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We emphasize that the present review is complementary to several reviews re-
cently appeared in the literature on different aspects just touched upon by us and that
will be cited in the appropriate sections.

2 Solar-type star formation and chemical complexity

The formation of a Sun-like star and molecular complexity proceed hand in hand.
As the primordial cloud evolves into a protostellar envelope, protoplanetary disk and
planetary system, the chemical composition of the gas becomes increasingly more
complex. The five major phases of the process that we think have formed the Earth
are sketched in Fig. 1 and here listed.

Phase 1: Pre-stellar cores. These are the “small cold clouds” mentioned above. Dur-
ing this phase, matter slowly accumulates toward the center of the nebula.
As a result, the density at the center increases while the temperature de-
creases. Atoms and molecules in the gas-phase freeze-out onto the cold sur-
faces of the sub-micron dust grains, forming the so-called icy grain mantles.
Thanks to the mobility of the H atoms on the grain surfaces, hydrogenation
of atoms and CO (the most abundant molecule, after H2, in cold molecu-
lar gas) takes place, forming molecules such as water (H2O), formaldehyde
(H2CO), methanol (CH3OH) and other hydrogenated species.

Phase 2: Protostellar envelopes. The collapse proceeds, gravitational energy is con-
verted into radiation and the envelope around the central object, the future
star, warms up. The molecules frozen in grain mantles during the previ-
ous phase acquire mobility and likely form new, more complex species.

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

Caselli &	Ceccarelli 2012

Observations	of	protoplanetary	discs	to	address	
chemical	enrichment	during	planet	formation		
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tures become so low that molecules freeze out. The shielding is mostly provided by micron-sized

solid dust particles. Apart from chemical evolution, the disks are characterized by strong evolution

of the initially micron-sized dust particles towards pebbles and, finally, planets. This process has a

strong impact on the physical structure of the disks, and therefore on the chemistry.

Protoplanetary disks are a special class of accretion disks. Accretion is a mass flow caused by

the loss of potential energy due to frictional dissipation, which also leads to mechanical heating of

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

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

Figure 2: Sketch of the physical and chemical structure of a ∼ 1−5 Myr old protoplanetary disk
around a Sun-like star.

The viscous stresses that are required for the evolution of accretion disks cannot be solely

provided by the molecular viscosity of the gas, which is many orders of magnitude too small to

have any considerable effect on mass and angular momentum transport. Instead, a “turbulent”

6

Schematic	of	disc	interior
Henning	&	Semenov	2013

Discs	are	characterized	by	large	density	(n	=	104 – 1012 cm-3)	
and	temperature	(T	=	10	– 104 K)	gradients
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Spatial	distribution	of	volatiles
The Astrophysical Journal Letters, 743:L16 (5pp), 2011 December 10 Öberg, Murray-Clay, & Bergin

Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains >150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by <20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

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 H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
! r

1 AU

"−q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating

2

Oberg	et	al.	2011

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



Origin	of	planetary	atmospheres
60 Page 8 of 35 H. Lammer, M. Blanc

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 of gas. The specific formation processes of each body and its atmosphere are
reflected in their composition, which depends on elemental ratios in the disk dust and gas (e.g., Öberg et al.
2011)

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

Along the radial dimension, one can generally distinguish in a disk an inner/dry and
an outer/icy region (e.g., Andrews et al. 2009; Williams and Cieza 2011) separated by a
“snowline” whose radial distance scales with stellar intrinsic and accretion luminosity.

Two Main Paths for Planet Formation According to our present understanding, planet
formation in circumstellar disks initially follows one of two major formation scenarios:
either collisional accretion of solid material, referred to later as “solid accretion” (SA) (from
dust to progressively larger particles and bodies), or gravitational instability (GI) (e.g. Boss
2003).

In the solid accretion scenario (SA for short), rocky planets and giant planet cores first
form from collisions between dust grains, while gaseous envelopes are accreted separately
from the gas disk onto these solid bodies. Rocky proto-planets remain limited in mass in-
side the snow line due to the limited availability of solid material, while solid cores formed
beyond it can reach much larger masses because of the contribution of the different types of
ices, mostly water ice. Then, when they reach approximately 10 Earth masses, their grav-
ity field becomes large enough to trigger the so-called run-away accretion of gas from the
disk, leading to the formation of gas giants like those of our Solar System (Pollack et al.
1996): this is the description of the so-called Core Accretion (CA) scenario of giant plan-
ets formation, illustrated in Fig. 5. Conversely, in the alternative Gravitational Instability
(GI) scenario, gas giant planets form via the same mechanism as stars, e.g. the gravitational
collapse of a fraction of the disk.

