log-
arithmic interval dlogMdlogP. Extrapola-
tion of this model suggests that 17 to 20%
of such stars have giant planets orbiting
within 20 AU (P = 90 years) (35). This
extrapolation is consistent with ameasure-
ment of giant planet occurrence beyond
~2 AU from microlensing surveys (36).
However, the relatively few planet detec-
tions from direct imaging planet searches
suggest that the extrapolation is not valid
beyond ~65 AU (37).

These overall trends in giant planet
occurrence mask local pile-ups in the
distribution of orbital parameters (38).
For example, the number distribution of
orbital distances for giant planets shows
a preference for orbits larger than ~1 AU
and to a lesser extent near 0.05AU,where
“hot Jupiters” orbit only a few stellar radii
from their host stars (Fig. 4A). This “pe-
riod valley” for apparently single planets
is interpreted as a transition region be-
tween two categories of planets with dif-
ferent migration histories (33). The excess
of planets starting at ~1 AU approxi-
mately coincides with the location of the
ice line. Water is condensed for orbits
outside of the ice line, providing an ad-
ditional reservoir of solids that may speed
the formation of planet cores or act as a
migration trap for planets formed farther
out (39). The orbital period distribution
for giant planets in multi-planet systems
is more uniform, with hot Jupiters nearly
absent and a suppressed peak of planets
in >1 AU orbits. The giant-planet eccen-
tricity distribution (Fig. 4B) also differs
between single- andmulti-planet systems.
The eccentricity distribution for single

planets can be reproduced quantitatively with a
dynamical model in which initially low eccen-
tricities are excited by planet-planet scattering
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Fig. 2. The (A) size and (B) mass distributions of planets or-
biting close to G- and K-type stars. The distributions rise sub-
stantially with decreasing size and mass, indicating that small planets
are more common than large ones. Planets smaller than 2.8 RE or
less massive than 30 ME are found within 0.25 AU of 30 to 50% of
Sun-like stars. (A) The size distribution from transiting planets shows
occurrence versus planet radius and is drawn from two studies of
Kepler telescope data: (16) for planets smaller than four times Earth’s
size and (17, 59) for larger planets. The inset images of Jupiter,
Neptune, and Earth show their relative sizes. The mass (Msini)
distributions (B) show the fraction of stars having at least one
planet with an orbital period shorter than 50 days (orbiting inside
of ~0.25 AU) are from the Doppler surveys from (14) (white points)
and (15) (yellow points), whereas the histogram shows their aver-
age values. Inset images of Earth, Neptune, and Jupiter are shown on
the top horizontal axis at their respective masses. Both distributions
are corrected for survey incompleteness for small/low-mass planets to
show the true occurrence of planets in nature.
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of planets of different types, it remains
challenging to connect the two. Knowing
the mass of a planet does not specify its
size, and vice versa. A planet the mass of
Earth could have a variety of sizes, de-
pending on the composition and the extent
of the atmosphere.

This degeneracy can be lifted for
~200 planets with well-measured masses
and radii (Fig. 3), most of which are
giant planets. The cloud of measure-
ments in Fig. 3 follows a diagonal band
from low-mass/small-size to high-mass/
large-size. This band of allowable planet
mass/size combinations has consider-
able breadth. Planets less massive than
~30ME vary in size by a factor of 4 to 5,
and planets larger than ~100 ME (gas
giants) vary in size by a factor of ~2. For
the gas giants, the size dispersion at a
given mass largely is due to two effects.
First, the presence of a massive solid
core (or distributed heavy elements) in-
creases a planet’s surface gravity, caus-
ing it be more compact. Second, planets
in tight orbits receive higher stellar flux
and are statistically more likely to be
inflated relative to the sizes predicted by
atmospheric models (the “hydrogen”
curve in Fig. 3). Although it is clear that
higher stellar flux correlates with giant
planet inflation (28), it is unclear how
the stellar energy is deposited in the
planet’s interior. Energy deposited in a
planet’s outer layers is quickly reradiated
unless it is somehow circulated to the
interior.

Low-mass planets have an even
greater variation in size and inferred com-
positional diversity. The planet Kepler-
10b has a mass of 4.6ME and a density
of 9 g cm−3, indicating a rock/iron com-
position. With such a high density, this
planet likely has little or no atmosphere
(29). In contrast, the planet Kepler-11e
has a density of 0.5 g cm−3 and a mass of
8 ME. A substantial light-element atmo-
sphere (probably hydrogen) is required
to explain its mass and radius combi-
nation (30). The masses and radii of in-
termediate planets lead to ambiguous
conclusions about composition. For ex-
ample, the bulk physical properties of
GJ 1214b (mass 6.5 ME, radius 2.7 RE,
density 1.9 g cm−3) are consistent with
a several compositions: a “super-Earth,”
with a rock/iron core surrounded by ~3%
H2 gas by mass; a “water world” planet,
consisting of a rock/iron core, a water
ocean, and atmosphere that contribute
~50%of themass; or a “mini-Neptune,” composed
of rock/iron, water, and H/He gas (31). For this
particular planet, measuring the transmission spec-

trum during transit appears to have lifted the de-
generacy. The small atmospheric scale height of
GJ1214b favors a high mean molecular weight at-

mosphere (possibly water) but is also con-
sistent with an H2 or H/He atmosphere
rendered featureless by thick clouds (32).

Gas Giant Planets
The orbits of giant planets are the easiest
to detect by using the Doppler technique
and were the first to be studied statistically
(33, 34). Observations over a decade of a
volume-limited sample of ~1000 F-, G-,
and K-type dwarf stars at Keck Observ-
atory showed that 10.5% of G- and K-
type dwarf stars host one or more giant
planets (0.3 to 10 Jupiter masses) with
orbital periods of 2 to 2000 days (orbital
distances of ~0.03 to 3 AU). Within those
parameter ranges, less massive and more
distant giant planets are more common. A
fit to the giant planet distribution in the
mass-period plane shows that occurrence
varies as M–0.31 ± 0.2P+0.26 ± 0.1 per log-
arithmic interval dlogMdlogP. Extrapola-
tion of this model suggests that 17 to 20%
of such stars have giant planets orbiting
within 20 AU (P = 90 years) (35). This
extrapolation is consistent with ameasure-
ment of giant planet occurrence beyond
~2 AU from microlensing surveys (36).
However, the relatively few planet detec-
tions from direct imaging planet searches
suggest that the extrapolation is not valid
beyond ~65 AU (37).

These overall trends in giant planet
occurrence mask local pile-ups in the
distribution of orbital parameters (38).
For example, the number distribution of
orbital distances for giant planets shows
a preference for orbits larger than ~1 AU
and to a lesser extent near 0.05AU,where
“hot Jupiters” orbit only a few stellar radii
from their host stars (Fig. 4A). This “pe-
riod valley” for apparently single planets
is interpreted as a transition region be-
tween two categories of planets with dif-
ferent migration histories (33). The excess
of planets starting at ~1 AU approxi-
mately coincides with the location of the
ice line. Water is condensed for orbits
outside of the ice line, providing an ad-
ditional reservoir of solids that may speed
the formation of planet cores or act as a
migration trap for planets formed farther
out (39). The orbital period distribution
for giant planets in multi-planet systems
is more uniform, with hot Jupiters nearly
absent and a suppressed peak of planets
in >1 AU orbits. The giant-planet eccen-
tricity distribution (Fig. 4B) also differs
between single- andmulti-planet systems.
The eccentricity distribution for single

planets can be reproduced quantitatively with a
dynamical model in which initially low eccen-
tricities are excited by planet-planet scattering
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Fig. 2. The (A) size and (B) mass distributions of planets or-
biting close to G- and K-type stars. The distributions rise sub-
stantially with decreasing size and mass, indicating that small planets
are more common than large ones. Planets smaller than 2.8 RE or
less massive than 30 ME are found within 0.25 AU of 30 to 50% of
Sun-like stars. (A) The size distribution from transiting planets shows
occurrence versus planet radius and is drawn from two studies of
Kepler telescope data: (16) for planets smaller than four times Earth’s
size and (17, 59) for larger planets. The inset images of Jupiter,
Neptune, and Earth show their relative sizes. The mass (Msini)
distributions (B) show the fraction of stars having at least one
planet with an orbital period shorter than 50 days (orbiting inside
of ~0.25 AU) are from the Doppler surveys from (14) (white points)
and (15) (yellow points), whereas the histogram shows their aver-
age values. Inset images of Earth, Neptune, and Jupiter are shown on
the top horizontal axis at their respective masses. Both distributions
are corrected for survey incompleteness for small/low-mass planets to
show the true occurrence of planets in nature.
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of planets of different types, it remains
challenging to connect the two. Knowing
the mass of a planet does not specify its
size, and vice versa. A planet the mass of
Earth could have a variety of sizes, de-
pending on the composition and the extent
of the atmosphere.

This degeneracy can be lifted for
~200 planets with well-measured masses
and radii (Fig. 3), most of which are
giant planets. The cloud of measure-
ments in Fig. 3 follows a diagonal band
from low-mass/small-size to high-mass/
large-size. This band of allowable planet
mass/size combinations has consider-
able breadth. Planets less massive than
~30ME vary in size by a factor of 4 to 5,
and planets larger than ~100 ME (gas
giants) vary in size by a factor of ~2. For
the gas giants, the size dispersion at a
given mass largely is due to two effects.
First, the presence of a massive solid
core (or distributed heavy elements) in-
creases a planet’s surface gravity, caus-
ing it be more compact. Second, planets
in tight orbits receive higher stellar flux
and are statistically more likely to be
inflated relative to the sizes predicted by
atmospheric models (the “hydrogen”
curve in Fig. 3). Although it is clear that
higher stellar flux correlates with giant
planet inflation (28), it is unclear how
the stellar energy is deposited in the
planet’s interior. Energy deposited in a
planet’s outer layers is quickly reradiated
unless it is somehow circulated to the
interior.

Low-mass planets have an even
greater variation in size and inferred com-
positional diversity. The planet Kepler-
10b has a mass of 4.6ME and a density
of 9 g cm−3, indicating a rock/iron com-
position. With such a high density, this
planet likely has little or no atmosphere
(29). In contrast, the planet Kepler-11e
has a density of 0.5 g cm−3 and a mass of
8 ME. A substantial light-element atmo-
sphere (probably hydrogen) is required
to explain its mass and radius combi-
nation (30). The masses and radii of in-
termediate planets lead to ambiguous
conclusions about composition. For ex-
ample, the bulk physical properties of
GJ 1214b (mass 6.5 ME, radius 2.7 RE,
density 1.9 g cm−3) are consistent with
a several compositions: a “super-Earth,”
with a rock/iron core surrounded by ~3%
H2 gas by mass; a “water world” planet,
consisting of a rock/iron core, a water
ocean, and atmosphere that contribute
~50%of themass; or a “mini-Neptune,” composed
of rock/iron, water, and H/He gas (31). For this
particular planet, measuring the transmission spec-

trum during transit appears to have lifted the de-
generacy. The small atmospheric scale height of
GJ1214b favors a high mean molecular weight at-

mosphere (possibly water) but is also con-
sistent with an H2 or H/He atmosphere
rendered featureless by thick clouds (32).

Gas Giant Planets
The orbits of giant planets are the easiest
to detect by using the Doppler technique
and were the first to be studied statistically
(33, 34). Observations over a decade of a
volume-limited sample of ~1000 F-, G-,
and K-type dwarf stars at Keck Observ-
atory showed that 10.5% of G- and K-
type dwarf stars host one or more giant
planets (0.3 to 10 Jupiter masses) with
orbital periods of 2 to 2000 days (orbital
distances of ~0.03 to 3 AU). Within those
parameter ranges, less massive and more
distant giant planets are more common. A
fit to the giant planet distribution in the
mass-period plane shows that occurrence
varies as M–0.31 ± 0.2P+0.26 ± 0.1 per log-
arithmic interval dlogMdlogP. Extrapola-
tion of this model suggests that 17 to 20%
of such stars have giant planets orbiting
within 20 AU (P = 90 years) (35). This
extrapolation is consistent with ameasure-
ment of giant planet occurrence beyond
~2 AU from microlensing surveys (36).
However, the relatively few planet detec-
tions from direct imaging planet searches
suggest that the extrapolation is not valid
beyond ~65 AU (37).

These overall trends in giant planet
occurrence mask local pile-ups in the
distribution of orbital parameters (38).
For example, the number distribution of
orbital distances for giant planets shows
a preference for orbits larger than ~1 AU
and to a lesser extent near 0.05AU,where
“hot Jupiters” orbit only a few stellar radii
from their host stars (Fig. 4A). This “pe-
riod valley” for apparently single planets
is interpreted as a transition region be-
tween two categories of planets with dif-
ferent migration histories (33). The excess
of planets starting at ~1 AU approxi-
mately coincides with the location of the
ice line. Water is condensed for orbits
outside of the ice line, providing an ad-
ditional reservoir of solids that may speed
the formation of planet cores or act as a
migration trap for planets formed farther
out (39). The orbital period distribution
for giant planets in multi-planet systems
is more uniform, with hot Jupiters nearly
absent and a suppressed peak of planets
in >1 AU orbits. The giant-planet eccen-
tricity distribution (Fig. 4B) also differs
between single- andmulti-planet systems.
The eccentricity distribution for single

planets can be reproduced quantitatively with a
dynamical model in which initially low eccen-
tricities are excited by planet-planet scattering
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Fig. 2. The (A) size and (B) mass distributions of planets or-
biting close to G- and K-type stars. The distributions rise sub-
stantially with decreasing size and mass, indicating that small planets
are more common than large ones. Planets smaller than 2.8 RE or
less massive than 30 ME are found within 0.25 AU of 30 to 50% of
Sun-like stars. (A) The size distribution from transiting planets shows
occurrence versus planet radius and is drawn from two studies of
Kepler telescope data: (16) for planets smaller than four times Earth’s
size and (17, 59) for larger planets. The inset images of Jupiter,
Neptune, and Earth show their relative sizes. The mass (Msini)
distributions (B) show the fraction of stars having at least one
planet with an orbital period shorter than 50 days (orbiting inside
of ~0.25 AU) are from the Doppler surveys from (14) (white points)
and (15) (yellow points), whereas the histogram shows their aver-
age values. Inset images of Earth, Neptune, and Jupiter are shown on
the top horizontal axis at their respective masses. Both distributions
are corrected for survey incompleteness for small/low-mass planets to
show the true occurrence of planets in nature.
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Frequency of planets decreases for increasing mass. Possible break at ~2REarth. 
— Super-Earths are abundant in the galaxy! —

(only close-in orbits shown here, typically < 0.25 au)



Period distribution
• Planet occurrence shown to 

increase with period 

• Break in planet occurrence 
recently found (~2-3 au) thanks 
to long-period RV surveys 
• confirmed by direct imaging 

surveys 

• Compatible with core-accretion 
scenarios  
• peak planet formation rate around 

snow lines

increasing mass and increase with period. However, direct
imaging surveys recognized early on that such a power law
could not extend to the large orbital separations this technique
is sensitive to, beyond ∼30 au, as they detected very few, if
any, exoplanets (e.g., Kasper et al. 2007). Larger imaging
surveys with improved instrumentation and analysis techniques
are confirming that the frequency of GPs on wide orbits is
indeed low, �1% (e.g., Bowler 2016; Galicher et al. 2016).
Additionally, RV trend studies have been important in bridging
the gap between the population of close-in planets detected via
RV and the further away one discovered by direct imaging
(Knutson et al. 2014; Montet et al. 2014; Bryan et al. 2016;
Bryan et al. 2018). Particularly relevant to our study is Bryan
et al. (2016), who suggest a declining frequency of giants
already beyond 3–10 au.

