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Discovery of Exoplanets

1995
First confirmation of
an exoplanet orbiting
a main-sequence star
(Mayor & Queloz, 1995)
Nobel Prize in Physics 2019

Today
~ 4100 confirmed 

exoplanets

Credit image: https://exoplanetarchive.ipac.caltech.edu



Large Diversity of Exoplanets

Credit image: https://exoplanetarchive.ipac.caltech.edu



The most common type of exoplanets does
not have Solar System analogs

Credit image: https://exoplanetarchive.ipac.caltech.edu

Super Earths & 
mini-Neptunes



Sun

Some trends with
the stellar mass
have merged

Credit image: Mulders (2018)

1. Giant planets occur more
frequently around more massive and
more metal-rich stars

2. Sub-Neptunes occur around
stars with a wide range of
metallicities, but occur more
frequently around lower-mass stars



Initial conditions and dynamical evolution protoplanetary disks must 
leave an imprint on the properties and diversity of exoplanets

Look back in time …



Composition: 99% gas, 1% is dust

Lifetime: ~3-10 Myr

Protoplanetary Disks

Initial dust size: as ISM (micron-sized)

Radii up to 1000 au 
(large range of temperatures 10-1500K)



Observing the Evolution of Solids in Protoplanetary Disks

Optical to near infrared 
scattered light  

Small particles at the 
disk surface

 

STRUCTURE OF PROTOPLANETARY DISKS

(sub-)millimeter
thermal emission

Tes� et al. 2014

● Near-infrared sca�ered light           →  small par�cles at surface   →  SPHERE

● (Sub-)millimeter thermal emission  →  large grains in midplane    →  ALMA

near-infrared 
sca1ered light

SPHERE (VLT) Observations of protoplanetary disks, Garufi et al. (2017)



Observing the Evolution of Solids in Protoplanetary Disks

(sub-) millimeter thermal 
emission

Pebbles in the disk 
midplane

 

STRUCTURE OF PROTOPLANETARY DISKS

(sub-)millimeter
thermal emission

Tes� et al. 2014

● Near-infrared sca�ered light           →  small par�cles at surface   →  SPHERE

● (Sub-)millimeter thermal emission  →  large grains in midplane    →  ALMA

near-infrared 
sca1ered light

ALMA Observations of protoplanetary disks, Andrews et al. (2018); Long, Pinilla et al. (2018)
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now more uniform across all stellar types, 
with discs around T Tauri stars like 
LkCa 15 (Thalmann et al., 2016) being as 
well characterised as the most imaged 
Herbig Ae/Be systems, like HD 100546 
(Garufi et al., 2016).

The clearest finding from an inspection  
of the available sample is that all discs 
show morphological features. In the 
majority of sources, either concentric 
rings (HD 97048, Ginski et al., 2016; 
TW Hya, van Boekel et al., 2017) or spiral 
arms (MWC 758, Benisty et al., 2015; 
HD 135344B, Stolker et al., 2016a) are 
revealed. Some discs, predominantly 
those with spirals, also show radially 
extended dips that can be interpreted as 
shadows cast by a misaligned disc at  
a few au from the central star (Benisty et 
al., 2017; Avenhaus et al., 2017).

The interpretation of features from 
inclined discs is less immediate because 
of the degeneracy between scattering 
phase function, disc geometry and illu-
mination effects in these sources. This 
analysis is nonetheless pivotal to constrain 
the composition of dust grains (Stolker  
et al., 2016b; Pohl et al., 2017) and the 
geometry of the disc surface (de Boer et 
al., 2016), both of which are necessary to 
understand planet formation.

Comparison with ALMA images

PDI images are sensitive to micron-sized 
dust grains at the disc surface. These 
grains are very well coupled to the gas 
under typical disc conditions. On the 
other hand, images at (sub-)millimetre 
wavelengths trace larger grains within the 
disc. Comparing SPHERE and Atacama 
Large Millimeter/Submillimeter Array 
(ALMA) images with comparable angular 
resolution can potentially reveal the differ-
ent morphologies of different disc com-
ponents. In fact, many disc processes 
(for example, grain growth or dust filtra-
tion) are expected to differentiate the dis-
tribution of gas and large grains through-
out disc evolution, leaving their imprint on  

the disc structure. This is illustrated in 
Figure 3 for two prototypical examples 
from PDI, one showing concentric rings 
(TW Hya) and another showing spiral 
arms (HD 135344B).

Similarly to the PDI data, the ALMA 
images of TW Hya show a number of 
rings and gaps (Andrews et al., 2016). 
Van Boekel et al. (2017) performed a 
detailed comparison of the radial profiles 
of these two datasets, highlighting both 
similarities and profound differences.  
The entire detectable signal from ALMA  
is located within the second bright ring 
from PDI at approximately 60 au. The  
two main millimetre dips seen in both the 
image and the radial profile in Figure 3 
have analogous dips in PDI at 25 au and 
at 40 au. Similar considerations apply  
to some rings. In general, large-scale 
structures have a stronger contrast in 
SPHERE data, whereas narrow features 
appear more profound with ALMA. There 
is no general consensus regarding the 
origin of these rings, with both planet- 
disc interactions and dust accumulation 
in correspondence with ice lines being 
the most promising explanations.