While only SA can account for the formation of rocky planets and their primitive at-
mospheres, and also of ice giants which are mainly constituted of a thick mantle of ice,
the CA and GI mechanisms compete for the generation of gas giants: it is possible that the
two mechanisms prevail over two different sub-populations, depending on disk composition,
morphology and radial distance, as will be discussed later in Sect. 2.2.

Disk Chemistry Understanding disk chemistry is an important prerequisite to understand-
ing planetogenesis, since it provides the initial conditions determining the chemical compo-
sition of planetary bodies, as reviewed in detail by Rab et al. (2016 and this volume).

Protoplanetary disks are characterized by a wide range of temperatures, densities and
stellar radiation fields. Thus they display a rich variety of chemical processes that range

Atmosphere	of	giant	planets	reflects	disc	chemical	composition
àWhere	and	how	planets	form

Lammer &	Blanc	2018

Schematic	of	core	accretion
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Disc	surface	density

AA49CH03-Williams ARI 14 July 2011 19:21

4.3.1. Surface density. A resolved image of a disk at millimeter wavelengths provides not only
a measure of its total mass and radius but also the distribution of mass or surface density. Until
recently this was characterized as a pure power law, ! ∝ R−p , with values of p generally in the
range 0–1 (Mundy et al. 1996; Lay, Carlstrom & Hills 1997; Wilner et al. 2000; Kitamura et al.
2002; Andrews & Williams 2007b).

The exponential tapered fits of the form in Equation 4 approximate a power law, ! ∝ R−γ

for R ≪ Rc , but the fitted values of Rc ≃ 30−200 AU correspond to !1 arcsec in all but the
closest disks, and γ is actually determined largely from the steepness of the exponential taper.
The Hughes et al. (2008) comparison of pure power law versus exponentially truncated power-
law fits shows similar indices but with slightly steeper pure power-law fits due to the soft edge,
⟨p⟩ = 1.2, ⟨γ ⟩ = 0.9 for four disks.

From larger samples, Andrews et al. (2009, 2010b) find a tight range consistent with all having
the same value ⟨γ ⟩ = 0.9. Using a different modeling technique, however, Isella, Carpenter &
Sargent (2009) find a very wide range γ = −0.8 to 0.8 with mean ⟨γ ⟩ = 0.1 in their data. Negative
values of γ correspond to decreasing surface densities for R < Rc , which may be an important
signature of disk evolution (see Section 6), but these were also found in the smaller disks with
Rc < 100 AU, which are barely resolved and, thus, the hardest to characterize.

In general, all results agree that young protoplanetary disks have flatter central density profiles
than the canonical power law p = 1.5 MMSN (Weidenschilling 1977). There is even more
uncertainty in the density profile of the MMSN than its mass, however, and an exponential tapered
power-law fit by Davis (2005) has γ = 0.5. The more relevant comparison is of absolute values
in the planet-forming zone. Andrews et al. (2009, 2010b) infer surface densities, ! ≈ 10−100 g
cm−2 at 20 AU, in their sample of Ophiuchus disks that are in good agreement with the MMSN
(Figure 2).

Whereas the disk-to–star mass ratio may be very high during the initial stages of formation
(Section 3), the Toomre Q parameter, Q(R) = c #/πG!, where c is the sound speed and # the
orbital angular velocity (Toomre 1964), is generally much greater than unity for these Class II
YSO disks, implying that they are gravitationally stable at all radii (Isella, Carpenter & Sargent

AS 205
Elias 24
GSS 39
AS 209
DoAr 25
WaOph 6
VSSG 1
SR 4
SR 13
WSB 52
DoAr 33
WL 18

Saturn

Uranus
Neptune

Current
resolution

limits

MMSN densities

10 100 1,000

3

2

1

0

–1

–2
lo

g 
∑ 

(g
as

 +
 d

us
t)

 (g
 c

m
–2

)

Radius (AU)

Figure 2
Radial surface
density (gas + dust)
profiles for Class II
YSO disks in
Ophiuchus based on
fitting an
exponentially
tapered power-law
profile to 880-µm
visibilities and IR
spectral energy
distributions
(Andrews et al. 2009,
2010b). The dark
gray rectangular
regions mark the
minimum mass solar
nebula (MMSN)
surface densities for
Saturn, Uranus, and
Neptune.

www.annualreviews.org • Protoplanetary Disks 77

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
1.