Here, we first compare the Kepler GP occurrence rate from
the latest data release with the RV occurrence from Mayor et al.
(2011) corrected for the survey completeness (Section 2.1). We
show that beyond 10 days, the occurrence of planets with
masses 0.1–20MJ (radii >5 R⊕) match well, meaning that the
RV GP occurrence rate can be used to extend that from Kepler.
We find a break in the RV occurrence around ∼2–3 au
(Section 2.3), close to the location of the snow line in our solar
system (e.g., Hayashi 1981; DeMeo & Carry 2014), and show
that a broken power law better describes the observed GP
frequency as a function of orbital period. In Section 2.4, we
demonstrate that such broken power law also explains the low
occurrence of directly imaged giant planets. We compare the
overall occurrence rate distribution with that predicted by
different planet formation models and find good agreement
with a subset of these models (Section 3). Finally, we
summarize our main results and discuss them in the context
of the giant planets in our solar system and the prominent
structures detected in disks around young stars (Section 4).

2. Giant Planet Occurrence Rate

The intrinsic occurrence rate of planets can be calculated
from the fraction of stars with detected planets in a survey and
by making a correction for the number of non-detections. We
calculate the average number of planets per star, hereafter
occurrence rate, by averaging the inverse of the detection
efficiency for each planet:

�
I � 4 ( )

n
1 1

comp
1

n

j j

p

where compj is the survey completeness evaluated at the
location of each planet j, the number of detected planets is np,
and nå is the number of surveyed stars. The uncertainty on the
occurrence rate is calculated from the square root of the number
of detected planets per bin. Bin size is determined by dividing
the period range (in log space) by the selected number of bins.

2.1. RV Occurrence Rate

We calculate the RV GP occurrence rate using the detected
planets and completeness reported in Mayor et al. (2011). The
RV sample in Mayor et al. (2011) is a combination of the
HARPS and CORALIE RV surveys and includes a total of 822
stars and 155 planets.

We extract the survey completeness from Figure 6 in Mayor
et al. (2011). This gives the probability that a planet with a
given period P and minimum mass M sin i is detected and was

calculated for each star and then averaged over all stars in the
survey. Note that Mayor et al. (2011) adopt circular orbits to
estimate the exoplanet detectability as most of their planets
have eccentricities below 0.5 and Endl et al. (2002) have shown
that eccentricities below this value do not substantially affect
the RV detectability. Next, we recomputed the completeness
over a finer grid by linearly interpolating on a uniform grid
with M sini between 0.001 and 20MJ and period between 1
and 20000 Earth days (see Figure 1).
In our analysis, we consider planets with a minimum mass in

the range 0.1–20MJ, the lower value chosen to include all
planets more massive than Neptune. We find that the GP
occurrence rate increases with orbital period out to ∼1000 days
(see Figure 2 dark green curve), which is consistent with
previous results, e.g., Mayor et al. (2011) and references

Figure 1. RV survey completeness with color scheme given in the side bar.
The completeness is calculated by linearly interpolating the completeness
curves, which are from Figure 6 of Mayor et al. (2011). The orange circles
represent the 155 planets from the HARPS+CORALIE survey. The planet list
and detection efficiency are available online in electronic format as part of the
epos package (Mulders 2018).

Figure 2. GP occurrence rate as a function of orbital period (in days) for RV
(dark solid green curve) and Kepler (dark solid purple curve) with the mass/
radius ranges used in this paper. The pale dotted green curve represents the RV
occurrence rate in the mass range used by Mayor et al. (2011) whereas the pale
dotted purple curve is for the Kepler radius range used in the SAG13 study.
Note that the Kepler pipeline is less complete, hence less reliable, in the longest
period bin (300–1000 days), see, e.g., Schmitt et al. (2017) and Thompson
et al. (2018).
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index ( 2.4 0.8
0.9B � � �

� ) found from GPIES, many of these
predicted planets have small masses. With GPIES having
limited sensitivity to 3MJup planets orbiting higher-mass
stars, we cannot rule out a break in the power-law distribution
at lower planet masses, which would result in a smaller
occurrence rate.

6.3. Connecting to Planet Formation Theory

Our finding that giant planets outnumber brown dwarfs at
more than 10-to-1 around >1.5Me stars argues against these

planets having formed by gravitational instability. Fragmenta-
tion of marginally Toomre-unstable disks (Toomre 1964;
Goldreich & Lynden-Bell 1965) is thought to produce a mass
distribution weighted toward larger and not smaller masses.
When fragments initially condense, they may already be at
least as massive as Jupiter (e.g., Figure3 of Kratter &
Lodato 2016; see also Rafikov 2005). In a population synthesis
study predicated on gravitational instability, Forgan & Rice
(2013) found the overwhelming majority of clumps that
survived tidal disruption to lie above the deuterium burning
limit. These initial fragments are expected to accrete still more

Figure 18. Estimates of the total occurrence rate of giant planets between 1–13 MJup and 0.031–100 au, from combining RV occurrence rates and power laws for
close-in giant planets with those presented in this work for wider-separation giant planets. Occurrence rates from GPIES are extrapolated to 1 Me to compare to
the C08 and Fernandes et al. (2019) results for solar-type stars, as well as extrapolated down to 1 MJup, using the power laws from Table 3. From this analysis, we
estimate the fraction of giant planets within 100 au of solar-type stars to be 0.14 0.05

0.10
�
� and 0.12 0.05

0.10
�
� for the C08 and Fernandes et al. (2019) distributions, while

for higher-mass stars (>1.5 Me), we find a significantly larger occurrence rate of 1.5 0.7
1.7

�
� . As we have limited sensitivity to 3 MJup planets, future observations will be

required to determine if the power laws seen by GPIES do indeed extend to these low planet masses, and thus more robustly determine the giant planet occurrence rate.
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Effect of stellar mass (1/2)

and for βwe chose a range that encompasses the value measured
by FV05.

5. RESULTS

The best-fitting parameters and their 68.2% (1σ) confidence
intervals are listed in columns (2)–(3)of Table 1. We estimated
the confidence intervals by measuring the 15.9 and 84.1 percen-
tile levels in the cumulative distributions (CDF) calculated from
the marginal pdf of each parameter (e.g., eq. [6]).

The marginal joint parameter pdfs are shown in Figure 3. The
comparisons between the best-fitting relationship (eq. [1]) and
the data are shown in Figures 4 and 5. In both figures, the his-
tograms show the “bulk” planet frequency, with bin widths of
0:15 M⊙ and 0.1 dex, respectively. The filled circles denote the
median planet fraction predicted by equation (1) based on the
masses and metallicities of the stars in each bin. The diamonds

show the best-fitting metallicity and mass relationships, given
by fðM;F ¼ 0Þ and fðM ¼ 1; F Þ.

Our Bayesian inference analysis provides two additional
assurances that stellar mass and metallicity correlate separately
with planet fraction. The first is the lack of covariance between
α and β in Figure 3. This also demonstrates that our stellar sam-
ple adequately spans the mass-metallicity plane despite the
artificial correlation between stellar parameters in part of our
sample. The second check on our initial assumptions is seen
in Figure 4. While some of the increase in planet fraction as

TABLE 1

MODEL PARAMETERS

Parameter
Name

Uniform
Priora

(2)

Median
Value
(3)

68.2% Confidence
Interval
(4)

α . . . . . . . . . . . . . (0.0, 3.0) 1.0 (0.70, 1.30)
β . . . . . . . . . . . . . (0.0, 3.0) 1.2 (1.0, 1.4)
C . . . . . . . . . . . . . (0.01, 0.15) 0.07 (0.060, 0.08)

aWe used uniform priors on our parameters between the two limits listed in
this column.
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FIG. 3.—Marginal posterior pdfs for the model parameters conditioned on
the data.
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FIG. 4.—Planet fraction (f ¼ Nplanets=Nstars) as a function of mass for our
stellar sample (gray histogram). The red filled circles show the planet fraction
predicted by eq. (1) for the masses and metallicities of the stars in each histogram
bin. Note that we use a histogram only for visualization purposes; the data were
fitted directly without binning. The open diamonds show the best-fitting rela-
tionship between planet fraction and stellar mass for ½Fe=H% ¼ 0. The dashed
line shows the stellar-mass relationship predicted by Kennedy & Kenyon
(2008) for Solar metallicity.
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FIG. 5.—Planet fraction (f ¼ Nplanets=Nstars) as a function of metallicity for
our stellar sample (gray histogram). The red filled circles show the planet frac-
tion predicted by eq. (1) for the masses and metallicities of the stars in each bin.
Note that we use a histogram only for visualization purposes; the data were fitted
directly without binning. The blue open diamonds show the best-fitting relation-
ship between planet fraction and stellar metallicity forM⋆ ¼ 1 M⊙. None of the
52 stars with ½Fe=H% < &0:5 harbor a giant planet.

910 JOHNSON ET AL.

2010 PASP, 122:905–915

Giant planets more abundant around massive stars



Effect also seen in direct 
imaging surveys

Integrating over the entire range from 3 to 100 au and 2 to
13MJup produces a completeness to massive giant planets of
17.5 stars among the higher-mass (>1.5Me) sample, and 43.3
among the lower-mass sample. These two samples have 4 and 0
planetary systems detected, respectively, as HR 8799 counts as
a single planetary system. We infer the frequency of planetary
systems for each subsample using a Bayesian approach with a
Poisson likelihood (L e

k

k

� MM�

! ). The expected number of
planetary systems (λ) is the number of stars to which the
subsample is complete multiplied by the frequency, and the
measured number (k) is the number of detected planetary

systems. The prior is taken to be the Jeffrey’s prior on the rate

parameter of a Poisson distribution, Prior 1M r
M

( ) . We
compute the posterior over a well-sampled regular grid of
frequency for both subsamples, plotting the results in Figure 6.
Given no planets were detected around lower-mass stars

(<1.5Me), our measurement of the frequency for these stars
represents an upper limit, <6.9% at 95% confidence. With four
detected systems, the fraction of higher-mass stars with giant
planet systems is 24 10

13
�
� % (68% confidence interval). To

evaluate the confidence with which we can conclude that
the higher-mass (HM) star frequency is larger than the lower-

Figure 5. Depth of search for the sample divided by stellar mass. All three brown dwarfs appear around lower-mass stars, which is not especially surprising given
those stars comprise almost 60% of the sample. The fact that all six planets (and so all four planet-hosting stars) are among higher-mass stars, however, is more
striking, and suggests a correlation between stellar mass and occurrence rate of intermediate period giant planets.

Figure 6. Left: posterior probability of frequency of giant planet systems (3–100 au, 2–13 MJup) for higher-mass stars (blue) and lower-mass stars (red). Planets with
these parameters are more common around higher-mass stars in this sample. Filled circles represent the median of each distribution, and error bars give the 1 and 2σ
confidence intervals. Right: posterior for the difference between the two frequencies, with the lower-mass star occurrence rate subtracted from the higher-mass star
occurrence rate. The histogram (blue when the higher-mass star occurrence rate is larger, red otherwise) shows the results from Monte Carlo draws from the two
posteriors, and the black dashed line gives the posterior computed using Equation (1). At 99.92% confidence, the occurrence rate is larger for higher-mass stars
(>1.5 Me) than lower-mass stars (<1.5 Me).
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Most directly imaged planets around intermediate mass stars so far



Effect of stellar mass (2/2)

point in the ηp decreasing trend around Teff=5000 K, namely,
ηp decreases less (more) significantly for Teff lower (higher)
than 5000 K. The reason for these subtle differences is not clear
because different works used Kepler data of different release
versions and adopted different statistical methods. Recently,
Garrett et al. (2018) used a different approach to model the
occurrence rate (ηp) as a function of Teff whose results are also
largely comparable to those shown in Figure 9.

5.3. Orbital Inclination and Obliquity

One of the advantages of adopting the fraction of stars with
planets as the planet occurrence rate is that it provides insight
into the architecture of the underlying planetary systems. We
can use Equation (8) to derive the distribution of orbital
inclination dispersion σi,k, since the power-law index, α, and
the number of planets in each system have already been
obtained through the MCMC fitting. The result is plotted in
upper panel of Figure 10. In the middle panel, we plot the
degree of orbital misalignment (DOM) as a function of stellar
effective temperature for observed systems, i.e., a modified
version of the Figure6 of Triaud (2018). For the sake of
comparison to σi,k, DOM is defined as DOM=λ if λ<=90°
or DOM=180°–λ if λ>90°, where λ is obliquity. As can be
seen, for the six temperature bins on the left (Teff<6000 K),
most σi,k and DOM are confined below 16° (i.e., the horizontal
dashed line). In contrast, for the two temperature bins on the
right (Teff>6000 K), there is a significant portion of
dynamically hot systems with σi,k or DOM above the horizontal
dashed lines. In the bottom panel, we plot the fraction of those

dynamically hot ones (above the horizontal dashed lines) as a
function Teff. Interestingly, both σi,k and DOM show a similar
trend. The rise of σi,k in the two higher Teff bins is expected
because larger inclination dispersion reduces the observed
transiting multiplicity, which naturally explains the falling of
multiple tranets relative to single tranets as shown in Figure 2.
Nevertheless, the similarity between σi,k and DOM as shown in
Figure 10 is somewhat surprising. Below, we further discuss its
implications.
The σi,k-temperature trend shown here (upper panel of

Figure 10) provides a complement to the known obliquity-
temperature trend (middle panel of Figure 10), and the
similarity between them may suggest a common origin. The
obliquity (DOM) trend is mainly from the observations of hot
Jupiters with orbital periods <10 days (Schlaufman 2010;
Winn et al. 2010; Albrecht et al. 2012). One scenario for
explaining the trend is that high obliquities are primordial at the
beginning via some obliquity generation mechanisms, and cool
stars are more capable of spin-orbital realigning than hot stars
via tidal and/or magnetic effects (Winn et al. 2010;
Dawson 2014; Spalding & Batygin 2015). However, these
theories suffer from problems in explaining the σi,k-temperature
trend here. The latter is for Kepler planets, the bulk of which
are super-Earths/sub-Neptunes residing in intrinsically multi-
ple-planet systems with orbital periods >10 days, where tidal
effects are negligible. Another possible scenario could be that
the generation of obliquity or inclination differs for stars of
different temperatures. Hotter stars are more likely to have
giant planets (Johnson et al. 2010; Ghezzi et al. 2018) and

Figure 9. Number of planets per star. We also compare our result with Howard et al. (2012; blue line) and Mulders et al. (2015; green line). For fairness of
comparison, we have extrapolated their results to the same planet ranges (i.e., planet radius ∼0.4–20R⊕ and period <400 days) as in our work. The extrapolations
simply assume that the distributions of the planet occurrence rate keep the generally flat trend (as seen in Howard et al. 2012 and Mulders et al. 2015) at a period >50
days and at a radius <2R⊕.
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Effect of stellar metallicity

The frequency of exoplanets increases with stellar metallicity 
(as expected from core-accretion)



Closer look at metallicity

Equation (7) takes into account all the observational biases
and gives us a true measure of the occurrence rate. To get the
occurrence rate as a function of radius and host star metallicity,
we simply sum over the period

� 4�∣F F .R R i R Pp i0 0

To get the occurrence rate as a function of period and host
star metallicity, we simply sum over the radius

� 4�∣F F .P P i R Pi0 0

5.3. Occurrence Rate of Exoplanets as a Function of Planet
Radius and Host Star Metallicity

Using the above mathematical prescription, we calculated
the occurrence rate (per 100 stars) as a function of host star
metallicity and planetary radius for the DR25 sample
(Figure 9(a)). We also calculated the total occurrence rate as
a function of planet radius only for the DR25 sample
(Figure 9(b)). Figure 9(a) is a function of both the planetary

radius and host star metallicity. In Figure 9(b), we have
removed the dependence on host star metallicity and calculated
the occurrence rate only as a function of planetary radius.
Figures 9(a) and (b) show that the occurrence rate is a much
stronger function of the planetary radius than the host star
metallicity.
To remove the underlying dependence of the occurrence rate

of planets on the planetary radius, we normalize the occurrence
rate in Figure 9(a) with the total occurrence rate (Figure 9(b)) to
get the normalized occurrence rate in Figure 9(c). The
normalized occurrence rate should only be a function of host
star metallicity.
In Figure 9(c), the normalized occurrence rate of exoplanets

is shown for various host star metallicities. This occurrence rate
for super-solar-metallicity host stars (blue bin) increases as a
function of planetary radius. A reverse trend is seen for the
normalized occurrence rate of planets around sub-solar-
metallicity host stars (red bin), where the occurrence rate
decreases as a function of planetary radius. The normalized
occurrence rate of planets around solar-metallicity host stars
(green bin) is mostly constant. Figure 9(c) shows that the host
stars with super-solar metallicities have higher occurrence rates
for giant planets than metal-poor (solar- and sub-solar-
metallicity) host stars. These results are consistent with those of
Figures 4, 7, 8, and 9, which indicate that giant planets
preferentially form around metal-rich stars. These results are
also consistent with previous results in the literature (e.g.,
Gonzalez 1997; Santos et al. 2001, 2004; Fischer &
Valenti 2005; Johnson et al. 2007; Buchhave
et al. 2012, 2014; Mann et al. 2013; Buchhave & Latham 2015)
and those of Petigura et al. (2018).