Astronomical Science

Early stellar type

Late stellar type

HD 100546 

HD 142527 RX J1615-3255 LkCa15 TW Hya 

MWC 758 HD 97048 HD 100453 HD 135344B 

T Cha 

50 au20 au20 au

20 au 20 au20 au 20 au50 au

20 au 50 au

T Tau stars

Herbig Ae/Be stars F stars

Figure 2. Collection of images of protoplanetary 
discs observed in PDI with SPHERE. References to 
the images are: HD 100546, Garufi et al. (2016); 
HD 97048, Ginski et al. (2016); MWC 758, Benisty  
et al. (2015); HD 100453, Benisty et al. (2017); 
HD 135344B, Stolker et al. (2106); HD 145527, 
 Avenhaus et al. (2017); T Cha, Pohl et al. (2017); RX 
J1615-3255, de Boer et al. (2016); LkCa 15, Thal-
mann et al. (2016); TW Hya, van Boekel et al. (2017). 

Garufi A. et al., Three Years of SPHERE

The dust is a tracer of the 
physical processes that regulate 

the evolution of the gas



1. Dust Evolution in a Nutshell: 
Models: Growth and Dynamics.

Outline

2. What do we know from observations of PPDs? 
Models vs. Observations. 

3. Current Investigation and Future Perspectives.
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Dust Evolution

midplaneBrownian Motion

Turbulence

Settling

Radial 
Drift

Transport Collisions



Dust Transport

Only relevant for 
(sub-)micron sized 

particles

Brownian motion

Radial Driftà strongly depends on particle size

A main barrier of planet formation

/⃗0123
/⃗3124

Settling to the midplane

midplane

4567789:; ∝ a
Turbulent mixing

Coupling and decoupling to turbulent eddies (Youdin
& Lithwick 2007, Ormel & Cuzzi 2007) 
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Dust Transport

Only relevant for 
(sub-)micron sized 

particles

Brownian motion

Radial Driftà strongly depends on particle size

A main barrier of planet formation
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All of them depend 
on the grain size
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Outcome for collisions at ~3 au distance
Windmark et al. (2012)
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Collisions with ice
monomers at 8m/s

Collisions with silicate 
monomers at 2m/s

The lack of water ice mantles in dust particles decreases the van der Waals 
forces and hence the sticking efficiency between grains

ice

silicates

From Paszun & Dominik 2009  
See also: e.g. by Blum & Wurm 2008, Wada et al. 2007,2011

Fragmentation Velocities

10-50 m/s

1-5 m/s



Radial Drift of Particles
Origin: Dust moves Keplerian and gas moves slightly 

sub-Keplerian

gas
!"#$%

!&#'(()#'
!*'+,
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GAS
Supported by gas 
pressure 

Dust Particles
Move with Keplerian

velocity and feel a constant 
head-wind



Radial Drift of Particles
Origin: Dust moves Keplerian and gas moves slightly 

sub-Keplerian

Solutions for particles to reduce 
their drift:

The head wind disappears or is reduced



Radial Drift of Particles
Origin: Dust moves Keplerian and gas moves slightly 

sub-Keplerian

Solutions for particles to reduce 
their drift:

The dust particles are grouped 



Radial Drift of Particles
Origin: Dust moves Keplerian and gas moves slightly 

sub-Keplerian

Solutions for particles to reduce 
their drift:

The cross section of the particles increased

A&A 557, L4 (2013)

(a) Hit-and-stick

(b) Collisional compression

(c) Gas compression

(d) Self-gravitational compression

gas flow

gravitational force

Fig. 1. Schematic drawing to illustrate dust growth via fluffy aggregates.
a) The dust aggregate hits another aggregate to be stick. This reduces
dust density and occurs in a very early stage of dust growth. b) When the
collisional speed is high enough to disrupt the dust aggregates, they are
compressed. c) Dust aggregates have a velocity difference against gas,
and they feel the ram pressure by the gas. The ram pressure statically
compresses the dust aggregates. d) When the dust aggregates become
so massive that they do not support their structure, they are compressed
by their own self-gravity.

2. Method

The compressive strength of a highly porous dust aggregate, P,
is given by (Kataoka et al. 2013)

P =
Eroll

r3
0

(
ρ

ρ0

)3

, (1)

where ρ is the mean internal density of the dust aggregate, r0
the monomer radius, ρ0 the material density, and Eroll the rolling
energy, which is the energy for rolling a particle over a quar-
ter of the circumference of another particle (Dominik & Tielens
1997; Wada et al. 2007). In this paper, we adopt ρ0 = 1.0 g/cm3,
r0 = 0.1 µm, and Eroll = 4.74×10−9 erg, which correspond to icy
particles. Eroll is proportional to the critical displacement, which
has an uncertainty from 2 Å to 30 Å (Dominik & Tielens 1997;
Heim et al. 1999). For later discussion, we note that the dust den-
sity is proportional to E1/3

roll and thus the uncertainty little affects
the resulting dust density.

When a dust aggregate feels a pressure that is higher than
its compressive strength, the aggregate is quasi-statically com-
pressed until its strength equals the pressure. We define the dust
internal density where the compressive strength equals a given

pressure as an equilibrium density ρeq. Using Eq. (1), we
obtain ρeq as

ρeq =

⎛
⎜⎜⎜⎜⎝

r3
0

Eroll
P

⎞
⎟⎟⎟⎟⎠

1/3

ρ0. (2)

We consider a source of the pressure to be ram pressure of the
disk gas or self-gravity of the aggregate.