49
:6

7-
11

7.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 W

IB
64

17
 - 

M
ax

-P
la

nc
k-

G
es

el
ls

ch
af

t o
n 

09
/2

3/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Williams	&	Cieza 2011

March,	15	2018 D.	FEDELE	- IAPS

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



ALMA	discography
ALMA	parternship 2015 Andrews	et	al	2016 Fedele et	al.	2018

Fedele et	al.	2017 Perez	et	al.	2017 Dong	et	al.	2018

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



planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted

the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD

163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (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
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in 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
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.

PRL 117, 251101 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
16 DECEMBER 2016

251101-2

Isella+	2016 Fedele+	2017

Fedele+	2018

HD 163296, 2.5 MSun HD 169142, 1.7 MSun

AS 209, 0.5 MSun

Surface	density	with	ALMA

March,	15	2018 D.	FEDELE	- IAPS

Some	discs	are	consistent	with	the	presence	of	multiple	(young)	planets
Planet	formation	must	begin	on	short	timescale	(<	1	Myr)
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Discs	molecular	inventory
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Complex	molecules	in	discs

Figure 2: Spectra of detected cyanides in the MWC 480 protoplanetary disk.
The observed spectra (contours) of H13CN, HC3N, and CH3CN are extracted from ALMA
spectral-image data cubes. The synthetic spectra (histograms) are based on the best fit
disk abundance models in Fig. 3. The CH3CN spectrum contains two partially overlapping
lines identified with the 140 − 130 and 141 − 131 transitions. The spectra were extracted
from the spectral image cubes using a Keplerian mask to maximize the signal-to-noise.

8

Figure 2: Spectra of detected cyanides in the MWC 480 protoplanetary disk.
The observed spectra (contours) of H13CN, HC3N, and CH3CN are extracted from ALMA
spectral-image data cubes. The synthetic spectra (histograms) are based on the best fit
disk abundance models in Fig. 3. The CH3CN spectrum contains two partially overlapping
lines identified with the 140 − 130 and 141 − 131 transitions. The spectra were extracted
from the spectral image cubes using a Keplerian mask to maximize the signal-to-noise.
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Methanol	 [Walsh	et	al.	2016]

Formic	acid	[Favre,	Fedele et	al.	2018]

Methyl	cyanide	[Oberg	et	al.	2015]



Imaging	the	CO	iceline
Qi+	2013

CO	icelinemeasured	in	TW	Hya	using	CO-N2H
+ anti	correlation



Non-Solar		C/O	in	DM	Tau
A&A 617, A28 (2018)
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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.

5.9. Analysis of sulfur chemistry

We used our chemical analysis software to identify the key gas-
phase and surface formation and destruction pathways for CS,
SO, SO2, OCS, and H2S at a representative outer disk radius
of 230 au of the “standard” DM Tau model with the solar C/O
elemental composition, as in Semenov & Wiebe (2011). At this
radius the temperature ranges between ⇡9 and 50 K, the gas den-
sity is between ⇡75 and 2.2⇥ 108 cm�3, and the visual extinction
ranges between 0 and 62 magnitudes. We should note that freeze-
out and desorption processes are considered in the chemical
modeling, but are not listed in Table A.1.

The sulfur chemistry in outer disk regions begins with S+
reacting with light hydrocarbons such as CH3, CH4, C2H, C3H,
producing HCS+, HC3S+, C2S+, or C3S+ ions, respectively. The
light hydrocarbons are rapidly formed via gas-phase chemistry
of C+ and later almost entirely converted to CO or freeze out.
The sulfur-bearing ions dissociatively recombine with electrons,
producing smaller neutral sulfurette molecules. Other slower
initial formation routes involve barrierless neutral–neutral reac-
tions with atomic sulfur, for example, S + CH, OH, CH2, or
C2, forming CS or SO. At later times, the evolution of sulfur-
bearing species is governed by a closed cycle where protonation
processes (via HCO+, H3O+, H+3 ) are equilibrated by the dis-
sociative recombination reactions, and, for some species, by
gas-grain interactions and surface chemistry. In the following
we describe disk chemistry for the individual sulfur-bearing
molecules in detail.