6. Host Star Metallicity and the Planet’s Orbital Period

Previous studies on the orbital period of exoplanets and host
star metallicity have revealed a dearth of planets with orbital
periods less than 10 days around metal-poor stars (e.g.,
Adibekyan et al. 2013; Beaugé & Nesvorný 2013; Mulders
et al. 2016; Maldonado et al. 2018; Wilson et al. 2018; Petigura
et al. 2018). Host stars of planets with orbital periods greater
than 10 days were more metal-poor than their short-period
counterparts. Mulders et al. (2016) and Petigura et al. (2018)
showed that the occurrence rate of planets with periods less
than 10 days was higher around metal-rich host stars than
metal-poor host stars.

6.1. Average Host Star Metallicity and Orbital Period

In Figure 10, we show the average host star metallicity as a
function of planetary radius for two bins of the orbital period.
In Figure 10(a), we divide the Kepler planet candidate sample
into two subgroups: one having a period less than 10 days (red)
and one having a period greater than 10 days (blue). Just like
Figure 4, we bin the planet candidates into various radius bins
following Section 3.1. In Figure 10(b), we follow the same
prescription for the CKS sample. From Figure 10, we find that
for planets with periods less than 10 days, the host stars are
usually more metal-rich than their longer-period counterparts.
In Figure 11, we use the sample from Section 4 and show the

average host star metallicity from SWEET-Cat as a function of
the period for planets in various mass bins. We again divide the
planet sample into two subgroups: one having periods less than
10 days (red) and one having periods greater than 10 days

Figure 9. (a) Occurrence rate of exoplanets as a function of planetary radius
and host star metallicity. (b) Total occurrence rate of the sample without
subdividing it into different metallicity bins. (c) Normalized occurrence rate of
exoplanets as a function of planetary radius and host star metallicity. The error
bars in these plots are the Poissonian errors based on the number of planets in
each bin.
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Metallicity matters only above Neptune size — not really for small planets



Effect of star: summary99 Planet Populations as a Function of Stellar Properties 2011

Fig. 1 Trends in the
exoplanet population as
function of stellar mass and
metallicity, illustrating the
different behaviors of the
giant planet population (large
pink circles) and planets
smaller than Neptune (small
cyan circles). The location of
the sun is indicated with a
yellow star. The location of
individual symbols is
randomly generated, with the
density of point
corresponding to the
exoplanet occurrence rate.
Any resemblance between
symbol locations and
observed exoplanets is
entirely coincidental

These trends, however, break down for planets smaller than Neptune, hereafter
sub-Neptunes, which poses some urgent questions about the planet formation
process. Why is the frequency of sub-Neptunes almost independent of stellar
metallicity, even when the initial inventory of condensible solids must have varied
by an order of magnitude? Do the elevated planet occurrence rates around M
dwarfs, where protoplanetary disk masses were lower, imply that there is something
fundamentally different about the planet formation process around low-mass stars?

Not all stars are equally amenable for exoplanet discovery, and certain types of
stars have been more thoroughly searched than others. To account for these selection
and detection biases, planet occurrence rates can be calculated to infer trends in
the intrinsic planet population. Variations in the planet occurrence rate with stellar
parameters can be estimated from exoplanet surveys under the following conditions:

1. The survey covers a range of stellar properties, with a sufficient number of planet
detections across this range to identify trends.

2. Stellar properties are known for the surveyed stars, including those of stars
without detected planets, to estimate the fraction of stars with a given set of
properties hosting planets.

3. The survey completeness can be estimated, to separate observation bias from
intrinsic trends in the exoplanet population.

The focus of this chapter is trends identified in radial velocity and transit surveys
with stellar mass and metallicity, which (mostly) satisfy these three requirements.



More detailed trends



Structures in M-P space



Neptunian desert
This area receives 
strong irradiation 

from the star, so that 
planets may lose 

their gaseous 
atmosphere as they 
evaporate, leaving 
just a rocky core.  

Desert may also be 
(partly?) due to a 
different formation 

mechanism for 
short-period super-

Earths and giant 
exoplanets.



Brown dwarf desert
• Paucity of BD in close orbit 

identified in the early 2000s 
• driest part observed for 

masses 35 ≲ Msin i ≲ 55 MJ 
and orbital periods < 100 days 

• desert now partly filled with 
new discoveries, but trend 
remains 

• Probably related to different 
formation mechanisms (and/
or migration mechanisms) 
between planets and BDs

In Figure 1, 80 (= 464–384), or 17%, of Hipparcos Sun-like
stellar systems are not present in any of the Doppler target lists.
The triangles in Figure 1 indicate that the ones left out are spread
more or less evenly in B! V space spanned by the gray paral-
lelogram. Similarly in Figure 2, 1295 (= 3296–2001), or 39%,
are not included in any Doppler target list, but the triangles show
that more K stars than FG stars have not been selected, again
pointing out that the lower K dwarf stellar brightness is the dom-
inant reason for the lower target fraction, not an effect strongly
biased with respect to one set of companions over another.

In the Sun-like region of Figure 1 we use the target number
(384) as the mother population for planets and brown dwarfs and
the Hipparcos number (464) as the mother population for stars.
To achieve the same normalizations for planetary, brown dwarf,
and stellar companions we assume that the fraction of these 384
targets that have exoplanet or brown dwarf companions is rep-
resentative of the fraction of the 464 Hipparcos stars that have
exoplanet or brown dwarf companions. Thus, we renormalize
the planetary and brown dwarf companions that have the target
sample as their mother population to the Hipparcos sample by
464/384 ¼ 1:21 (‘‘renormalization’’). Since close-orbiting stel-
lar companions are anticorrelated with close-orbiting substellar
companions and the 384 have been selected to exclude separa-
tions of <200, the results from the sample of 384 may be a slight
overestimate of the relative frequency of substellar companions.
However, this overestimate will be less than#11%, because this
is the frequency of close-orbiting stellar secondaries.

A nonoverlapping sample of the eight high-precision Doppler
surveys (Lineweaver & Grether 2003) is used as the exoplanet
target list; the Elodie target list was kindly provided by C. Perrier
(2004, private communication) and additional information to
construct the Coralie target list from the Hipparcos catalog was
obtained fromS. Udry (2004, private communication). TheKeck
and Lick target lists are those of Nidever et al. (2002), since#7%
of the targets in Wright et al. (2004) have not been observed over
the full 5 yr baseline used in this analysis. For more details about
the sample sizes, observational durations, selection criteria, and
sensitivities of the eight surveys see Table 4 of Lineweaver &
Grether (2003).

2.2. Companion Detection and Selection Effects

The companions to the above Sun-like sample of host stars
have primarily been detected using the Doppler technique (but
not exclusively high-precision exoplanet Doppler surveys), with
some of the stellar pairs also being detected as astrometric or
visual binaries. Thus, we need to consider the selection effects
of the Doppler method in order to define a less biased sample of
companions (Lineweaver & Grether 2003). As a consequence of
the exoplanet surveys’ limitedmonitoring duration,we only select
those companions with an orbital period P < 5 yr. To reduce the
selection effect due to theDoppler sensitivitywe also limit our less
biased sample to companions of mass M2 > 0:001 M$.

Figure 5 shows all of the Doppler companions to the Sun-like
25 and 50 pc samples within the mass and period range con-
sidered here. Our less biased companions are enclosed by the
thick solid rectangle. Given a fixed number of targets, the ‘‘de-
tected’’ region should contain all companions that will be found
for this region of mass-period space. The ‘‘being detected’’ re-
gion should contain some but not all companions that will be
found in this region and the ‘‘not detected’’ region contains no
companions since the current Doppler surveys are either not
sensitive enough or have not been observing for a long enough
duration. To avoid the incomplete ‘‘being detected’’ region
we limit our sample of companions to M2 > 0:001 M$. In

Lineweaver et al. (2003) we describe a crude method for making
a completeness correction for the lower right corner of the solid
rectangle falling within the ‘‘being detected’’ region. The result
for the d < 25 pc sample is a one-planet correction to the lowest
mass bin and for the d < 50 pc sample, a six-planet correction to
the lowest mass bin (see Table 2, footnote c). Figure 6 shows a
projection of Figure 5 onto the period axis. Planets are more
clumped toward higher periods than are stellar companions. The
Doppler planet detection method is not biased against short pe-
riod planets. The Doppler stellar companion detections are not
significantly biased for shorter periods or against longer periods
in our samples’ analysis range (period <5 yr) since Doppler in-
struments of much lower precision than those used to detect
exoplanets are able to detect any Doppler companions of stellar
mass. Thus, this represents a real difference in period distribu-
tions between stellar and planetary companions.
The companions in Figure 5 all have radial velocity (Doppler)

solutions. Some of the companions also have additional photo-
metric, interferometric, astrometric, or visual solutions. The exo-
planet Doppler orbits are taken from the Extrasolar Planets
Catalog (Schneider 2005). Only the planet orbiting the star HIP
108859 (HD 209458) has an additional photometric solution,
but this companion falls outside our less biased region (M2 <
MJ). For the stellar companion data, the single-lined (SB1) and

Fig. 5.—Brown dwarf desert in mass and period. Estimated companion mass
M2 vs. orbital period for the companions to Sun-like stars of our two samples:
companions with hosts closer than 25 pc (large symbols) and those with hosts
closer than 50 pc, excluding those closer than 25 pc (small symbols). The
companions in the thick solid rectangle are defined by periods P < 5 yr and
masses 10!3 < M2PM$ and form our less biased sample of companions. The
stellar (open circles), brown dwarf (gray circles) and planetary ( filled circles)
companions are separated by dashed lines at the hydrogen and deuterium
burning onset masses of 80MJ and 13MJ, respectively. This plot clearly shows
the brown dwarf desert for the P < 5 yr companions. Planets are more frequent
at larger periods than at shorter periods (see Fig. 6). The ‘‘detected,’’ ‘‘being
detected,’’ and ‘‘not detected’’ regions of the mass-period space show the extent
to which the high-precision Doppler method is currently able to find com-
panions (Lineweaver & Grether 2003). See the Appendix for discussion of M2

mass estimates.
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Table 1 – continued

Object Mc Mc sin i Period Eccentricity M! Teff log (g) [Fe/H] References
(MJup) (MJup) (d) (M!) (K) (cgs)

KOI-423b 18.0+0.93
−0.91 – 21.0874 ± 0.0002 0.121+0.022

−0.023 1.1+0.07
−0.06 6260 ± 140 4.1 ± 0.2 −0.29 ± 0.10 23

KELT-1b 27.23+0.5
−0.48 – 1.217 514 ± 0.000 015 0.0099+0.01

−0.0069 1.324 ± 0.026 6518 ± 50 4.229+0.012
−0.019 0.008 ± 0.073 56

KOI-554.01 80 – 3.66 – – 5835 4.64 −0.08 57
KOI-205.01 39.9 ± 1.0 – 11.720 125 ± 0.000 002 <0.031 0.925 ± 0.033 5237 ± 60 4.57 0.14 ± 0.12 64

References. 1 – Sahlmann et al. (2011b); 2 – Sato et al. (2010); 3 – Hatzes et al. (2005); 4 – Nidever et al. (2002); 5 – Benedict et al. (2010); 6 – Wittenmyer
et al. (2009); 7 – Liu et al. (2008); 8 – Omiya et al. (2009); 9 – Moutou et al. (2009); 10 – Endl et al. (2004); 11 – Butler et al. (2006); 12 – Udry et al. (2002);
13 – Anderson et al. (2011); 14 – Bouchy et al. (2011a); 15 – Johnson et al. (2011); 16 – Lee et al. (2011); 17 – Halbwachs et al. (2000); 18 – Dı́az et al. (2012);
19 – Deleuil et al. (2008); 20 – Winn et al. (2008); 21 – Ma et al. (2013); 22 – Marcy et al. (2001); 23 – Bouchy et al. (2011b); 24 – Galland et al. (2006); 25 –
Gerbaldi, Faraggiana & Caffau (2007); 26 – Perrier et al. (2003); 27 – Jenkins et al. (2009); 28 – Correia et al. (2005); 29 – Feroz, Balan & Hobson (2011);
30 – Zucker et al. (2004); 31 – Winn et al. (2010); 32 – Niedzielski et al. (2009); 33 – Frink et al. (2002); 34 – Kane et al. (2011); 35 – Önehag et al. (2009);
36 – Lovis & Mayor (2007); 37 – Santos et al. (2009); 38 – Sato et al. (2009); 39 – Mugrauer et al. (2006); 40 – Vogt et al. (2000); 41 – Wittenmyer et al. (2009);
42 – Zucker & Mazeh (2000); 43 – Latham et al. (1989); 44 – Kane et al. (2009); 45 – Fleming et al. (2010); 46 – Lafrenière et al. (2011); 47 – Konopacky et al.
(2010); 48 – Sahlmann et al. (2011b); 49 – Crepp et al. (2011); 50 – Wang et al. (2012); 51 – Patel et al. (2007); 52 – Lo Curto et al. (2010); 53 – Santos et al. (2010);
54 – Sozzetti et al. (2006); 55 – Siverd et al. (2012); 56 – Sozzetti & Desidera (2010); 57 – Santerne et al. (2012); 58 – Fleming et al. (2012); 59 – Fischer et al.
(2002); 60 – Martioli et al. (2010); 61 – Moutou et al. (2011); 62 – Ma et al. (in preparation); 63 – Jiang, Ge & Cargile (2013) and 64 – Dı́az et al. (2013).

Figure 1. Period distribution of known BD companions around solar-type
stars.

Figure 2. Cumulative mass distribution of BD candidates. Three lines with
three RV precisions, 50, 100 and 150 m s−1, are also shown.

simply that their masses are uniformly distributed between 13 and
80MJup. Then, we drew their masses randomly from this uniform
distribution and counted how many of them would fall in the mass
range 35–55MJup. We found the probability that less than three BDs

Figure 3. Cumulative mass distribution of BD companions. BD with pe-
riods greater and less than 100 d are shown as dashed and solid lines,
respectively.

would fall in this gap is 0.9 per cent, which corresponds to a 2.6σ

significance. A larger BD sample in the future will be better to
assess the significance of this gap.