We obtain ram pressure of the disk gas as follows. We con-
sider a dust aggregate of mass m and radius r, which is moving
in the disk gas with velocity v against the gas. The pressure Pgas
against the aggregate can be defined as the gas drag force di-
vided by the geometrical cross section: Pgas ≡ Fdrag/A, where
Fdrag = mv/ts, A = πr2, and ts is the stopping time of the aggre-
gate. While the pressure has both compressive and tensile com-
ponents, we assume that the pressure is compressive. Thus, we
obtain the pressure as

Pgas =
mv
πr2

1
ts
· (3)

The typical gas drag law is adopted to obtain ts and v. The gas
drag law is the Epstein regime, when the dust radius is less than
4/9 times the mean free path of gas. On the other hand, it is
the Stokes regime if the Reynolds number is less than unity (see
Eq. (4) in Okuzumi et al. 2012, for example). When the Reynolds
number exceeds unity, the gas drag law changes as a function
of Reynolds number (see Eqs. (8a) to (8c) in Weidenschilling
1977). The drag force is determined by the relative velocity of
the gas and dust. The relative velocity is induced by Brownian
motion, radial drift, azimuthal drift, and turbulence. We use the
closed formula of the turbulence model (Ormel & Cuzzi 2007)
and assume the turbulent parameter αD = 10−3, except for the
strong turbulence case, where αD = 10−2.

We assume the minimum mass solar nebula (MMSN), which
was constructed based on our solar system (Hayashi 1981).
At a radial distance R from the central star, the gas-surface
density profile is 1700 g/cm2 × (R/1 AU)−1.5 and the dust-
to-gas mass ratio is 0.01. The temperature profile adopted is
137 K × (R/1 AU)−3/7, which corresponds to midplane temper-
ature (Chiang et al. 2001). This is cooler than optically thin disk
models to focus on the dust coagulation in the midplane.

We also calculate the self-gravitational pressure as follows.
Although the gravitational pressure has distribution in the ag-
gregates, we simply assume a uniform pressure inside the aggre-
gates. We define the force on the dust aggregates as F = Gm2/r2,
and the area A = πr2. Thus, the self-gravitational pressure is

Pgrav =
Gm2

πr4 · (4)

We note that the equilibrium density of self-gravitational com-
pression depends only on dust mass and internal density and not
on the disk properties.

3. Results

First, we calculate the equilibrium density of dust aggregates in a
wide range in mass, where their compressive strength is equal to
the gas or self-gravitational pressure. Figure 2 shows the equi-
librium dust density against dust mass at 5 AU in the disk. If
the gas or self-gravitational pressure is higher than the compres-
sive strength, the dust aggregate is compressed to achieve the
equilibrium density because the strength is higher in denser dust

L4, page 2 of 4



Radial Drift Velocities
Dust particles acquire inward drift 
velocities of 4000 cm/s once they reach 
sufficient sizes. 

Collisions at such velocities lead to 
destruction and the drift leads to the loss 
of all grains into the star over short 
timescales (≲1000 yrs). 

See e.g. Brauer et al. (2008)



Radial Drift Barrier
Dust particles acquire inward drift 
velocities of 4000 cm/s once they reach 
sufficient sizes. 

Collisions at such velocities lead to 
destruction and the drift leads to the loss 
of all grains into the star over short 
timescales (≲1000 yrs). 

See e.g. Brauer et al. (2008)

Pinilla et al. (2012a)



Overcoming the Radial Drift Barrier
What is the origin of such 

structures? 
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ü Outer edge of a planet-carved gap (e.g. Rice et al. 
2006, Pinilla et al. 2012b, 2015a, b, 2016b, 2017)  
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ü Edge of a dead zone (regions of low ionization 
rate, e.g. Varnière & Tagger 2006, Dzyurkevich et 
al. 2010, Pinilla et al., 2016)
Dead zone in protoplanetary discs

3 non ideal effects enter the scene 

Ohmic diffusion (collisions between electrons and neutrals) 

Ambipolar Diffusion (collisions between ions and neutrals) 

Hall Effect (drift between electrons and ions) 

Amplitude of these effects depends strongly on location & composition
5

~1AU ~30AU

Thermal 
ionisation

X-rays 
Far-UV

«Dead zone»

Cosmic rays

Overcoming the Radial Drift Barrier
What is the origin of such 

structures? 
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ü Bumps from magnetic fields (e.g. global pressure 
bumps call zonal flows, Johansen et al. 2009, 
Uribe et al. 2011, Pinilla et al. 2012a, 2013, Simon 
et al. 2014)

Overcoming the Radial Drift Barrier
What is the origin of such 

structures? 

Credit simulation: Ana Uribe
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ü Spiral arms in self-gravitating disks (e.g. Lodato & 
Rice 2004; Dipierro, Pinilla et al. 2015)

Overcoming the Radial Drift Barrier
What is the origin of such 

structures? 

Dipierro et al. (2015)
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ü Vortices (e.g. De Val-Borro et al. 2007; Lin & 
Papaloizou 2011, Ataiee, Pinilla, et al., 2013, 
Hammer, Pinilla, et al., 2019)

Overcoming the Radial Drift Barrier
What is the origin of such 

structures? 

