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Planets ‘demography’
Winn & Fabrycky 2015

Planet formation is common in the Galaxy
Architecture of planetary systems is highly heterogeneous
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Planet formation
Core-accretion

e.g., Mizuno 1980, Lissauer
1993, Pollack 1996

Gravitational instability

e.g., Adams 1989, Boss
1997, Durisen 2007

Pebble accretion

e.g., Lambrechts et al. 2014

Observations of protoplanetary discs provide the
initial conditions for planet formation
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of atoms and CO (the most abundant molecule, after H2 , in cold molecular gas) takes place, forming molecules such as water (H2 O), formaldehyde
(H2 CO), methanol (CH3 OH) and other hydrogenated species.
Phase 2: Protostellar envelopes. The collapse proceeds, gravitational energy is converted into radiation and the envelope around the central object, the future
star, warms up. The molecules frozen in grain mantles during the previous phase acquire mobility and likely form new, more complex species.

From atoms to life

Caselli & Ceccarelli 2012

Fig. 1 Star formation and chemical complexity. The formation of a star and a planetary system, like the
Solar System, passes through five fundamental phases, marked in the sketch

Observations of protoplanetary discs to address
chemical enrichment during planet formation
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Planetary composition: disc chemical reset vs inheritance scenario ?
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the gas. The velocity, temperature, and density structure of accretion disks can be described by the
conservation equations for energy, mass, and momentum. For a geometrically thin disk the time
evolution of the surface density Σ can be expressed in the form of a non-linear diffusion equation

Schematic of disc interior

with the viscosity ν as the regulating parameter of the diffusion process. 69,70

Henning & Semenov 2013

Discs are characterized by large density (n = 104 – 1012 cm-3)
and temperature (T = 10 – 104 K) gradients
Figure 2: Sketch of the physical and chemical structure of a ∼ 1 − 5 Myr old protoplanetary disk
around a Sun-like star.
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Disc chemistry
Mstar = 0.5 Msun

Mstar = 2.5 Msun

Discs are chemically active

Agundez et al. 2018
Walsh et al. 2015
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Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2 O, CO2 , and CO snowline are marked for reference.

The sequence of icelines induces radial stratification of C, N & O

ntent (Draine 2003). The
cate abundance is 1.2 from
nal refractory component.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using

Origin of planetary atmospheres
60
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Schematic of core accretion

H. Lammer, M. Blanc

Lammer & Blanc 2018
Fig. 5 Illustration of the core accretion scenario (CA) of giant planets formation. The solid components
of rocky planets, gas and ice giant cores, first form from dust grains by collisional growth. The primary
atmospheres of rocky planets then form by accretion of disk gas. In the case of gas and ice giants, runaway
accretion of the gas is triggered as soon as their core masses reach ten Earth masses or more, leading to the
formation
of a thick mantle
gas. The
specific reflects
formation processes
of each body
and its atmosphere are
Atmosphere
of ofgiant
planets
disc chemical
composition
reflected in their composition, which depends on elemental ratios in the disk dust and gas (e.g., Öberg et al.
2011) à Where and how planets form

magnetorotational instability (MRI) no longer operates (e.g. Balbus and Hawley 1991;
Gammie 1996).

ALMA results
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than the canonical power law p = 1.5 MMSN (Weidenschilling 1977). There is even mo
uncertainty in the density profile of the MMSN than its mass, however, and an exponential taper
power-law fit by Davis (2005) has γ = 0.5. The more relevant comparison is of absolute valu
in the planet-forming zone. Andrews et al. (2009, 2010b) infer surface densities, ! ≈ 10−100
cm−2 at 20 AU, in their sample of Ophiuchus disks that are in good agreement with the MMS
(Figure 2).
Whereas the disk-to–star mass ratio may be very high during the initial stages of formati
(Section 3), the Toomre Q parameter, Q(R) = c #/π G!, where c is the sound speed and # t
orbital angular velocity (Toomre 1964), is generally much greater than unity for these Class
YSO disks, implying that they are gravitationally stable at all radii (Isella, Carpenter & Sarge