The appearance of this depleted region in the BD period–mass
diagram has naturally divided BDs into two mass groups: one with
(minimum) masses greater than 42.5MJup and the other with less
than 42.5MJup. Their properties and origins may be different. We
further explore properties of these two groups and study possible
origins.

3.3 Orbital eccentricity distribution

The orbital eccentricities show great difference for the two BD
groups with (minimum) masses greater and lower than 42.5MJup,
respectively. Fig. 4 shows the period–eccentricity distribution of
all known BDs. The period–eccentricity distribution of BDs with
(minimum) masses greater than 42.5MJup is consistent with a circu-
larization limit of ∼12 d, which is similar to that found in nearby
stellar binaries (Raghavan et al. 2010). It is clear that there are a
significant number of BDs with 300 < P < 3000 d and e < 0.4
for BDs with (minimum) masses lower than 42.5MJup, but no BDs
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The desert is slowly filling up…



BDs and planets also look 
different in direct imaging surveys

out the possibility that the two populations were drawn from
the same underlying distribution. Nevertheless, when we
follow the same procedure as in Section 5.2, we find the
probabilities that the values of α and β are larger for brown
dwarfs at 87.3% and 74.3%, while the probabilities that γ and f
are smaller for brown dwarfs are 94.4% and 95.1%,
respectively. Thus, we find it likely that planets and brown
dwarfs at 10–100 au separation follow different underlying
distributions—planets obey a more bottom-heavy mass dis-
tribution, and are concentrated toward smaller SMA—at a
confidence level between 1 and 2σ.

The greatest degree of overlap in the posteriors is for β,
while the other three parameters show a more significant
difference for planets and brown dwarfs. In particular, for wide-
separation giant planets this distribution is more likely to have
lower companion masses and higher stellar host mass, with a
higher overall occurrence rate compared to brown dwarfs.

6.2. Comparing to Demographics of RV-detected Planets

The RV planet-search method represents one of the more
robust ways to measure the underlying distributions of giant
planets with periods 10 yr. While Keplerʼs transiting planets

greatly outnumber RV-detected planets, the RV method does
not suffer as much bias toward longer periods, especially with
precision RV surveys operating for multiple decades (e.g.,
Bonfils et al. 2013; Fischer et al. 2014; Astudillo-Defru et al.
2017). Cumming et al. (2008, C08) presented an analysis of
planets orbiting a uniform sample of Keck data of FGK target
stars, and fitted a double power-law model to mass m and
period P (similar in form to our Equation (2)), finding that
d N dP dm P m2 0.74 1.31r � �( ) , with an overall planet occur-
rence rate of 10.5% between 2 and 2000 days and 0.3 and
10MJup. This period distribution is equivalent to a semimajor
axis (a) distribution of dN da a 0.61r � over a range of
0.031–3.1 au for solar-mass stars. Past direct imaging surveys
have sought to determine the extent to which this distribution
holds for wider-separation planets (Nielsen & Close 2010;
Nielsen et al. 2013; Brandt et al. 2014). While our occurrence
rate f gives the number of planets per star, C08 only consider
the planet with the largest Doppler amplitude in each system,
and therefore calculate the number of planetary systems per
star. However, C08 note that this is not a strong bias, as only
∼10% of their systems have multiple detected RV planets, and
we proceed to use the C08 occurrence rate as an estimate of the
number of planets per star.

Figure 14. Comparison of population parameter fits to planets and brown dwarfs, based on our GPIES sample. At 1–2σ significance, brown dwarfs and giant planets
appear to follow different underlying distributions between 10 and 100 au.
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Brown dwarfs vs planets: an 
intrinsic difference?

• Eccentricity 
distribution of 
directly imaged 
planets is 
skewed to low 
values compared 
to brown dwarfs  

• May be directly 
linked to 
formation 
scenario

4.3.5. A Separation Threshold

We also examine whether there are differences in the
eccentricity distribution as a function of separation, which
might be expected if, for example, the inner population of
substellar companions predominantly originates within a disk
while the outer population largely represents the product of
cloud fragmentation. For this experiment, we adopt a threshold
of 30 au, which is chosen so as to divide the full sample of
substellar companions into two approximately equal bins.

Results for the subsample of 14 companions between 5 and
30 au and 13 companions between 30 and 100 au are shown in
Figure 22 and are summarized in Table 7. We find values of
α= �

�1.70 0.9
1.2 and β= �

�2.8 1.2
1.7 for the sample at close separa-

tions, which corresponds to a broad peak between e=0.1–0.4
with significant power from e=0.0–0.8. At wide separations,
we find α= �

�0.7 0.4
0.6 and β= �

�0.9 0.3
0.7. This corresponds to a

roughly flat distribution with somewhat higher power at the
bounded endpoints. There is some evidence that the more
closely separated population lacks companions at the highest
eccentricities, but these two distributions are otherwise broadly
similar and are not nearly as distinct as the giant planet and
brown dwarf subsamples. The probability that wide compa-
nions have higher eccentricities than close companions is
52.3% (2σ credible interval: 24.4%–81.7%).

4.3.6. Exploring the Influence of HR 8799

As a system of four giant planets with masses 5MJupand
separations between 15 and 70 au, HR 8799 is atypical among
directly imaged planetary systems.13 Based on the ≈1%
occurrence rate of planets at these separations (Bowler 2016;
Galicher et al. 2016), the probability of randomly finding four
such planets around one star is ∼0.014, or 10−8, assuming each
planet represents an independent probabilistic event. Only
about 103 stars have been observed in high-contrast imaging
surveys to date, which makes it exceedingly unlikely that these
planets are independent of each other. HR 8799 is therefore a
special case in which the probability of an additional planet in
this system is conditioned on the presence of another one being
there. Other planets may of course reside in the apparently
single systems at closer separations and lower masses, but HR
8799 appears to be unique in that it has four massive planets
detected on wide orbits. The physical underpinning of this is, of

Figure 21. Individual eccentricity distributions for substellar companions between 5 and 100 au as a function of mass (top) and mass ratio (bottom). The inferred
population-level eccentricity distributions for subsamples of directly imaged planets and brown dwarf companions are displayed in the panels on the right. Dividing
these by a mass threshold of 15MJupin the top panel or a mass ratio of 0.01 in the bottom panel does not influence the main conclusion that the eccentricity
distribution of directly imaged planets is skewed to low values compared to brown dwarfs. Here blue and orange indicate the subsample divisions we have adopted.
The solid and dotted eccentricity uncertainties represent 68% and 95% credible intervals, respectively. Shaded regions in the right panels illustrate 2σ credible intervals
for the eccentricity posteriors.

13 HR 8799 has long been the only multi-planet system to be imaged, but it
may now be joined by PDS 70 (Haffert et al. 2019), β Pic (Lagrange et al.
2019), and LkCa15 (Kraus & Ireland 2012; Sallum et al. 2015). Note that an
additional unknown close-in substellar companion has the potential to bias the
astrometry and inferred eccentricities of wider imaged companions (Pearce
et al. 2014). Astrometry is calculated with respect to the primary, so a relatively
massive inner object can perturb the host star and alter the apparent orbital
elements of long-period companions.
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Core accretion vs 
gravitational 

instability
• Gravitation instability 

can explain more 
massive planets 
further away, but 
requires massive disk 

• Dynamical evolution 
makes it hard to 
distinguish between 
the two scenarios 

• Studying very young 
systems is key!



II. Protoplanetary disks
— an observational perspective —



II. Protoplanetary disks 
II.1 Theoretical picture



Protoplanetary disks
Disks are the consequence of angular momentum conservation 

subject of 
today’s 
lecture



Star-forming regions
• By ‘chance’, our Sun 

is currently in the 
middle of the Local 
Bubble 

• Nearest star forming 
regions at ~140 pc 
(Taurus) 

• Need to go to Orion 
nebula (400 pc) to 
see massive star 
formation in action



Standard theoretical picture
• Small grains coupled to gas —> gentle collisions 

• Grain growth —> settling to mid-plane 

• Decoupling from gas —> migration



Key structure properties
• Protoplanetary disks mainly characterized by: 

• mass, radius, density, temperature 

• radial and vertical structure (flaring) 

• dynamics: transport mechanisms, magnetic fields, winds, etc 

• Properties probed in a variety of ways 
• photometry (spectral energy distribution, sub-mm luminosity) 

• spectroscopy: dynamics through gas lines 

• imaging: size, morphology & structures 

• These properties depend on host star, environment, evolution



Spectral energy distribution

domain
Di

sk

Star
Energetic domain

Rayleigh−Jeans
Wien domain

Fig. 2.— Build-up of the SED of a flaring protoplanetary
disk and the origin of various components: the near-infrared
bump comes from the inner rim, the infrared dust features
from the warm surface layer, and the underlying continuum
from the deeper (cooler) disk regions. Typically the near-
and mid-infrared emission comes from small radii, while
the far-infrared comes from the outer disk regions. The
(sub-)millimeter emission mostly comes from the midplane
of the outer disk. Scattering is not included here.

Fig. 2). Themain portion of the energy is emitted in a wave-
length range depending on the minimum and maximum
temperature of the dust in the disk. We call this the “ener-
getic domain” of the SED, which typically ranges from 1.5
µm to about 100 µm. At shorter wavelength the SED turns
over into the “Wien domain”. At longer wavelengths the
SED turns over into the ”Rayleigh-Jeans domain”, a steep,
nearly powerlaw profile with a slope depending on grain
properties and disk optical depth (see chapter by Natta et
al.). Differences in disk geometry are mainly reflected in
the energetic domain of the SED, while the submm and mm
fluxes probe the disk mass.

3.2. A first confrontation with observations
It is quite challenging to solve the entire disk structure ac-
cording to the above principles. Early disk models were
therefore often based on strong simplifications. An exam-
ple of such a model is a perfectly flat disk being irradiated
by the star due to the star’s non-negligible size (Adams and
Shu, 1986; Friedjung, 1985). The stellar radiation impinges
onto the flat disk under an irradiation angle ϕ ! 0.4r∗/r
(with r∗ the stellar radius). Neglecting viscous dissipation,
the effective temperature of the disk is set by a balance be-
tween the irradiated flux (1/2)ϕL∗/4πr2 (with L∗ the stel-
lar luminosity) and blackbody cooling σT 4

eff , which yields
Teff ∝ r−3/4. The energetic domain of its SED therefore
has a slope of νFν ∝ νs with s = 4/3 = 1.33, which

follows from the fact that any disk with Teff ∝ r−q has
an SED slope of s = (4q − 2)/q. This steep slope arises
because most of the stellar radiation is absorbed and re-
emitted at small radii where the disk is hot. This produces
strong emission at short wavelength. The long wavelength
flux is weak because only little stellar radiation is absorbed
at large radii. Observations of CTTSs, however, show SED
slopes typically in the range s = 0.6 to 1 (Kenyon and Hart-
mann, 1995), i.e. much less steep. The SEDs of Herbig
Ae/Be stars show a similar picture, but with a somewhat
larger spread in s, though it must be kept in mind that the
determination of the slope of a bumpy SED like in Fig. 2 is
somewhat subjective. Meeus et al. (2001, henceforth M01)
divide the SEDs of Herbig Ae/Be stars into two groups:
those with strong far-infrared flux (called ‘group I’, hav-
ing slope s ! −1 ... 0.2) and those with weak far-infrared
flux (called ‘group II’, having slope s ! 0.2 ... 1). All
but the most extreme group II sources have a slope that is
clearly inconsistent with that of a flat disk. Note, at this
point, that the Meeus ‘group I’ and ‘group II’ are unrelated
to the Lada ‘class I’ and ‘class II’ classification (bothMeeus
group I and II are members of Lada class II).
A number of authors have employed another model to in-

terpret their observations of protoplanetary disks: that of a
steady accretion disk heated by viscous dissipation (Rucin-
ski et al., 1985; Bertout et al., 1988; Hillenbrand et al.,
1992). These models are based on the model by Shakura
and Sunyaev (1973). A detailed vertical structure model of
such a disk was presented by Bell et al. (1997). The lumi-
nosity of such disks, including the magnetospheric accre-
tion column, is Laccr = GM∗Ṁ/r∗. For r $ rin the
effective temperature of such disks is given by σT 4

eff =
3ṀΩ2

K/8π (with σ the Stefan-Boltzmann constant), yield-
ing an SED slope of s = 4/3, like for passive flat disks
(Lynden-Bell, 1969; see solid lines of Fig. 6). Therefore
these models are not very succesful either, except for mod-
eling very active disks like FU Orionis (FUor) outbursts
(see Bell and Lin, 1994).

3.3. Flaring disk geometry
It was recognized by Kenyon and Hartmann (1987) that a
natural explanation for the strong far-infrared flux (i.e. shal-
low SED slope) of most sources is a flaring (“bowl-shaped”)
geometry of the disk’s surface, as depicted in Fig. 2. The
flaring geometry allows the disk to capture a significant por-
tion of the stellar radiation at large radii where the disk is
cool, thereby boosting the mid- to far-infrared emission.
The flaring geometry adds an extra term to the irradiation

angle: ϕ ! 0.4 r∗/r + rd(Hs/r)/dr (Chiang and Goldre-
ich, 1997, henceforth CG97), whereHs is the height above
the midplane where the disk becomes optically thick to the
impinging stellar radiation. In the same way as for the flat
disks the thermal balance determines the Teff of the disk, but
this now depends strongly on the shape of the disk: Hs(r).
The pressure scale heightHp, on the other hand, depends on
the midplane temperature Tc byHp =

√

kTcr3/µmpGM∗

4



SEDs: first hint on structure



II. Protoplanetary disks 
II.2 Imaging techniques



Three main tracers to study 
disk structures

• Scattered light: dust suspended in gas upper layers 

• Thermal emission: disk solids 

• Line emission: gas

young disk structures, still embedded in their natal core material, can reveal much about the star-
formation process: Their sizes help distinguish the roles that magnetic !elds have in regulating
core collapse; their masses help constrain protostellar accretion rates; and their density distribu-
tions encode the angular momentum transport that ultimately determines the stellar mass [see the
review by Lie et al. (2014)].

Disks are also the material reservoirs and birthplaces of planetary systems.The prevalence, for-
mationmodes,masses, orbital architectures, and compositions of planets depend intimately on the
physical conditions in the disk at their formation sites, the evolution of that disk structure (locally
and globally), and the planetary migration driven by dynamical interactions with the disk mate-
rial. Measurements of the disk mass, its spatial distribution, and its demographic dependencies
offer crucial boundary conditions for models of planet formation. Combined with the properties
observed in the mature exoplanet population, that information can help develop and re!ne a pre-
dictive formation theory despite the considerable complexity of the associated physical processes
(e.g., Benz et al. 2014).

1.2. Observational Primer
In these and many other ways, disk structures offer profound insights on how the properties of
stars and planetary systems are shaped by their origins. This review focuses on the recent land-
scape of observational constraints on disk structures: how relevant measurements are made, what
they suggest about disk properties, and how those properties are connected to star and planet for-
mation. The most valuable measurements employ data with high angular resolution, as the typical
nearby (d ≈ 150 pc) disk subtends !1 arcsec on the sky. Most of any given disk is cool enough
(<100 K) that it emits ef!ciently at (sub-)mm wavelengths. Coupling these small angular sizes
and cool temperatures, this review emphasizes radio interferometry as an essential tool. Indeed,
progress over the past decade has largely been driven by the commissioning of the transforma-
tional Atacama Large Millimeter/submillimeter Array (ALMA) facility.