Credit simulation: P. Pinilla (ESO press realease)



First Steps of Planet Formation
Initially the dust is as the ISM 

(micron-sized particles)
A&A 557, L4 (2013)

(a) Hit-and-stick

(b) Collisional compression

(c) Gas compression

(d) Self-gravitational compression

gas flow

gravitational force

Fig. 1. Schematic drawing to illustrate dust growth via fluffy aggregates.
a) The dust aggregate hits another aggregate to be stick. This reduces
dust density and occurs in a very early stage of dust growth. b) When the
collisional speed is high enough to disrupt the dust aggregates, they are
compressed. c) Dust aggregates have a velocity difference against gas,
and they feel the ram pressure by the gas. The ram pressure statically
compresses the dust aggregates. d) When the dust aggregates become
so massive that they do not support their structure, they are compressed
by their own self-gravity.

2. Method

The compressive strength of a highly porous dust aggregate, P,
is given by (Kataoka et al. 2013)

P =
Eroll

r3
0

(
ρ

ρ0

)3

, (1)

where ρ is the mean internal density of the dust aggregate, r0
the monomer radius, ρ0 the material density, and Eroll the rolling
energy, which is the energy for rolling a particle over a quar-
ter of the circumference of another particle (Dominik & Tielens
1997; Wada et al. 2007). In this paper, we adopt ρ0 = 1.0 g/cm3,
r0 = 0.1 µm, and Eroll = 4.74×10−9 erg, which correspond to icy
particles. Eroll is proportional to the critical displacement, which
has an uncertainty from 2 Å to 30 Å (Dominik & Tielens 1997;
Heim et al. 1999). For later discussion, we note that the dust den-
sity is proportional to E1/3

roll and thus the uncertainty little affects
the resulting dust density.

When a dust aggregate feels a pressure that is higher than
its compressive strength, the aggregate is quasi-statically com-
pressed until its strength equals the pressure. We define the dust
internal density where the compressive strength equals a given

pressure as an equilibrium density ρeq. Using Eq. (1), we
obtain ρeq as

ρeq =

⎛
⎜⎜⎜⎜⎝

r3
0

Eroll
P

⎞
⎟⎟⎟⎟⎠

1/3

ρ0. (2)

We consider a source of the pressure to be ram pressure of the
disk gas or self-gravity of the aggregate.

We obtain ram pressure of the disk gas as follows. We con-
sider a dust aggregate of mass m and radius r, which is moving
in the disk gas with velocity v against the gas. The pressure Pgas
against the aggregate can be defined as the gas drag force di-
vided by the geometrical cross section: Pgas ≡ Fdrag/A, where
Fdrag = mv/ts, A = πr2, and ts is the stopping time of the aggre-
gate. While the pressure has both compressive and tensile com-
ponents, we assume that the pressure is compressive. Thus, we
obtain the pressure as

Pgas =
mv
πr2

1
ts
· (3)

The typical gas drag law is adopted to obtain ts and v. The gas
drag law is the Epstein regime, when the dust radius is less than
4/9 times the mean free path of gas. On the other hand, it is
the Stokes regime if the Reynolds number is less than unity (see
Eq. (4) in Okuzumi et al. 2012, for example). When the Reynolds
number exceeds unity, the gas drag law changes as a function
of Reynolds number (see Eqs. (8a) to (8c) in Weidenschilling
1977). The drag force is determined by the relative velocity of
the gas and dust. The relative velocity is induced by Brownian
motion, radial drift, azimuthal drift, and turbulence. We use the
closed formula of the turbulence model (Ormel & Cuzzi 2007)
and assume the turbulent parameter αD = 10−3, except for the
strong turbulence case, where αD = 10−2.

We assume the minimum mass solar nebula (MMSN), which
was constructed based on our solar system (Hayashi 1981).
At a radial distance R from the central star, the gas-surface
density profile is 1700 g/cm2 × (R/1 AU)−1.5 and the dust-
to-gas mass ratio is 0.01. The temperature profile adopted is
137 K × (R/1 AU)−3/7, which corresponds to midplane temper-
ature (Chiang et al. 2001). This is cooler than optically thin disk
models to focus on the dust coagulation in the midplane.

We also calculate the self-gravitational pressure as follows.
Although the gravitational pressure has distribution in the ag-
gregates, we simply assume a uniform pressure inside the aggre-
gates. We define the force on the dust aggregates as F = Gm2/r2,
and the area A = πr2. Thus, the self-gravitational pressure is

Pgrav =
Gm2

πr4 · (4)

We note that the equilibrium density of self-gravitational com-
pression depends only on dust mass and internal density and not
on the disk properties.