Disc surface density
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Before ALMA: smooth surface density structure.
Some disks with large cavity

www.annualreviews.org • Protoplanetary D
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ALMA discography
ALMA parternship 2015

Fedele et al. 2017

Andrews et al 2016

Perez et al. 2017

Fedele et al. 2018

Dong et al. 2018

ALMA reveals the existence of gaps and rings & azimuthally asymmetric structure

Surface density with ALMA

PRL 117, 251101 (2016)

PHYSICAL REVIEW LETTERS

HD 163296, 2.5 MSun

Isella+ 2016

week ending
16 DECEMBER 2016

HD 169142, 1.7 MSun

Fedele+ 2017

AS 209, 0.5 MSun

Fedele+ 2018

Some discs are consistent with the presence of multiple (young) planets
Planet formation must begin on short timescale (< 1 Myr)

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12 CO (top middle), 13 CO
(bottom left), and C18 O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400 , is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
15 2018 averaged profiles, normalized to the peak intensities, are
D. FEDELE
the continuumMarch,
map. Azimuthally
shown in- IAPS
the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution

ALMA results
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Complex molecules in discs
Methanol [Walsh et al. 2016]
Formic acid [Favre, Fedele et al. 2018]

Methyl cyanide [Oberg et al. 2015]

Figure 2: Spectra of detected cyanides in the MWC 480 protoplanetary disk.
The observed spectra (contours) of H13 CN, HC3 N, and CH3 CN are extracted from ALMA

Imaging the CO iceline
Qi+ 2013

CO iceline measured in TW Hya using CO-N2H+ anti correlation

Non-Solar C/O in DM Tau

Semenov, Favre, Fedele et al. 2018
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Fig. 14. As Fig. 7 but for elemental C/O ratios. The cross indicates
the CS column density and the arrows indicate the upper limits of the
observed column densities for other S-bearing molecules. Left to right
panels: three elemental C/O ratios are modeled: (1) the solar C/O ratio
of 0.46, (2) the C/O ratio of 1.0, and (3) the C/O ratio of 1.2.

The ratio of CS/SO implies a C/O > 1
5.9. Analysis of sulfur chemistry

We used our chemical analysis software to identify the key gas-

Radial gradient of C/O in TW Hya
Bergin et al. 2016

Favre, Fedele in prep

c-C3H2

The ring-like structure of C2H & c-C3H2 implies a C/O
increasing with distance from star

WG Planet formation @ OAA

OAA Planet formation activities
1. Protoplanetary discs: multi-wavelength studies (IR, mm)
2. Astrochemistry: origin of complex molecules
3. Astrobiology lab
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FAUST, ALMA LP on astrochemistry
of low-mass protostars

Astrobiology lab – J. Brucato
•
•
•

Low temperature interactions of molecules with mineral surfaces
UV irradiation of solid phase
Photo-desorption and Thermal-desorption

Mass spectrometer
Mass range 1-300 amu

Cryostat
temperature range: 4-500 K

Spectrometer
range 0.5-50 microns

Astrobiology lab: example
Temperature Programmed
Desorption of pure Formamide
and after UV irradiation

NH2CHO

Formamide (red line), NH2
(black line), CH2NO (green line)
before (dashed line) and after
(continous line) 5h of UV
irradiation

Pure Formamide after UV irradiation fragmented into NH2, HCO and CH2NO. These
fragments are more volatile and desorbed HCO, NH2 at 184 K and CH2NO at 182 K, and
Formamide at ~220 K.

Concluding remarks
ALMA studies of discs provide the initial conditions (physical structure
and chemical composition) to origin of planets and atmospheres
ARIEL atmospheric composition of giant planets contain imprints of the
original disc composition
Statistical comparison will help us to distinguish between in situ
formation vs migration