Three categories of observational tracers are used to study disk structures: scattered light, ther-
mal continuum emission, and (primarily molecular) spectral line emission. The !rst two are sen-
sitive to the physical conditions and distribution of the solids, and the third is used to measure the
properties of the gas.Figure 1 shows a schematic diagram that highlights the basic aspects of disk
structure and the (two-dimensional) locations where these tracers originate. Each of these probes
is sensitive to different materials and physical conditions, ensuring considerable diversity in the
disk appearance when viewed in different tracers. An illustrative example is shown in Figure 2.

Emission lines (e.g., CO)

IR scattered light

(Sub-)mm/cm continuum
(+ optically thin lines; e.g., C18O)

Midplane
gas + larger solids

Atmosphere
gas + small dust grains 

Figure 1
A diagram of a disk structure viewed in cross-section. The gas is denoted in grayscale, and solids are marked
with exaggerated sizes and colors. The left side highlights the approximate locations of emission tracers; the
right side de!nes some structure and contents terminology.
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Morphology depends on 
chosen tracer

a   Scattered light b   Thermal continuum c   Spectral line emission

Figure 2
The morphology of the TW Hya disk is compared in three different tracers: (a) λ = 1.6-µm scattered light
from small dust grains (van Boekel et al. 2017), (b) λ = 0.9-mm continuum from pebble-sized particles
(Andrews et al. 2016), and (c) the CO J = 3−2 spectral line emission tracing the molecular gas (Huang et al.
2018a). Each panel spans 500 AU on a side; resolutions are shown in the lower-left corner of each panel
(they are very small in panels a and b). It is helpful to compare these emission distributions with the behavior
in the Figure 1 schematic.

1.2.1. Scattered light. Small (∼micrometer-sized) dust grains suspended in the gas at a suitable
altitude in the disk atmosphere re!ect the radiation emitted by the host star. This scattered light
is sensitive to the radial variation of the vertical height of the dust distribution (Section 4.3).
The spectral and polarization behavior of the scattered light constrain the albedos, set by the
sizes, shapes, and compositions of the grains (Section 4.2). The practical advantage of this tracer
is resolution: adaptive optics systems operating near the diffraction limit on 8–10-m telescopes
measure features at 30–50-mas scales (∼5 AU at the typical distances of nearby star-forming
regions, ∼150 pc). The important challenges include the following: contrast with the host star,
preventing measurements in the innermost disk (!10 AU); sensitivity at large radii, due to the
dilution of the stellar radiation "eld; and technical limits on the host-star brightness. Taken
together, those issues bias the current sample of resolved scattered-light measurements toward
disks with more massive hosts.

1.2.2. Continuum emission. Disk solids emit a thermal continuum that spans four decades
in wavelength (λ ≈ 1µm–1 cm). Most of that emission is optically thick and, therefore, a tem-
perature diagnostic. Optical depths (τ ν ) decrease with λ; the transition to τ ν ! 1 is traditionally
expected at submm wavelengths. In the optically thin limit, the intensity (Iν ) scales with the sur-
face density of solids ($s; Sections 2.1 and 2.3), and its spectral dependence is sensitive to the solid
particle properties (Section 4.3). This tracer is bright, accessible at high resolution (to 10–20 mas,
or ∼2 AU), and has no stellar contrast limitations. Accordingly,measurements are plentiful: Much
of the collective knowledge about disk structures is based on mm continuum data. The disadvan-
tages arise from ambiguities in the detailed particle properties and the validity of the optically thin
approximation (Sections 4 and 5).

1.2.3. Spectral line emission. The most abundant molecule in a disk (H2) does not have a
permanent dipole moment and does not emit ef"ciently over the vast majority of the disk volume.
The bulk of the gas in a disk is essentially dark, and there is no direct probe of its mass reservoir.
Instead, measurements rely on the spectral line emission from (sub-)mm rotational transitions
of rare tracer molecules. Optically thick line intensities are sensitive to the temperature in the
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 The TW Hya disk seen with different tracers



Continuum emission
• Optical depth decreases with λ, providing direct view 

of disk mid-plane in the sub-mm 
• sub-mm range is also required to address thermal emission at 

low temperatures, far away from the star 

• Particle size probed in thermal emission mostly ~ λ 
• smaller particles do not emit efficiently 

• larger particles give less emission per mass, although all sizes 
contribute (—> ambiguity) 

• Sub-mm appropriate to study grain growth



Continuum observations
• Single-dish observations strongly limited in angular resolution 

• Largest antenna (JCMT): 15 m —> resolution > 5 arcsec at 450 µm 

• Disks are typically < 1 arcsec (100 au @ 100 pc) 

• Interferometry: angular resolution limited by antenna 
separation 
• ALMA: 64 antennas, baselines up to 16 km —> resolution ~ 20 mas! 

• Electric field recorded through local oscillators in each antenna 

• Interferometric signal produced offline by correlation 

• Images reconstructed with specific algorithms



Continuum observations
• Sub-mm observations require extremely dry sites



ALMA



Scattered light
• Starlight reflected from disk surfaces is typically faint, 

gray or red, and forward scattered 
• those properties indicate dust aggregates with amax ~ 10 μm 

in disk atmospheres, representing the early steps in the 
growth sequence or possibly tracing collision fragments 
mixed up from the midplane  

• settling induces a vertical stratification of particle sizes, which 
makes the height of the scattering surface decrease with λ  

• Scattered light is partly polarized, depending on the 
size, shape, and composition of grains



Scattered light observations
• Required high-contrast 

imaging techniques 

• Imaging disks with ADI 
is complicated 
• extended source can be 

confused with stellar 
halo 

• standard ADI processing 
techniques not designed 
to preserve the 
morphology of disks

J. Milli et al.: Impact of angular differential imaging on circumstellar disk images
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Fig. 5. Top: parallactic angle evolution of HR 4796 as observed on
April, 7, 2010. The dashed lines show the artificial discontinuities intro-
duced for test purposes. Bottom: parallactic angle evolution for a total
field of view rotation ∆θ = 23◦ before and after the star culmination in
the sky.

– a reduced field of view rotation of 23◦ observed before
culmination.

The initial disk is convolved with a synthetic PSF in L′. The
reductions were performed with cADI, rADI and LOCI (with a
separation criterion Nδ of 1.5 FWHM and 3 FWHM).

4.1.1. General effects of cADI

The first striking effect is the extinction along the minor axis of
the disk seen in Fig. 6. At this distance, the amplitude of field
rotation is low and self-subtraction is significant, resulting in a
progressive decrease in the width of the annulus as we approach
the minor axis.

With a 77.5◦ field rotation, no other artificial feature appears,
except for a slightly negative region inside the annulus and two
point-like sources along the minor axis with a flux 91% lower
than the ansae. Nothing distinguishes this image from those with
discontinuous parallactic angle evolutions: the introduced breaks
have undetectable effects in cADI1.

For a reduced field rotation, two prominent artifacts appear
for the northeast and southwest ansae of the annulus (left and
right side in Fig. 6, respectively). There are two extinctions on
each side of the ansae, resulting in two blobs on the parts of
the annulus that are most distant from the center. Applying the
frequency-tool described in the previous section shows indeed
that the azimuthal spatial frequencies at the location of the ex-
tinctions are of the same order of magnitude as the cutoff fre-
quency due to ADI-filtering, which causes the enhanced flux
losses in that region.

1 Down to a detection level of 0.1% with respect to the ansae intensity.
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Fig. 6. Top: initial convolved disk and cADI-reduced disks for the real
parallactic angle evolution (∆θ = 77.5◦) and for the reduced amplitude
(∆θ = 23◦). The color scales are identical and linear. Bottom: radial
deprojected brightness profiles for the initial convolved disk (dashed
lines) and the cADI images (plain lines) in two directions (along the
semi-major axis and 11◦ away from it). The color of the lines is the
same as the color of the arrows in the top images.

As mentioned in Lagrange et al. (2012b), there is no need
to involve radiation pressure-induced dust blow-out to explain
the appearance of these bright structures named streamers by
Thalmann et al. (2011) in their high S/N data along the semi-
major axis. The radial profiles along the semi-major axis at the
bottom of Fig. 6 is unambiguous: the initial outer edge profile
(small black dashed line) is well reproduced after cADI reduc-
tion (green line) even with a reduced parallactic angle amplitude
(brown line) along the major-axis2.

A deprojected view of the disk is helpful to understand
where the cADI azimuthal profile deviates from the original disk

2 A reduced parallactic angle amplitude attenuates the outer edge in-
tensity by a uniform factor of 18% but does not alter the shape and log-
arithmic slope of the profile along the semi-major axis. Only the inner
edge is altered because of the presence of a negative area with a min-
imum intensity at 0.95′′. This conclusion does not hold any more in a
direction 11◦ away from the semi-major axis: in that case even the outer
edge radial profile is altered, as shown by the violet curve in Fig. 6.
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Scattered light observations: 
polarimetric differential imaging
• Reflected light from dust is 

partially polarized 
• same phenomenon explains why 

our blue sky is partly polarized 

• Star produces unpolarized light 

• Can be exploited by polarimetric 
imager

our blue sky is polarized!



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

2

664

I

Q

U

V

3

775 (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



Spectral line emission
• Main gas species (H2) has very little signature (no 

dipole moment, inefficient emission) 

• Measurements rely on the spectral line emission from 
(sub-)mm rotational transitions of rare tracer 
molecules  
• mainly CO (high optical depth)  

• mass can be studied with rarer isotopologues (13CO, C18O) 

• Mostly done in sub-mm, although mid-IR can also be 
used



Spectral line observations
• Reconstruct ALMA images in 

individual spectral channels 
around a gas line 

• Blue/red-shift due to rotation 
slightly changes the 
wavelength of the emission 
line 

• Wavelength shift corresponds 
to gas velocity —> can be 
used to probe disk dynamics

LETTER RESEARCH

We run a 3D hydrodynamical simulation of embedded planets in 
order to provide a qualitative comparison to the observations and 
demonstrate that 12CO emission would trace such meridional flows. We 
inject three planets of masses 0.5MJup, 1MJup and 2MJup at 87 au, 140 au 
and 237 au, respectively, into a disk model that has been shown to 
recover the disk thermal structure exceptionally well13,19 (see Methods 
section). Figure 4 shows the azimuthally averaged density and kine-
matic structure after 1.44 Myr, a large fraction of the age of the system. 
The derived velocity structure is in excellent agreement with both the 
observations and previous simulations, which only contained a single 
planet-opened gap8–11,17,20. This simulation demonstrates that 12CO 
emission is able to trace the tops of the meridional flows driven by 
embedded planets in HD 163296: however, the masses of the inferred 

planets are model dependent, and more thorough constraints on these 
are beyond the scope of this work.

Without the direct detection of the embedded planets opening these 
gaps, other scenarios are possible. For example, zonal flows are known 
to drive radial deviations in both vφ and vZ, allowing also for an efficient 
cycling of material3,21,22. In these simulations, deviations in vφ of up to 
10% of the local Keplerian rotation are found and similar values in the 
vertical direction23. With the current observations, which lack an abso-
lute scaling of the deviations of vφ or vZ, it is impossible to accurately 
distinguish between scenarios. The use of different molecular tracers 
offers a potential solution, allowing for the mapping of the flow struc-
tures in regions closer to the disk midplane where they are believed to 
deviate and thus constrain the origin.
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Fig. 1 | Rotation maps and the inferred 3D geometry of the disk.  
a, Rotation map (that is, a map of vlos, the line of sight velocity) of 
HD 163296 made with the software bettermoments27. The filled contours 
have been clipped to highlight the structure in the disk close to the semi-
minor axis. The lined contours are in steps of 0.5 km s−1. b, As a but 

with an overlay of the inferred emission surface, the height at which the 
observed emission originates, used to deproject the data. c, The inferred 
height above the midplane of the emission surface. The synthesized beam 
is shown in the bottom left of a and b as a filled ellipse.
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All velocities are deprojected assuming a source inclination of 46.7° and 
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magnitude of the rotation vector (vφ − vφ,mod). In b, the three locations of 
meridional circulation are shown in red dashed boxes and the outflow in a 
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‘kinks’, traced in 12CO emission7.

1 7  O C T O B E R  2 0 1 9  |  V O L  5 7 4  |  N A T U R E  |  3 7 9



II. Protoplanetary disks 
II.3 Results from imaging



Disk sizes
• Maximum disk extension (sometimes 

>> 100 au) measured in: 
• scattered light 

• gas lines 

• Reduced disk sizes generally 
measured in: 
• sub-mm (radial drift, reduced brightness, 

optical depth, evolution of solids, …?) 

• polarized scattered light (partial 
polarization reduces sensitivity)

photodissociation (Miotello et al. 2014, 2016), and especially the sequestration of C or O into
grains, ices, or other species (e.g., organics; Reboussin et al. 2015; Yu et al. 2016, 2017; Miotello
et al. 2017; Bosman et al. 2018). Alternatively, the typical CO isotopologue tracers (even C18O)
might be optically thick, saturating the line luminosities (Booth et al. 2019). The salient point is
again that the standard adopted assumptions produce lower bounds onMg by design.

2.2. Size
Sizes are a natural step in the progression of measurements frommasses to density pro!les. There
is no consensus size de!nition, physically or observationally, because any metric depends on the
adopted prescription for the radial variations of densities or intensities. A physical modeling effort
to homogenize size measurements is littered with ambiguities. A more practical approach is to
assign an empirical de!nition of an effective size, Rj, de!ned as the radius that encircles a !xed
fraction of the luminosity from tracer j.

Resolved mm continuum measurements from roughly 200 disks have been used to infer
Rmm ≈ 10–500 AU (de!ned here so Rmm encircles 0.9 Lmm; Tripathi et al. 2017, Andrews et al.
2018b, Hendler et al. 2020). The lower bound of that range is presumably limited by resolution.
Figure 4a shows a tight correlation between the mm continuum sizes and luminosities (Andrews
et al. 2010, Piétu et al. 2014) with a scaling relation Lmm ∝ R2

mm (Tripathi et al. 2017, Andrews et al.
2018b) that may "atten for older systems (Hendler et al. 2020). The origins of this relationship are
not clear: It could be imposed at the disk-formation epoch (Isella et al. 2009, Andrews et al. 2010)
or produced by the evolution of solids (Tripathi et al. 2017,Rosotti et al. 2019a; see Section 4), or it
may be a more trivial manifestation of high optical depths (Andrews et al. 2018b, Zhu et al. 2019).

Scattered-light images offer an alternative size metric for the solids, although the empirical
methodology outlined above has not been used for such data in the literature. Nevertheless,
the current suite of scattered-light images (e.g., Garu! et al. 2018) demonstrate that the
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Figure 4
(a) The correlation between the λ = 0.9-mm continuum luminosities (in "ux density units, scaled to a
common distance of 150 pc) and sizes (the radii that encircle 0.9Lmm; Tripathi et al. 2017, Andrews et al.
2018b, Hendler et al. 2020). The inferred scaling relation, Reff ∝ L0.5mm, is overlaid in red. (b) A comparison of
Rmm and analogous sizes inferred from the CO line emission (data from Öberg et al. 2011, Simon et al. 2017,
Ansdell et al. 2018, Facchini et al. 2019). A one-to-one marker is shown as a dotted line, and an RCO ≈
2.5Rmm relation is shown in red.
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Disk shapes: flaring
early days: silhouette (HST) today: scattered emission 

from both sides



A variety of structures: the ALMA view



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

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 Q� 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.