3. Results

First, we calculate the equilibrium density of dust aggregates in a
wide range in mass, where their compressive strength is equal to
the gas or self-gravitational pressure. Figure 2 shows the equi-
librium dust density against dust mass at 5 AU in the disk. If
the gas or self-gravitational pressure is higher than the compres-
sive strength, the dust aggregate is compressed to achieve the
equilibrium density because the strength is higher in denser dust

L4, page 2 of 4

Dust collides, clumps and grows Destructive collisions replenish 
the disk with small grains, 
which move with the gas

Terrestrial planets or the core of giant planets 
form through the accretion of  pebbles and/or 

planetesimals

Particle Traps: 
Preferential regions 
where the dust can 

stop drifting, accumulate, and
grow to pebbles and planetesimals

Large grains decouple, and 
quickly drift inwards
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Size dependence
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Assumption: a vertically isothermal 
disk, with gas surface density 
inhomogeneities

Pinilla et al. (2012a)

How strong must they be to explain mm-observations?
Global Pressure Bumps
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Pressure bumps of 25-30% of 
amplitude allow to reduce radial drift 
and keep millimeter particles in the 

outer regions of disks

0.1 Myr

1 Myr
3 Myr5 Myr

Pressure 
Bumps

Trapping by Global Pressure Bumps

Uribe et al. (2011)

Pinilla et al. (2012a)

distance from the star [au]

t = 1 Myr



ALMA Obs
HL Tau

ALMA Partnership et 
al. (2015)

ALMA Obs
TWHya

Andrews et al. 
(2016)

SPHERE Obs
RX J1615

de Boer et al.
(2016)

SPHERE Obs
HD 97048

Ginski et al.
(2016)

Planet-disk interaction is a popular explanation for the origin of 
these structures, but there are several theoretical alternatives and 

currently the real origin remains unknown. 

Multiple Rings Observed at Different 
Wavelengths



New 
view 
with 

ALMA

DSHARP
Andrews at al. 
(2018)

Taurus
Long, Pinilla 
at al. (2018)



The radial-drift barrier is more difficult to overcome for the dust around 
Brown Dwarfs disks than around typical T-Tauri disks

Because Radial Drift is More Effective around Low Mass 
Stars, Rings and Gaps are Expected to be More Predominant

Pinilla & Youdin (2017)

5

Figure 2. Spectral index of disks in di↵erent star formation
regions. The data for Taurus, Ophiucus and Orion groups
were taken from Ricci et al. (2012b, 2013, 2014). The new
data reported are represented in squares. The error bar for
most of the points is illustrated in the left corner, otherwise
is plotted.

spectrum, the calculation of the spectral index
is independent of the used wavelengths. For the
three observed BDs, we calculate the expected flux at
1.3mm with the obtained values of the spectral index,
in order to have all fluxes at the same wavelength. The
error bar of the flux in Fig.2 includes the uncertain-
ties of the spectral index and the fluxes at 0.89 and
3mm. The current data reveal low values of the spec-
tral index (↵mm . 3), as observed for other BD disks
and disks around more massive stars in di↵erent star-
formation regions (e.g. Ricci et al. 2012b; Testi et al.
2014). Nonetheless, two of the obtained values are lower
limits (Table 1).
The spectral index is indicative of grain size (with

low values, ↵mm . 3, implying millimeter grains in the
outer parts of disks) as long as the emission is optically
thin. To estimate the validity of this assumption, we
determine how compact the disk should be, if it hosts
only large grains, for the millimeter emission to be op-
tically thick. We obtain a very small outer disk radius
(. 0.1 au), supporting our assumption of optically thin
emission.
With the 0.89mm fluxes, we estimate the disk dust

mass assuming optically thin emission (Hildebrand
1983; Andrews et al. 2013):

Mdisk,dust '
d
2
F⌫

⌫B⌫(T (r))
, (1)

where d is the distance to the targets (taken to be
140 pc), ⌫ is the mass absorption coe�cient at a given

frequency. We assume a frequency-dependent relation
given by ⌫ = 2.3 cm2 g�1 ⇥ (⌫/230GHz)0.4 (Andrews
et al. 2013). B⌫(Tdust) is the Planck function for a
given dust temperature Tdust, for which we assume the
relation Tdust ⇡ 25⇥ (L?/L�)0.17 K obtained by van der
Plas et al. (2016) for spectral types of M5 and later and
a disk outer radius of 60 au. The estimations for the disk
dust mass for each target are shown in Table 1.
The low values of the spectral index indicate that dust

particles have millimeter sizes in these BD disks. In
the next section, we investigate dust evolution models
assuming a massive planet embedded in the outer disk
to trap millimeter-grains and compare the theoretical
predictions of the spectral indices and millimeter fluxes
with current observations.

3. DUST TRAPPING BY AN EMBEDDED
PLANET IN A BD DISK

From our current dust evolution models, millimeter
grains around BDs can only be explained under extreme
conditions, such as strong pressure inhomogeneities of
around 40-60% of amplitude (Pinilla et al. 2013). How-
ever, such strong pressure bumps are not expected from
magneto-rotational instability (MRI) simulations, which
predict pressure bumps with a maximum of 20-25% of
amplitude compared to the background density (e.g.
Uribe et al. 2011; Dittrich et al. 2013; Simon & Armitage
2014). Strong pressure bumps can originate at the outer
edge of a gap carved by a planet, and in this section, we
aim to understand if trapping in BD disks due to an
embedded planet can lead to low values of the spectral
index as observed in BD disks.

Gap opening criterion in BD disks—The first question to
investigate is: What is the minimum mass of a planet
needed to open a gap in a disk around a BD? To answer
this question, we use the gap opening criterion by Crida
et al. (2006), which considers the disk viscous torque, the
gravitational torque from the planet, and the pressure
torque. The criterion is:

3

4

H

RH

+
50

qRe
. 1 (2)

where, Re is the Reynolds number, at the position of the
planet rp, which is equal to rp⌦p/⌫ (⌦ is the Keplerian
frequency and ⌦p is calculated at the planet position),
with ⌫ being the disk viscosity, usually parametrized as
⌫ = ↵viscc

2
s
/⌦ (Shakura & Sunyaev 1973) and cs the

sound speed. In addition, q is the planet to star mass
ratio, H is the disk aspect ratio equal to cs/⌦, and RH

is the Hill radius of the planet, i.e. rH = rp(q/3)1/3.
Because the BD disks are colder than T Tauri disks

and the mass of the central star is also lower, the re-

Pinilla et al. (2017c)
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Transition Disks: Dust Depleted Inner Cavities
What is the origin of the structures?Dead zone in protoplanetary discs

3 non ideal effects enter the scene 

Ohmic diffusion (collisions between electrons and neutrals) 

Ambipolar Diffusion (collisions between ions and neutrals) 
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Amplitude of these effects depends strongly on location & composition
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In a dead zone ! ≤ 10%&

Potential Origin of TDs: Dead Zones
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Dead zone in protoplanetary discs

3 non ideal effects enter the scene 

Ohmic diffusion (collisions between electrons and neutrals) 

Ambipolar Diffusion (collisions between ions and neutrals) 

Hall Effect (drift between electrons and ions) 

Amplitude of these effects depends strongly on location & composition
5

~1AU ~30AU

Thermal 
ionisation

X-rays 
Far-UV

«Dead zone»

Cosmic raysSee e.g.: Gammie 1996, Beckwith et al. (2011)

MRI leads to self-sustaining turbulence within sufficiently well-ionized accretion disks
If MRI is suppressed the effective turbulence is low

In an active zone 

high accretion

1̇ ∝ '(

low accretion

Pressure 
Bump!



We implement
a dependence on surface 
density, so that a change

in surface density can switch 
the disk from active to dead

and back.

See also:  Varnière & Tagger 2006; Kretke & Lin 
2007; Brauer et al. 2008; Dzyurkevich et al. 2010; 
Drażkowska et al. 2013; Ruge et al. 2016 Pinilla et al. (2016)

Analytical Approximation of a DZ



The mass of the accumulated dust in the region where a dust trap exists and moves during the simulation 
(∼ 10- 30 au) can reach values over 100 Mearth If this mass can be assembled into a core (by e.g. streaming 
instabilities), it is sufficient to start gas accretion and form giant planets 

Formation of the First Core at the Edge of a Dead Zone

Pinilla et al. (2016)



At the outer edge of a planet carved-gap, the pressure gradient is positive 
and particles can be trapped. 

Planet embedded in the disk

See also e.g.: Zhu et al. (2012, 2014), Dong et al. (2014, 2015), RosoG et al. (2016), Bae et al. (2017)

Planet opening a gap in a disk

Pinilla et al. (2012b)

t = 1 Myr

Credit: P.  Armitage

Potential Origin of TDs: Embedded Planets



Dead Zones
Size of the cavities is similar at short and 

long wavelengths.

Planets
Size of the cavities is smaller at short 

than at long wavelengths.

Pinilla et al. (2016b) Pinilla et al. (2012b)

t = 1 Myr t = 1 Myr

Dead Zones vs. Planets: how do we distinguish?



Dead Zones vs. Planets: how do we distinguish?

Dead Zones
Size of the cavities is similar at short and 

long wavelengths.

Planets
Size of the cavities is smaller at short 

than at long wavelengths.

H-band (1.6 μm) 0.87 mm

de Juan Ovelar (2013, 2016)



Dead Zones vs. Planets: how do we distinguish?

Villenave et al. (2019)

In a sample of 22 transition disks imaged 
with both ALMA and SPHERE

Dead zones



Villenave et al. (2019)

In a sample of 22 transi8on disks imaged 
with both ALMA and SPHERE

Dead zones

The first robust and 
still the only detection 

of a planet inside a disk
(Keppler et al., 2018) 

PDS70 disk

Dead Zones vs. Planets: how do we distinguish?
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now more uniform across all stellar types, 
with discs around T Tauri stars like 
LkCa 15 (Thalmann et al., 2016) being as 
well characterised as the most imaged 
Herbig Ae/Be systems, like HD 100546 
(Garufi et al., 2016).

The clearest finding from an inspection  
of the available sample is that all discs 
show morphological features. In the 
majority of sources, either concentric 
rings (HD 97048, Ginski et al., 2016; 
TW Hya, van Boekel et al., 2017) or spiral 
arms (MWC 758, Benisty et al., 2015; 
HD 135344B, Stolker et al., 2016a) are 
revealed. Some discs, predominantly 
those with spirals, also show radially 
extended dips that can be interpreted as 
shadows cast by a misaligned disc at  
a few au from the central star (Benisty et 
al., 2017; Avenhaus et al., 2017).

The interpretation of features from 
inclined discs is less immediate because 
of the degeneracy between scattering 
phase function, disc geometry and illu-
mination effects in these sources. This 
analysis is nonetheless pivotal to constrain 
the composition of dust grains (Stolker  
et al., 2016b; Pohl et al., 2017) and the 
geometry of the disc surface (de Boer et 
al., 2016), both of which are necessary to 
understand planet formation.