4

A variety of 
structures: the 

optical 
polarization 

view



The crucial role of disk 
structures

• Standard model has 
monotonically decreasing P(r) 
—> negative force —> gas 
has sub-Keplerian motion 

• Migration of solids due to gas 
sub-Keplerian motion, which 
creates « head wind » 

• Non-monotonic pressure 
profile can create dust trap, 
which promotes growth



Possible origins of 
substructures

• Fluid mechanics 
• photoevaporation / winds —> cavities 

• magneto-hydro dynamic flows & turbulence —> gaps, vortices 

• self-gravity —> spiral patterns 

• Dynamical interactions with companions 
• low-mass companions —> gaps, spirals 

• massive companions —> cavities, vortices, warps 

• Condensation fronts (snow lines) affect density of solid and 
gas, and outcome of collisions



Possible shapes

Arc

Cavity

Rings

Gaps

Spirals

Massive
planet

Infall (drives GI)

i  Zonal flows

ii  Low-mass planet(s)ii  Giant planets (+ vortex)

a b c

d

Overlapping gaps
clear central cavity 

Dust evolution near snowlines

Snowlin
e

Collisions

Faster drift

Slower drift
(tra!c jam) 

i  Mass loss in winds

Photoevaporative/MHD
Winds clear central cavity
Photoevaporative/MHD

Winds clear central cavity
B-"eld concentrations

+ MHD winds

Spiral wave shocks
or additional planets

νfrag

νfrag

i

ii

Figure 10
Schematic illustrations of the substructures generated by various physical mechanisms. As in Figure 1, grayscale denotes gas densities
(∝P) and representative solid densities are marked with exaggerated symbol sizes and colors. (a) A schematic of a ring–cavity
substructure morphology with a pronounced arc feature generated by a vortex. The two side views represent the behavior for a disk
with substantial mass loss in a photoevaporative or MHD-driven wind (a, i) or a series of giant planets (a, ii), both of which effectively
diminish !g in a central cavity. The sharp density contrast at the cavity edge can trap particles in a ring and potentially generate a
vortex. (b) A schematic of the ring–gap substructure morphology, with similar behavior produced by the magnetic !eld concentrations
inherent in MHD zonal "ows (b, i) and the perturbations from interactions between lower-mass planets and a relatively inviscid disk
(b, ii). (c) A simpli!ed diagram of the spiral wave perturbations that could be produced by the global GI driven by remnant envelope
infall or tidal interactions with a massive (external) planetary companion. (d) A diagram highlighting two representative outcomes for
the evolution of icy aggregates as they migrate across a volatile condensation front. Subpanel i shows the case in which ice loss due to
sublimation enhances vfrag, and thereby promotes growth and drift; subpanel ii shows the opposite, resulting in a pileup of small, bare
grains. Abbreviations: GI, gravitational instability; MHD, magnetohydrodynamics.

zonal "ows create narrow ("r ≈ few to 10 Hp) depletions (gaps) and enhancements (rings) in P(r)
at r at ∼10–100 AU that are expected to trap and concentrate solids (see Figure 10b).

In very dense regions of the disk, the ionization rate can be diminished enough to sti"e turbu-
lence from the MRI (Gammie 1996). The radial variation of αt into such a dead zone modi!es the
gas "ow and can thereby produce a strong, axisymmetricmaximum in P(r) at the laminar/turbulent
boundary (Regály et al. 2012, Dzyurkevich et al. 2013). These transitions at dead zone boundaries
can generate vortices through the Rossby wave instability (Lovelace et al. 1999, Lyra et al. 2009),
resulting in radially narrow ("r ≈ Hp) but azimuthally extended ("θ ! π/2) pressure maxima
(Lyra & Lin 2013, Baruteau & Zhu 2016). There are alternative ways to cultivate vortices, in-
cluding baroclinic instabilities (Klahr & Bodenheimer 2003), which can be ampli!ed by feedback
from the solids (Lorén-Aguilar & Bate 2015, 2016), and the vertical shear instability (Richard
et al. 2016). Vortices attract and concentrate migrating solids, making them especially compelling
sites for planetesimal formation (Barge & Sommeria 1995, Klahr & Henning 1997, Klahr &
Bodenheimer 2006) and can also imprint long-lasting rings and gaps in !s (e.g., Surville et al.
2016).
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Rings - cavities
morphology (Muto et al. 2012, Grady et al. 2013, Akiyama et al. 2016) to more intricate, tightly
wrapped, and asymmetric structures (Hashimoto et al. 2011, Avenhaus et al. 2014, Garu! et al.
2016, Monnier et al. 2019). There are only three known examples of disks around single-star
hosts that exhibit a spiral pattern in the mm continuum (Pérez et al. 2016, Huang et al. 2018c), in

a  Rings–cavities

b  Rings–gaps

c  Arcs

d  Spirals

10 AU

10 AU

10 AU 10 AU 10 AU 10 AU 10 AU

10 AU 10 AU 10 AU 10 AU 10 AU 10 AU
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(Caption appears on following page)
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Cavities more prominent in sub-mm. Could be due to big grains 
being trapped, while gas and small dust still flowing through cavity.



Rings - gaps

morphology (Muto et al. 2012, Grady et al. 2013, Akiyama et al. 2016) to more intricate, tightly
wrapped, and asymmetric structures (Hashimoto et al. 2011, Avenhaus et al. 2014, Garu! et al.
2016, Monnier et al. 2019). There are only three known examples of disks around single-star
hosts that exhibit a spiral pattern in the mm continuum (Pérez et al. 2016, Huang et al. 2018c), in

a  Rings–cavities

b  Rings–gaps

c  Arcs

d  Spirals
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(Caption appears on following page)
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No direct relationship found so far between the position and number 
of gaps in sub-mm and optical observations.



Arcs, spirals

morphology (Muto et al. 2012, Grady et al. 2013, Akiyama et al. 2016) to more intricate, tightly
wrapped, and asymmetric structures (Hashimoto et al. 2011, Avenhaus et al. 2014, Garu! et al.
2016, Monnier et al. 2019). There are only three known examples of disks around single-star
hosts that exhibit a spiral pattern in the mm continuum (Pérez et al. 2016, Huang et al. 2018c), in

a  Rings–cavities

b  Rings–gaps

c  Arcs

d  Spirals
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Sub-mm spirals trace density, while optical spirals are more likely 
due to disk scale height variations.



Sub-mm vs optical images

• Multi-wavelength view required to understand disk 
structure and constrain mechanisms at play

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

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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Vertical structures:  
shadows and warps

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

Scattered light Accretion signatureThermal light
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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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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.
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Since PPVI, near-IR and ALMA high angular resolu-
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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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Inner disks can project shadows onto outer disks, which 
affect its appearance in scattered light. Shadows can 

be local, extended, or global.
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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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II. Protoplanetary disks 
II.4 Protoplanets



Goal: find the planets supposed 
to create these structures

Young planets should be bright, inside low-brightness gaps / cavities



Detecting protoplanets
• Young planets still in the process of accreting 

material for circumstellar disk 

• Image processing complicated by presence of disk 
(—> several false positives)

4 Quanz et al.

Fig. 1.— Top row: Final PSF-subtracted images of the vicinity around HD100546 in the L0 filter (left panel) and M 0 filter (right panel).
The dark spot in the image center indicates the location of the central star. The innermost regions have been masked out during the data
analysis as they are dominated by subtraction residuals. Bottom row: Same as above but after subtraction of the point source component.
Residual resolved structures remain visible in the vicinity of the protoplanet. Additional extended emission is present to the southeast of
the star mainly in the M 0 filter (see also Section 6). North is up and East to the left in all images.

M 0 data yielded a contrast of �M = 9.2± 0.15 mag be-
tween HD100546 and the compact emission component
and the same accuracy in the object’s location.
It is worth noting that after subtraction of the best-

fit negative point source the remaining extended emis-
sion is not only elongated in the radial direction in the
final images, but now also left and right of the point
source component persisting emission structures appear
(see, Figure 1 bottom row). This can be understood
if one keeps in mind that normally any reduction algo-

rithm for pupil stabilized images creates negative holes
left and right of a point source as it tries to cancel it
out. In the final PynPoint images no negative holes
are present, but the source has an unusually elongated
shape, which we interpret as PynPoint canceling out
flux left and right of the point source component. Part
of this flux reappears after the point source component
is subtracted. Without extensive modeling the precise
shape and brightness distribution of the extended emis-
sion component cannot be determined, however, and we

PDS 70 seen by SPHERE

The Astrophysical Journal Letters, 792:L23 (5pp), 2014 September 1 Reggiani et al.

(a) (b)

Figure 1. (a) NACO/AGPM L′ image of HD 169142, using PYNPOINT with 20 PCA coefficients. A bright source is detected north of the central star. The image is
scaled with respect to the maximum flux. (b) H-band PDI image of the circumstellar disk of HD 169142 (Quanz et al. 2013b). The inner cavity (<25 AU), the bright
rim, and the annular gap (40–70 AU) are clearly visible. Overplotted in red contours is the detected L′ source. The green diamond indicates the location of the compact
7 mm emission detected by Osorio et al. (2014).
(A color version of this figure is available in the online journal.)

Table 2
Summary of Observations

Instrument Filter No. of Detector Reads × Exp. Time No. of Data Cubes Parallactic Angle Start/End Airmass Range

VLT/NACO L′ 60 × 0.25 s 444 −84.29/74.70 1.097–1.038
Gemini/GPI J-coro 1 × 60 s 52 −96.65/−102.96 1.048 −1.001

some simulations to evaluate the astrometric distortion induced
by the vortex. At 1 λ/D, the offset is 0.075 FWHM, well
below the speckle noise induced errors, and it is thus negligible.
Each time we used the final PYNPOINT image to calculate the
deviation of the remaining flux at the object’s location compared
to the background noise in an annulus of 1 FWHM around
the detection. We chose as brightness and astrometry of the
source the combination of flux and position that yields the lowest
deviation; i.e., the best subtraction.

To conclude, the source is located at 0′′.156 ± 0′′.032 from the
central star at a.position angle of P.A. = 7.◦4 ± 11.◦3. Our best es-
timate of the contrast for the object is ∆L′ = 6.5 ± 0.5 mag. The
errors on these measurements are the 1σ deviation quantities.
These estimates are consistent with the expected performance
of the AGPM at ∼0′′.16 (see, e.g., Mawet et al. 2013). We also
inserted an artificial positive planet of the same brightness at the
same separation but at a different position angle and we were
able to recover it (see Figure 2). The artificial planet appears
elongated, showing that the final shape of point-like sources at
these small separations is affected by image processing. The
observed magnitude for HD 169142 is L′ = 5.66 ± 0.03 mag
(van der Veen et al. 1989). Thus, we derived an apparent mag-
nitude of L′ = 12.2 ± 0.5 mag for the newly detected source.
The uncertainty is the square root of the sum of squares of the
errors on the stellar and the object’s magnitudes.

An independent confirmation of this detection with the same
instrument and at the same wavelength is provided by Biller
et al. (2014). The astrometry and photometry of the detections
are consistent within the errors.

3.2. Non-detection in the J Band

No source was detected in the J-band images. We derived the
5σ detection limits by match filtering the reduced data using

Figure 2. NACO/AGPM L′ image of HD 169142 with an artificial planet of
the same brightness and angular separation as the detection. This image shows
the final outcome of PYNPOINT with 20 PCA coefficients. Besides the bright
source detected north of the central star, we could recover the artificial planet at
P.A. & 270◦.
(A color version of this figure is available in the online journal.)

empirical PSF templates based on the astrometric spots. We
then set as a conservative upper limit the maximum of the
matched filtered PSF in various annuli around the star and
corrected for self-subtraction. Given the small separation of the
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Some promising candidates
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First results!
The spirals of MWC758

VLT/SPHERE IRDIS (Y band) 
(Polarimetric DiMeren�al Imaging mode)

Benisty et al. 2015 Reggiani/Chris�aens in prep

Keck/NIRC2 (L-band)
Vortex mode

M. Reggiani et al.: A point-like source and a third spiral arm in the transition disk around MWC 758

Fig. 1. Final PCA-ADI images for the 2015 (a) and 2016 (b) data sets. Three spiral arms and a bright point-like feature are detected in the images.
The three spiral arms and the point-like source are labeled with S1, S2, S3, and b, respectively.

3. Results

The final PCA-ADI L’-band images (Figure 1) show a bright
point-like emission source, detected south of MWC 758 (labeled
b in Figure 1a), at ⇠000.1 from the central star. The images also
recover the two spiral arms (S1 and S2) already observed in near-
infrared polarized light (Grady et al. 2013; Benisty et al. 2015),
and reveal an additional one to the SW (S3). In the following
sections (3.1, 3.2, and in 3.3) we present the results in details.

3.1. The point-like source in the disk

In the PCA-ADI residual images for both epochs, a bright L’-
band emission source is located at the same position interior to
the spiral arms (see Figure 1). For each dataset, the final image
corresponds to the number of principal components that maxi-
mize the signal to noise ratio (S/N) of the point-like feature (3
and 9 components, respectively). To compute the S/N, we follow
the Mawet et al. (2014) prescription, where the signal is summed
in a 1 full width at half maximum (FWHM) aperture around a
given pixel, and the noise is computed as the standard deviation
of the fluxes inside 1 FWHM apertures covering a 1 FWHM-
wide annulus at the same radial distance from the center of the
frame, taking into account the small sample statistic correction.
In both data sets, the point-source is recovered with a S/N of ⇠5.
Figures 2a and 2b show the S/N maps for the 2015 and 2016 final
PCA-ADI images, respectively. None of the other bright features
in the inner part of the disk (within 000.2), is recovered with a S/N
> 3.

To assess the reliability of the detection, we performed a se-
ries of tests. We both varied the number of PCA coe�cients and
divided the two data sets into subsets containing either half or a
third of the frames, but covering the full field rotation. In both
cases, the emission source south of MWC 758 appears to be the
most significant feature in the final PCA-ADI images. We also
inverted the parallactic angles of the frames, but we could not
artificially generate any feature as bright as the one we detected.

The astrometry and photometry of the source are determined
by inserting negative artificial planets in the individual frames,

Fig. 2. S/N maps for the 2015 (a) and 2016 (b) data sets. Apart from b,
none of the other bright features in the inner part of the disk (inside 000.2,
down to the inner working angle at 000.08), is recovered with a S/N > 3

varying at the same time their brightness and location. The arti-
ficial companions are obtained from the unsaturated PSF of the
star, which was measured without the coronagraph. The bright-
ness and position that minimize the residual in the final images
are estimated through a standard Nelder-Mead minimization al-
gorithm. In the first epoch, the source is located at a distance
r = 000.112 ± 000.006 from the central star at a position angle
PA = 169�±4�, with a magnitude di↵erence �L = 7.1±0.3 mag.
In the second dataset, the estimated position is r = 000.110±000.006
and PA = 162� ± 5�, and the flux ratio is �L

0 = 6.9 ± 0.5 mag.
The magnitude di↵erence takes into account the vortex trans-
mission (⇠50%) at these separations. The uncertainties on the
quantities due to speckle noise were determined by injecting a
series of fake companions around the star in the raw, companion-
subtracted cube at the same radial distance, and calculating the
median errors of the retrieved distributions. Variations of the to-
tal flux in the unsaturated PSF during the observing sequence
were also included in the uncertainty on the brightness di↵er-
ence. The two measurements of separation, position angle and
contrast are consistent with each other within 1�. If the spirals
are trailing, a companion in the disk is expected to rotate clock-

Article number, page 3 of 10

SPHERE/IRDIS Y band polarimetry (2014)
Keck/NIRC2 L- band imaging (2015 & 2016)

MWC 758 — a young star with a protoplanetary disk, and a 
companion candidate that could create the spiral arms



Then comes PDS70!
• PDS70 = low-mass young 

star in Taurus (~5 Myr) 

• First robust detection of a 
forming protoplanet: 
PDS70b 

• Located at 22 au, inside 
the large gap of the 
PDS70 disk

A&A 617, L2 (2018)

N_ALC_YJH_S (185 mas in diameter) apodized-Lyot coron-
agraph (Martinez et al. 2009; Carbillet et al. 2011). We used
the IRDIS (Dohlen et al. 2008) dual-band imaging camera
(Vigan et al. 2010) with the K1K2 narrow-band filter pair
(�K1 = 2.110 ± 0.102 µm, �K2 = 2.251 ± 0.109 µm). A spectrum
covering the spectral range from Y to H band (0.96–1.64 µm,
R� = 30) was acquired simultaneously with the IFS integral field
spectrograph (Claudi et al. 2008). We set the integration time
for both detectors to 96 s and acquired a total time on target of
almost 2.5 h. The total field rotation is 95.7�. During the course
of observation the average coherence time was 7.7 ms and a
Strehl ratio of 73% was measured at 1.6 µm, providing excellent
observing conditions.