Comparison with ALMA images

PDI images are sensitive to micron-sized 
dust grains at the disc surface. These 
grains are very well coupled to the gas 
under typical disc conditions. On the 
other hand, images at (sub-)millimetre 
wavelengths trace larger grains within the 
disc. Comparing SPHERE and Atacama 
Large Millimeter/Submillimeter Array 
(ALMA) images with comparable angular 
resolution can potentially reveal the differ-
ent morphologies of different disc com-
ponents. In fact, many disc processes 
(for example, grain growth or dust filtra-
tion) are expected to differentiate the dis-
tribution of gas and large grains through-
out disc evolution, leaving their imprint on  

the disc structure. This is illustrated in 
Figure 3 for two prototypical examples 
from PDI, one showing concentric rings 
(TW Hya) and another showing spiral 
arms (HD 135344B).

Similarly to the PDI data, the ALMA 
images of TW Hya show a number of 
rings and gaps (Andrews et al., 2016). 
Van Boekel et al. (2017) performed a 
detailed comparison of the radial profiles 
of these two datasets, highlighting both 
similarities and profound differences.  
The entire detectable signal from ALMA  
is located within the second bright ring 
from PDI at approximately 60 au. The  
two main millimetre dips seen in both the 
image and the radial profile in Figure 3 
have analogous dips in PDI at 25 au and 
at 40 au. Similar considerations apply  
to some rings. In general, large-scale 
structures have a stronger contrast in 
SPHERE data, whereas narrow features 
appear more profound with ALMA. There 
is no general consensus regarding the 
origin of these rings, with both planet- 
disc interactions and dust accumulation 
in correspondence with ice lines being 
the most promising explanations.

Astronomical Science

Early stellar type

Late stellar type

HD 100546 

HD 142527 RX J1615-3255 LkCa15 TW Hya 

MWC 758 HD 97048 HD 100453 HD 135344B 

T Cha 

50 au20 au20 au

20 au 20 au20 au 20 au50 au

20 au 50 au

T Tau stars

Herbig Ae/Be stars F stars

Figure 2. Collection of images of protoplanetary 
discs observed in PDI with SPHERE. References to 
the images are: HD 100546, Garufi et al. (2016); 
HD 97048, Ginski et al. (2016); MWC 758, Benisty  
et al. (2015); HD 100453, Benisty et al. (2017); 
HD 135344B, Stolker et al. (2106); HD 145527, 
 Avenhaus et al. (2017); T Cha, Pohl et al. (2017); RX 
J1615-3255, de Boer et al. (2016); LkCa 15, Thal-
mann et al. (2016); TW Hya, van Boekel et al. (2017). 

Garufi A. et al., Three Years of SPHERE

In case we don't have scattered-
light observations



Dead Zones 
vs. Planet(s)
By Looking 
at Longer 

Wavelengths

9

Figure 5. Top panels: dust density distribution for di↵erent grain sizes as a function of radius and 1Myr of evolution when
a 1MJup is embedded at 20 au distance from the star (left), and the corresponding normalized intensity profiles at 0.45mm,
1.3mm, and 2.75mm after convolving with a Gaussian of 11 au width (right). Bottom panels: as top panels but for the case of
a dead zone that is extended up to 20 au. The details of both models are in Pinilla et al. (2012, 2015, 2016a)

liked structure when observed at millimeter-wavelengths
(de Juan Ovelar et al. 2016; Bae et al. 2018). The inten-
sity profiles at 0.45mm, 1.3mm and 2.75mm are in the
planet case very similar after convolving with a Gaus-
sian of 11 au radial width. In this case the ring-like
structure is slightly asymmetric in the radial direction
and it has a larger outer width compare to the inner
width. By fitting a radially asymmetric Gaussian to
these profiles (Eq. 1), the ratio of the external to the
internal width is ⇠ 1.4, similar to the averaged value
from our current observations of SR 24S (Table 1). The
main di↵erence between the predictions of these models
and our observations is that in the observations there
is a shift of the peak of emission. While the emission
at 1.3mm and 2.75mm peaks almost at the same lo-

cation (Fig. 4), the emission at 0.45mm peaks slightly
inwards, but this shift is limited by the current data
resolution. This shift may result from optically thick
emission at 0.45mm, which may trace not only varia-
tions of the dust distribution, but also of temperature
(Pinilla et al. 2017).
The predictions for dust cavity formation by a dead

zone are di↵erent from our observations. In this sce-
nario, the particles grow to larger sizes inside the dead
zone where the disk turbulence is lower and the frag-
mentation of particles decreases. As a result, the largest
particles accumulate closer to the star and the peak of
the dust density distribution move inwards for larger
grains. This shift would be detectable even at the cur-
rent resolution of our observations. Note that any pres-

Pinilla et al. (2019)
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observa-ons of 
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the planet 
scenario 
Pinilla et al. (2019)
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Origin of Transition Disk Structures

See also e.g.:  Alexander et al. (2006, 2014), Pascucci et al. (2009), Owen et al. 
(2011, 2012) for internal photoevaporation as a possible origin

Model mm-
cavity

micron-sized
cavity

≠ cavity size of the small 
and large grains

Embedded
planet(s)

yes
for massive planets 

(> 1 MNeptune) 
yes

Dead
zone

yes yes no



Ros & Johansen (2013), Zhang et al. (2015), Okuzumi et al. (2016),  Stammler et al. (2017)

Variations of 
the dust 

aerodynamics 
near different 

ice lines

Credit Image: Blake & Bergin (2015) Ice Lines



Credit: Chapter 1 – Astrophysics of 
planet formation (P.  Armitage)

Beyond the snow line there is an amplification of the solid surface density, which can lead to higher 
core mass and faster core formation.
But it does not change the gas surface density significantly, no pressure bump  

Water Snow Line

Snow lines are not 
particle traps 
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order of magnitude difference in the 
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Van der Waals Forces:
Depend on the dipole moment

Other Ice Lines Effect

Pinilla et al. (2017), 
see also: Musiolik et al. (2016a, b)



(in prep)

Dust Density Distribution
Model II: H2O & CO2 ice lines

The gap at mm-emission is 
much shallower than at NIR 
scattered-light

1Myr
- - 1.6 μm, x r2

- 0.87mm



Comparison with Observations

The gaps near the CO ice line of 
TWHya are in agreement with 
our findings.

Opposite to the results expected 
by models of embedded planets 
or par>cle traps.

Pinilla et al. (2017)



Origin of Gaps and Rings
Model mm-gap scattered-light 

gap Gap shape

Embedded
planet(s) yes It could be

Depends on planet mass, scale 
height, and viscosity

(smaller and shallower at NIR 
than mm)

Viscosity 
variations yes yes multiple variations of the disk 

viscosity - to be investigated

Ice lines yes yes! smaller and shallower at mm than 
NIR



Summary
Radial drift barrier

?
Models with radial drift in 

contradiction with observations

Uribe et al. (2011)

distance from the star [au]

We predict and describe 
pressure bumps

TDs: Excellent laboratories

smallgrains
largegrains

But we can (and we will) distinguish

Different potential origins
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now more uniform across all stellar types, 
with discs around T Tauri stars like 
LkCa 15 (Thalmann et al., 2016) being as 
well characterised as the most imaged 
Herbig Ae/Be systems, like HD 100546 
(Garufi et al., 2016).

The clearest finding from an inspection  
of the available sample is that all discs 
show morphological features. In the 
majority of sources, either concentric 
rings (HD 97048, Ginski et al., 2016; 
TW Hya, van Boekel et al., 2017) or spiral 
arms (MWC 758, Benisty et al., 2015; 
HD 135344B, Stolker et al., 2016a) are 
revealed. Some discs, predominantly 
those with spirals, also show radially 
extended dips that can be interpreted as 
shadows cast by a misaligned disc at  
a few au from the central star (Benisty et 
al., 2017; Avenhaus et al., 2017).

The interpretation of features from 
inclined discs is less immediate because 
of the degeneracy between scattering 
phase function, disc geometry and illu-
mination effects in these sources. This 
analysis is nonetheless pivotal to constrain 
the composition of dust grains (Stolker  
et al., 2016b; Pohl et al., 2017) and the 
geometry of the disc surface (de Boer et 
al., 2016), both of which are necessary to 
understand planet formation.

Comparison with ALMA images

PDI images are sensitive to micron-sized 
dust grains at the disc surface. These 
grains are very well coupled to the gas 
under typical disc conditions. On the 
other hand, images at (sub-)millimetre 
wavelengths trace larger grains within the 
disc. Comparing SPHERE and Atacama 
Large Millimeter/Submillimeter Array 
(ALMA) images with comparable angular 
resolution can potentially reveal the differ-
ent morphologies of different disc com-
ponents. In fact, many disc processes 
(for example, grain growth or dust filtra-
tion) are expected to differentiate the dis-
tribution of gas and large grains through-
out disc evolution, leaving their imprint on  

the disc structure. This is illustrated in 
Figure 3 for two prototypical examples 
from PDI, one showing concentric rings 
(TW Hya) and another showing spiral 
arms (HD 135344B).

Similarly to the PDI data, the ALMA 
images of TW Hya show a number of 
rings and gaps (Andrews et al., 2016). 
Van Boekel et al. (2017) performed a 
detailed comparison of the radial profiles 
of these two datasets, highlighting both 
similarities and profound differences.  
The entire detectable signal from ALMA  
is located within the second bright ring 
from PDI at approximately 60 au. The  
two main millimetre dips seen in both the 
image and the radial profile in Figure 3 
have analogous dips in PDI at 25 au and 
at 40 au. Similar considerations apply  
to some rings. In general, large-scale 
structures have a stronger contrast in 
SPHERE data, whereas narrow features 
appear more profound with ALMA. There 
is no general consensus regarding the 
origin of these rings, with both planet- 
disc interactions and dust accumulation 
in correspondence with ice lines being 
the most promising explanations.
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Figure 2. Collection of images of protoplanetary 
discs observed in PDI with SPHERE. References to 
the images are: HD 100546, Garufi et al. (2016); 
HD 97048, Ginski et al. (2016); MWC 758, Benisty  
et al. (2015); HD 100453, Benisty et al. (2017); 
HD 135344B, Stolker et al. (2106); HD 145527, 
 Avenhaus et al. (2017); T Cha, Pohl et al. (2017); RX 
J1615-3255, de Boer et al. (2016); LkCa 15, Thal-
mann et al. (2016); TW Hya, van Boekel et al. (2017). 

Garufi A. et al., Three Years of SPHERE

Thank you for your attention 