2.2. Data reduction

The IRDIS data were reduced as described in Keppler et al.
(2018). The basic reduction steps consisted of bad-pixel cor-
rection, flat fielding, sky subtraction, distortion correction
(Maire et al. 2016), and frame registration.

The IFS data were reduced with the SPHERE Data Cen-
ter pipeline (Delorme et al. 2017), which uses the Data Reduc-
tion and Handling software (v0.15.0, Pavlov et al. 2008) and
additional IDL routines for the IFS data reduction (Mesa et al.
2015). The modeling and subtraction of the stellar speckle pat-
tern for both the IRDIS and IFS data set were performed with
a smart Principal Component Analysis (sPCA) algorithm based
on Absil et al. (2013) using the same setup as described in
Keppler et al. (2018). Figure 1 shows the high-quality IRDIS
combined K1K2 image of PDS 70. The outer disk and the plan-
etary companion inside the gap are clearly visible. In addi-
tion, there are several disk related features present, which are
described in Appendix B. For this image the data were processed
with a classical ADI reduction technique (Marois et al. 2006) to
minimize self-subtraction of the disk. The extraction of astro-
metric and contrast values was performed by injecting negative
point source signals into the raw data (using the unsaturated flux
measurements of PDS 70) which were varied in contrast and
position based on a predefined grid created from a first initial
estimate of the planet’s contrast and position. For every param-
eter combination of the inserted negative planet the data were
reduced with the same sPCA setup (maximum of 20 modes, pro-
tection angle of 0.75⇥ FWHM) and a �2 value within a segment
of 2⇥ FWHM and 4⇥ FWHM around the planet’s position
was computed. Following Olofsson et al. (2016), the marginal-
ized posterior probability distributions for each parameter was
computed to derive final contrast and astrometric values and
their corresponding uncertainties (the uncertainties correspond
to the 68% confidence interval). For an independent confirma-
tion of the extracted astrometry and photometry we used SpeCal
(Galicher et al. 2018) and find the values in good agreement with
each other within 1� uncertainty.

2.3. Conversion of the planet contrasts to physical fluxes

The measured contrasts of PDS 70 b from all data sets (SPHERE,
NaCo, and NICI) were converted to physical fluxes following the
approach used in Vigan et al. (2016) and Samland et al. (2017),
who used a synthetic spectrum calibrated by the stellar SED to
convert the measured planet contrasts at specific wavelengths
to physical fluxes. In our case, instead of a synthetic spec-
trum, which does not account for any (near-)infrared excess, we
made use of the flux calibrated spectrum of PDS 70 from the
SpeX spectrograph (Rayner et al. 2003), which is presented in
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Fig. 1. IRDIS combined K1K2 image of PDS 70 using classical ADI
reduction technique showing the planet inside the gap of the disk around
PDS 70. The central part of the image is masked out for better display.
North is up, East is to the left.

Long et al. (2018). The spectrum Long et al. (2018). The spec-
trum covers a wavelength the entire IFS and IRDIS data set. To
obtain flux values for our data sets taken in L0 band at 3.8 µm, we
modeled the stellar SED with simple blackbodies to account for
the observed infrared excess (Hashimoto et al. 2012; Dong et al.
2012). The final SED of the planet is shown in Fig. 2. The IFS
SED of the planet is shown in Fig. 2. The IFS spectrum has a
steep slope and displays a few features only, mainly water val-
ues are listed in Table C.1.

3. Results

3.1. Atmospheric modeling

We performed atmospheric simulations for PDS 70 b with the self-
consistent 1D radiative-convective equilibrium tool petitCODE
(Mollière et al. 2015, 2017), which resulted in three di↵erent
grids of self-luminous cloudy planetary model atmospheres (see
Table 1). These grids mainly di↵er in the treatment of clouds:
petitCODE(1) does not consider scattering and includes only
Mg2SiO4 cloud opacities; petitCODE(2) adds scattering; petit-
CODE(3) contains four more cloud species including iron (Na2S,
KCl, Mg2SiO4, Fe). Additionally, we also use the publicly avail-
ablecloud-freepetitCODEmodelgrid (herecalledpetitCODE(0);
see Samland et al. 2017 for a detailed description of this grid) and
the public PHOENIX BT-Settl grid (Allard 2014; Bara↵e et al.
2015).

In order to compare the data to the petitCODE models
we use the same tools as described in Samland et al. (2017),
using the python MCMC code emcee (Foreman-Mackey et al.
2013) on N-dimensional model grids linearly interpolated at
each evaluation. We assume a Gaussian likelihood function
and take into account the spectral correlation of the IFS
spectra (Greco & Brandt 2016). For an additional independent
confirmation of the results obtained using petitCODE, we also
used cloudy models from the Exo-REM code. The models
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Accretion signature in Hɑ
• Confirmation of PDS70b 

using accretion emission 
line (hot hydrogen gas)  

• Detection of PDS70c, which 
was initially missed due to 
confusion with the disk LETTERSNATURE ASTRONOMY

most massive planet Jupiter was formed first and was migrating 
towards the young Sun, the formation and subsequent faster inward 
migration of Saturn locked the two planets in a 3:2 mean motion 
resonance. This is thought to have reversed their, now coupled, 
migration direction outward towards their current orbits. Finding 
other systems, like PDS 70, in mean motion resonance lends cred-
ibility to this formation scenario for our Solar System.

The observations with MUSE show that adaptive-optics-
assisted, medium-resolution, integral field spectrographs are highly  
efficient instruments to observe accretion emission spectra from 
planets in formation. We suspect that more accreting planets could 
be found and characterized in transition disks with this technique. 
Another exciting opportunity, which is now possible due to the  
high efficiency of both the HRSDI data processing technique and 
MUSE, is the detailed investigation of accretion on short and 
long timescales. This will shed light on the variability of planetary  
accretion and will lead to a better understanding of the forma-
tion of planets, allowing us to infer the formation history of the  
Solar System.

Methods
VLT/MUSE observations and data reduction. !e PDS 70 system was observed 
during the commissioning run of the adaptive-optics-assisted MUSE narrow-"eld 
mode in June 2018. MUSE is a medium-resolution integral "eld spectrograph, 
which acquires a spectrum for every spatial pixel in a continuous "eld of view of 
7.5” × 7.5” (ref. 12). It is coupled with GALACSI, the advanced laser tomography 
adaptive optics system of the VLT Adaptive Optics Facility27,28, which was also used 
during the observations of PDS 70. PDS 70 itself was used as the low-order tip-tilt 
star. !e observations were split into six individual exposures of 300 s each in "eld 
stabilizing mode with a total of 1,800 s on target. Between each observation the 
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Fig. 2 | Multi-epoch detection of PDS 70 b and c. a, The Hα detection map of PDS 70 after removal of all direct and scattered starlight. PDS 70 b and c 
have their positions marked with white circles. The white star in the middle shows the position of the star. The feature just south of PDS 70 b is most likely 
caused by image slicing in MUSE, as the signal is perfectly aligned with the slicing and field splitting axis and we do not see it in the other datasets. b, The 
K1-band observations of PDS 70 with SPHERE/IRDIS after ADI processing. Both companions, with their positions marked by the white circles, are recovered 
in the data. The position of the star is marked by the white star. c, NACO observations in the L-band. PDS 70 b is clearly visible, while PDS 70 c is connected 
to the disk. This is due to the large FWHM of the point-spread function in the L-band. The disk should be a smooth ring according to previous research, the 
extension at the position of PDS 70 c is therefore most likely due to the planet itself. The position of the star is marked by the white star.

Table 1 | The photometry and astrometry of PDS 70 b and c

Component Date Instrument Band ΔM (mag) Line flux (1 × 10–16  
erg s–1 cm–2)

Position angle (°) Separation (mas) Orbital radius (au)

PDS 70 b 14 May 2016 SPHERE K1 8.0!±!0.2 152.4!±!1.5 186.13!±!7 21.3!±!1
PDS 70 b 1 June 2016 NACO L’ 6.9!±!0.25 151.4!±!2.0 181.2!±!10 22.2!±!3
PDS 70 b 20 June 2018 MUSE Hα 6.9!±!0.1 3.9!±!0.37 146.8!±!8.5 176.8!±!25 21.0!±!3
PDS 70 c 14 May 2016 SPHERE K1 8.8!±!0.2 285!±!1.5 215.1!±!7 33.6!±!1.5
PDS 70 c 1 June 2016 NACO L’ 6.6!±!0.2 283.3!±!2 254.1!±!10 39.7!±!4.5

PDS 70 c 20 June 2018 MUSE Hα 7.7!±!0.2 1.9!±!0.32 277.0!±!6.5 235.5!±!25 38.6!±!4.5
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Fig. 3 | Composite image of the protoplanetary disk and the two 
companions. The disk image from SPHERE H-band observations is overlaid 
with the white contours of the Hα emission of the two planets to indicate 
their positions in the disk. The contours mark the 0.8, 0.5 and 0.3 level 
with respect to the peak of the point source. The disk features a smooth 
outer disk and a perturbed inner disk. The darker features around the inner 
disk are due to over-subtraction of the inner disk by the post-processing 
algorithm. The planets are clearing out the large gap between the outer and 
inner disk edges, which can be seen in the scattered light image. The outer 
planet is partially obscured by the outer disk.

NATURE ASTRONOMY | www.nature.com/natureastronomy



Orbits constrained

• Already 7 years of 
coverage (incl. 
archives) 

• Planets most probably 
in 2:1 resonance 

• Masses constrained to 
be below 10 MJup



Spectrum: a 
circumplanetary disk?

• Very red, almost featureless spectrum —> planet 
photosphere hidden by dust. Is it in the planetary 
atmosphere, accretion column, or CPD?



CPD around PDS70 planets: 
ALMA confirmation

• Compact emission colocated with PDS70b & c 

• About 0.01 MEarth of dust (in large grains)

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

Fig. 13.— The PDS 70 system as seen with SPHERE in the near-IR (left), overplotted with blue contours from H↵ 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 H↵

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 (0.0043, 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 H↵ line
and in UV continuum (Wagner et al. 2018; Haffert et al.
2019; Hashimoto et al. 2020; Zhou et al. 2021). H↵ 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 (✏ ⇠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 H↵ 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 H↵ 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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Gas dynamics perturbations 
due to protoplanetsLETTERRESEARCH

Regardless of the underlying mechanism driving them, the iden-
tification of vertical flows with speeds of about 0.1cs (where cs is the 
local sound velocity) suggest a rapid cycling of material from the vol-
atile-rich ‘molecular layer’ of the disk, down towards the considerably 
cooler midplane, which is substantially more shielded from radiation 
and therefore more chemically inert. It is this volatile-rich gas that will 
form the atmospheres of the embedded planet, rather than the mid-
plane material, which is driven away through the Lindblad torques. 

Therefore, as the carbon-to-oxygen ratio, C/O, is frequently meas-
ured in exoplanetary atmospheres and used as a probe of the planet- 
forming location24,25, it is the C/O ratio of the in-falling warm molecu-
lar regions with which the C/O ratios of exoplanet atmospheres should 
be compared, rather than the C/O ratio of the disk midplane.

In addition, a radial outflow is found outside about 300 au, marked 
with the blue dashed box in Fig. 2b. Although the absolute scaling of 
vZ is dependent on the assumed vLSR, the vR component is measured 
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Planet-driven !ows
Planet opening a gap in the gas

Gas density

~4 Hill radii

Fig. 3 | Schematic of the meridional flow. Cartoon of the dominant flows 
around an embedded planet, using the approach of ref. 10. The planet will 
open a gap in the gas density through Lindblad torques driving the radial 
flows (‘planet-driven flows’) shown in orange close to the midplane. The 
disk will viscously spread towards the gap centre, then fall into the gap via 

meridional flows, shown with black arrows at higher altitudes. For wide 
gaps, this will result in circulation around the gap edges. The blue shaded 
background and white dashed contours show the density profile of the 
disk. Horizontal black dotted lines show approximate heights in the disk in 
units of pressure scale heights, Hp.
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Fig. 4 | Hydrodynamical simulations of meridional flows.  
a, b, Azimuthally averaged 3D velocity structure in the (R, φ) plane (a) 
at the 12CO emission surface and in the (R, Z) plane (b), similar to Fig. 2 
but from the hydrodynamic simulation using the azimuthally averaged vφ 
velocities. In b, the colour contours show the log of the disk gas density 
(ρ) normalized by its initial value in each grid cell (ρ0), and the white 
dashed curve presents the inferred 12CO emission surface as in equation 

(2) (Methods). c, A zoomed-in view of the velocity field at the vicinity of 
the planet at 87 au. The disk gas density along the R–Z slice containing the 
planet is shown in the background on a logarithmic scale. All the contours 
and vectors show snapshot values taken at the end of the simulation 
(1.44 Myr). For visualization purpose only, we present vectors every two 
radial and meridional grid cells in a and c, and every three radial and 
meridional grid cells in b.
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Another potential way of using ALMA, in addition to CPD detection



Gas meridional flows

LETTERRESEARCH

Regardless of the underlying mechanism driving them, the iden-
tification of vertical flows with speeds of about 0.1cs (where cs is the 
local sound velocity) suggest a rapid cycling of material from the vol-
atile-rich ‘molecular layer’ of the disk, down towards the considerably 
cooler midplane, which is substantially more shielded from radiation 
and therefore more chemically inert. It is this volatile-rich gas that will 
form the atmospheres of the embedded planet, rather than the mid-
plane material, which is driven away through the Lindblad torques. 

Therefore, as the carbon-to-oxygen ratio, C/O, is frequently meas-
ured in exoplanetary atmospheres and used as a probe of the planet- 
forming location24,25, it is the C/O ratio of the in-falling warm molecu-
lar regions with which the C/O ratios of exoplanet atmospheres should 
be compared, rather than the C/O ratio of the disk midplane.

In addition, a radial outflow is found outside about 300 au, marked 
with the blue dashed box in Fig. 2b. Although the absolute scaling of 
vZ is dependent on the assumed vLSR, the vR component is measured 
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Fig. 3 | Schematic of the meridional flow. Cartoon of the dominant flows 
around an embedded planet, using the approach of ref. 10. The planet will 
open a gap in the gas density through Lindblad torques driving the radial 
flows (‘planet-driven flows’) shown in orange close to the midplane. The 
disk will viscously spread towards the gap centre, then fall into the gap via 

meridional flows, shown with black arrows at higher altitudes. For wide 
gaps, this will result in circulation around the gap edges. The blue shaded 
background and white dashed contours show the density profile of the 
disk. Horizontal black dotted lines show approximate heights in the disk in 
units of pressure scale heights, Hp.
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Fig. 4 | Hydrodynamical simulations of meridional flows.  
a, b, Azimuthally averaged 3D velocity structure in the (R, φ) plane (a) 
at the 12CO emission surface and in the (R, Z) plane (b), similar to Fig. 2 
but from the hydrodynamic simulation using the azimuthally averaged vφ 
velocities. In b, the colour contours show the log of the disk gas density 
(ρ) normalized by its initial value in each grid cell (ρ0), and the white 
dashed curve presents the inferred 12CO emission surface as in equation 

(2) (Methods). c, A zoomed-in view of the velocity field at the vicinity of 
the planet at 87 au. The disk gas density along the R–Z slice containing the 
planet is shown in the background on a logarithmic scale. All the contours 
and vectors show snapshot values taken at the end of the simulation 
(1.44 Myr). For visualization purpose only, we present vectors every two 
radial and meridional grid cells in a and c, and every three radial and 
meridional grid cells in b.
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Gas kinks

• Probing disk surface 
with 12CO 

• Forming protoplanet 
distorts the gas velocity 
pattern 
• spiral waves launched by 

planet

LETTERS NATURE ASTRONOMY

detected over a small range in both radial extent and velocity. A 
corresponding velocity kink in the lower surface of the disk is not 
seen as the emission is weaker and masked by the continuum and 
brighter upper CO surface (Figs. 1 and 2). Using the same proce-
dure as in ref. 26, we measured the altitude of the 13CO layer to be 
17 ± 1 au near the velocity kink (at a distance of 130 au). Assuming 
that the planet is located in the disk midplane and exactly below 
the centre of the velocity kink, it would be at a projected distance of 
0.45 ± 0.1″ and a position angle of −55 ± 10° from the star.

To infer the mass of the putative planet, we performed a series of 
three-dimensional global gas and multigrain dust hydrodynamics  

simulations, where we embedded a planet on a circular orbit at 
130 au with a mass of 1, 2, 3 and 5 MJ (gas-disk mass of 10−2 M⊙). 
Simulations were performed for approximately 800 orbits (~1 Myr), 
and then post-processed to compute the thermal structure and 
resulting continuum emission and CO maps.

The presence of a few-Jupiter-mass planet produces distinct sig-
natures in the gas and dust (Fig. 3). The embedded planet generates 
a gap and spirals in the gas, resulting in a non-axisymmetric velocity 
field. The dynamics of the dust depends on the Stokes number, that 
is, the ratio of the gas drag stopping time to the orbital time, which 
depends on the grain size and dust properties. When the Stokes 
number is close to unity—corresponding roughly to millimetre-
sized grains at the gas surface densities considered here if grains are 
compact and spherical—dust grains form axisymmetric rings inside 
and outside of the planet orbital radius14.

Figure 4 shows the predicted emission for the various planet 
masses, in the continuum and for the 13CO line. The channel maps 
are best reproduced with an embedded planet of 2–3 MJ, giving a 
velocity kink with amplitude matching the observations. For the 
1 MJ planet, the kink is too small. The most massive planet, with 5 MJ, 
creates a kink too large, and which remains detectable over a range 
of velocity that is too wide (±1 km s−1 from the 0.96 km s−1 channel 
where the deviation is the strongest). Embedded planets have also 
been predicted to generate vertical bulk motions and turbulence, 
which should result in detectable line broadening when the planet is 
massive enough (more than a few Jupiter masses)27. Analysis of the 
moment-2 map does not reveal significant line broadening at the 
location of the gap, which is consistent with thermal broadening and 
Keplerian shearing within the beam. This also rules out the upper 
end of the range tested in our simulations. HD 97048 was observed 
with the Spectro-Polarimetric High-contrast Exoplanet Research 
instrument (SPHERE) on the Very Large Telescope, resulting in a 
point-source detection limit of ~2 MJ (ref. 28) at the location where 
we detect the velocity kink. This upper limit assumes a hot-start 
model, and an unattenuated planet atmosphere. Our simulations 
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Fig. 1 | ALMA observations of the dust and gas disk surrounding HD 97048. a, 13CO J!=!3–2 emission at velocity +0.96!km!s−1 from the systemic velocity. 
The velocity kink revealing the presence of an embedded perturber is marked by a dotted circle and the cyan dot represents the location of the putative 
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not continuum subtracted. The ALMA beam is 0.07″!×!0.11″ and is indicated by the grey ellipse.

CO upper surface CO lower surface

Emitting CO in the
selected channel

Midplane dust
continuum emission Velocity

kink

Fig. 2 | Schematic view of the disk as seen by ALMA in a single channel. 
The CO emission originates from the disk surfaces, while the continuum is 
mostly emitted from the disk midplane.
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Gas kink: model

(thousands of orbits with a viscosity of 10−3), however, and the
gap width and depth in our models are only lower limits.

The effect of the planet appears fainter in the 13CO channels
maps than in the 12CO maps, even if the planet is located in the
midplane. This is due to optical depth and vertical temperature
gradient effects: the 12CO is coming from a vertically narrow
and warm layer above the midplane, while the 13CO is
originating from a deeper, thicker layer, where the disk is
almost vertically isothermal, resulting in a uniform emissivity
that washes out some of the kinematics signal.

Are we seeing the signature of an embedded planet? Can we
exclude wishful thinking? The strongest evidence is that the
perturbation to the disk kinematics is highly localized in both
space and velocity. This excludes any mechanism that merely

produces axisymmetric rings in disks. This excludes, for
example, ice lines (Zhang et al. 2015), self-induced dust traps
(Gonzalez et al. 2015), instabilities (Takahashi & Inutsuka
2014; Lorén-Aguilar & Bate 2015), and zonal flows (Flock
et al. 2015). A spiral wave could in principle result from the
disk self-gravity, but multiple, large-scale spirals would be
expected in that case (e.g., Dipierro et al. 2015), which the
localized deviation seen in HD 163296 would seem to exclude.
The localized nature of the kinematic perturbation, that it

occurs close to the gap found by Grady et al. (2000), and the
similarity to the signatures predicted by our hydrodynamic
models is strong evidence for a young protoplanet in a gas-rich
disk. However, confirmation with direct imaging is the only
way to be sure. The relatively large planet mass and its known

Figure 5. Comparison of 12CO J=2–1 ALMA observations (top row) with synthetic channel maps from our 3D hydrodynamics calculations with embedded planets of 1, 2,
3, and 5MJup (from top to bottom). Channel width is 0.1 km s−1. Synthetic maps were convolved to a Gaussian beam to match the spatial resolution of the observations.
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Gas kink: observation
LETTERS NATURE ASTRONOMY

detected over a small range in both radial extent and velocity. A 
corresponding velocity kink in the lower surface of the disk is not 
seen as the emission is weaker and masked by the continuum and 
brighter upper CO surface (Figs. 1 and 2). Using the same proce-
dure as in ref. 26, we measured the altitude of the 13CO layer to be 
17 ± 1 au near the velocity kink (at a distance of 130 au). Assuming 
that the planet is located in the disk midplane and exactly below 
the centre of the velocity kink, it would be at a projected distance of 
0.45 ± 0.1″ and a position angle of −55 ± 10° from the star.

To infer the mass of the putative planet, we performed a series of 
three-dimensional global gas and multigrain dust hydrodynamics  

simulations, where we embedded a planet on a circular orbit at 
130 au with a mass of 1, 2, 3 and 5 MJ (gas-disk mass of 10−2 M⊙). 
Simulations were performed for approximately 800 orbits (~1 Myr), 
and then post-processed to compute the thermal structure and 
resulting continuum emission and CO maps.

The presence of a few-Jupiter-mass planet produces distinct sig-
natures in the gas and dust (Fig. 3). The embedded planet generates 
a gap and spirals in the gas, resulting in a non-axisymmetric velocity 
field. The dynamics of the dust depends on the Stokes number, that 
is, the ratio of the gas drag stopping time to the orbital time, which 
depends on the grain size and dust properties. When the Stokes 
number is close to unity—corresponding roughly to millimetre-
sized grains at the gas surface densities considered here if grains are 
compact and spherical—dust grains form axisymmetric rings inside 
and outside of the planet orbital radius14.

Figure 4 shows the predicted emission for the various planet 
masses, in the continuum and for the 13CO line. The channel maps 
are best reproduced with an embedded planet of 2–3 MJ, giving a 
velocity kink with amplitude matching the observations. For the 
1 MJ planet, the kink is too small. The most massive planet, with 5 MJ, 
creates a kink too large, and which remains detectable over a range 
of velocity that is too wide (±1 km s−1 from the 0.96 km s−1 channel 
where the deviation is the strongest). Embedded planets have also 
been predicted to generate vertical bulk motions and turbulence, 
which should result in detectable line broadening when the planet is 
massive enough (more than a few Jupiter masses)27. Analysis of the 
moment-2 map does not reveal significant line broadening at the 
location of the gap, which is consistent with thermal broadening and 
Keplerian shearing within the beam. This also rules out the upper 
end of the range tested in our simulations. HD 97048 was observed 
with the Spectro-Polarimetric High-contrast Exoplanet Research 
instrument (SPHERE) on the Very Large Telescope, resulting in a 
point-source detection limit of ~2 MJ (ref. 28) at the location where 
we detect the velocity kink. This upper limit assumes a hot-start 
model, and an unattenuated planet atmosphere. Our simulations 
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Fig. 1 | ALMA observations of the dust and gas disk surrounding HD 97048. a, 13CO J!=!3–2 emission at velocity +0.96!km!s−1 from the systemic velocity. 
The velocity kink revealing the presence of an embedded perturber is marked by a dotted circle and the cyan dot represents the location of the putative 
planet. The kink is located above the gap detected in continuum. b,c, The 885!μm continuum emission using all the continuum channels (b) and the 13CO 
J!=!3–2 emission at the opposite velocity −0.96!km!s−1 to the systemic velocity (c), where the emission displays a smooth profile. Line observations were 
not continuum subtracted. The ALMA beam is 0.07″!×!0.11″ and is indicated by the grey ellipse.
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Fig. 2 | Schematic view of the disk as seen by ALMA in a single channel. 
The CO emission originates from the disk surfaces, while the continuum is 
mostly emitted from the disk midplane.
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III. Debris disks
— the leftovers of planetary formation —



Evolution of disks
AA49CH03-Williams ARI 14 July 2011 19:21

a b

c d

Massive flared disk
Settled disk

Photoevaporating disk

Debris disk

FUV photons

Evaporation
flow

Accretion

Evaporation
flow

EUV

Figure 6
The evolution of a typical disk. The gas distribution is shown in blue and the dust in red. (a) Early in its evolution, the disk loses mass
through accretion onto the star and far-UV (FUV) photoevaporation of the outer disk. (b) At the same time, grains grow into larger
bodies that settle to the mid-plane of the disk. (c) As the disk mass and accretion rate decrease, extreme-UV(EUV)-induced
photoevaporation becomes important; the outer disk is no longer able to resupply the inner disk with material, and the inner disk drains
on a viscous timescale (∼105 years). An inner hole is formed, accretion onto the star ceases, and the disk quickly dissipates from the
inside out. (d ) Once the remaining gas photoevaporates, the small grains are removed by radiation pressure and Poynting-Robertson
drag. Only large grains, planetesimals, and/or planets are left. This debris disk is very low mass and is not always detectable.

as a CTTS based on the presence of accretion indicators. Accretion may be variable on short
timescales, but shows a declining long-term trend.

At the same time, grains grow into larger bodies that settle onto the mid-plane of the disk,
where they can grow into rocks, planetesimals, and beyond. Accordingly, the scale height of the
dust decreases and the initially flared dusty disk becomes flatter (Figure 6b). This steepens the
slope of the mid- and far-IR SED as a smaller fraction of the stellar radiation is intercepted by
circumstellar dust (Dullemond & Dominik 2005). The near-IR fluxes remain mostly unchanged
because the inner disk stays optically thick and extends inward to the dust sublimation temperature.
The most noticeable SED change during this stage is seen in the decline of the (sub)millimeter
flux, which traces the decrease in the mass of millimeter- and smaller sized particles (Andrews &
Williams 2005, 2007a) (see Figure 7).

As disk mass and accretion rate decrease, energetic photons from the stellar chromosphere are
able to penetrate the inner disk and photoevaporation becomes important. When the accretion
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We all live in a debris disk

• Asteroid and Kuiper belts are our own debris disk



Debris disks: detection
• First planetary system 

detected in 1984 
• A circumstellar disk 

around beta Pictoris

Brad Smith saw this by eye 
(using the first stellar coronagraph)

Infrared excess detected by IRAS 
(first IR space telescope)



Debris disk imaging:  
optical and sub-mm

• Several images in 
the 2000’s with 
HST and sub-mm 
antennas 

• Now also studied 
with ground-based 
HCI





ANRV352-AA46-10 ARI 25 July 2008 4:42
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Figure 10
Evolution of 70-µm fractional excess for sun-like stars (Habing et al. 2001, Beichman et al. 2006a, Moór et al. 2006, Hillenbrand et al.
2008, Trilling et al. 2008). Stars with excess emission also detected at 24 µm are shown with filled red circles. Images of individual disks are
highlighted to illustrate the origin of the emission as a function of age. Images are of scattered light for HD 181327 (Schneider et al. 2006),
HD 15115 (Kalas, Fitzgerald & Graham 2007), HD 15745 (Kalas et al. 2007), HD 61005 (Hines et al. 2007; see Section 4.6), HD 107146
(Ardila et al. 2004), and HD 139664 and HD 53143 (Kalas et al. 2006). Images are of submillimeter emission for ε Eridani (Greaves
et al. 2005), η Corvi (Wyatt et al. 2005), and τ Ceti (Greaves et al. 2004b). The slow fall-off with age can be explained by steady-state
processing (Löhne, Krivov & Rodmann 2008), although this does not rule out a role for delayed stirring in debris disk evolution.

the more distant stars did not reach this level. As expected, a lower fraction with excess is seen
in surveys in which a larger number of targets are sensitivity limited (∼10% of the 328 targets in
Hillenbrand et al. 2008 were found to have excess). It is debatable whether there is a dependence
on spectral type within the FGK spectral-type range. Although the fraction of stars with excess
decreases across spectral types A-M, it could be constant within the FGK range (Bryden et al.
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Disk luminosity 
slowly 

decreasing with 
time as 

planetesimals 
are ground down 

to dust, and 
radiation 

pressure expels 
small grains. 

Nevertheless, 
bright debris 

disks have been 
detected and 
resolved at all 

ages.



Many traces of planets

Warp

Sharp edge

Offset

Blobs

Inner cavity

Spirals

Asymmetries



Dynamical interactions



Planet-disk interactions
• beta Pic b orbit consistent 

with production of warp 

• … but what caused beta Pic 
b to move out of the main 
disk plane in the first place? 

• 2019: RV data suggest 
presence of 9 MJup planet 
orbiting at 2.7 au 

• 2020: confirmed with direct 
detection (interferometry)

Golimowski et al. 2006



Conclusions
• Detection of exoplanets has profoundly changed our 

understanding of planet formation 

• Most of the ingredients leading from molecular core 
collapse to planet formation have been identified 
• many details still remain open / unsolved, including the 

connection between disk structures and forming planets 

• Directly imaging planet formation in young systems at 
optical and sub-mm wavelengths is key to obtain a 
consistent picture, and connect all the dots 
• soon: boost in angular resolution with extremely large telescopes!