The chemical evolution of CS proceeds essentially in the gas
phase. The molecule CS is synthesized by dissociative recombi-
nation of C2S+, C3S+, HCS+, HC2S+, and H3CS+, and by slower
neutral–neutral reactions S + CH, CH2, or C2 and, later, by the
SO + C reaction. The major destruction pathways are freeze-out
(T . 30 K), slow neutral–neutral reaction CS + CH! C2S + H,
charge transfer with ionized hydrogen atoms, and protonation
reactions (see Table A.1).

In contrast, the chemical evolution of H2S is governed by
the surface processes. The key reaction for H2S is the surface
hydrogenation of HS followed by desorption. In turn, HS ice can
be produced by the hydrogenation of surface S atoms, or by the
freeze-out of the gaseous HS formed via the S + OH reaction.
The major destruction pathways for H2S is freeze-out onto dust
surfaces (at T . 40�45 K), charge transfer reaction with atomic
hydrogen, destruction via ion–molecule reaction with C+, and
protonation reactions.

The chemical evolution of SO and SO2 is tightly linked and
occurs in the gas and ice phases. The sulfur monoxide SO is
produced by the slow oxidation of S, neutral–neutral reactions
between S and OH and O with HS, and surface reactions between
oxygen and S or HS ices. The molecule SO is mainly destroyed

by exothermic neutral–neutral reactions with O, C, OH, freeze-
out (T . 40 K), charge transfer reactions with atomic hydrogen,
and protonation reactions.

Sulfur dioxide SO2 is synthesized by the neutral–neutral
reactions between SO and OH, slow radiative association of
SO and O, and the same SO + O reaction occurring on the
dust surfaces. The SO2 major removal channels are freeze-out
at T <⇠ 60�80 K, ion–molecule reaction with C+ and neutral–
neutral reaction with C, and protonation reactions.

Finally, the chemical evolution of OCS begins with the oxi-
dation of HCS and radiative association of S and CO. The
molecule OCS can also be produced by the surface recombina-
tion of S and CO as well as CS and O ices. The removal of OCS
includes freeze-out (T . 45 K), destruction via ion–molecule
reaction with C+, charge transfer reactions with H atoms, and
protonation reactions.

6. Discussion

6.1. Comparison with previous studies of sulfur chemistry

While many sulfur-bearing species have been routinely observed
in low-mass star-forming regions, the previous searches have
found only very few S-bearing species in disks, mostly CS (e.g.,
Dutrey et al. 2014). One of the first detailed studies of the sulfur
chemistry around LkCa 15, MWC 480, DM Tauri, and GO Tauri,
using the IRAM 30-m antenna and the gas-grain NAUTILUS
chemical code, was performed by Dutrey et al. (2011). No
H2S 11.0 � 10,1 emission at 168.8 GHz and SO 22,3 � 11,2 emis-
sion at 99.3 GHz were detected. The comprehensive analysis of
the upper limits for SO and the detected CS emission pointed to
an elemental C/O ratio of 1.2, albeit that the H2S upper limits
were not reproduced, suggesting that either H2S remains locked
onto grain surfaces or reacts with other species.

Our results agree with these finding, as our best-fit model
also requires an elemental C/O ratio of &1 in the molecular layer
of the DM Tau disk (see Fig. 14). In this scenario almost all
of the oxygen is bound in CO and too little O is available for
synthesis of other O-bearing species, including SO and SO2.
We cannot constrain the C/O ratio in the molecular layer more
accurately due to the non-detection of SO and SO2 and other
S-bearing species and the poorly known abundance of elemen-
tal sulfur available for disk chemistry. Unlike in Dutrey et al.
(2011), our sensitive upper limit of the H2S column density is
well explained by all models except the model with high elemen-
tal sulfur abundance or high UV intensity (see Figs. 8 and 13).
Our modeling shows that the H2S abundance is not sensitive to
other disk physical and chemical properties (see Table 7).

Thus, the combination of CS, SO, or SO2, and H2S lines
(or very stringent upper limits) may allow us in the future to
more reliably constrain both the C/O ratio and the sulfur elemen-
tal abundance in the molecular layers of disks with well-known
physical structure.

In addition, our models can explain the upper limits of
the H2S column density, where the previous study by Dutrey
et al. (2011) failed to reproduce it. To find the reason for this
discrepancy, we first compared the gas-phase and grain sur-
face networks that were used in Dutrey et al. (2011) and found
that they are fairly similar. Next, the gas-phase abundance and
column density of H2S in the outer part of the DM Tau disk is
controlled by the freeze-out and desorption and thus is sensitive
to the adopted disk temperature structure. Dutrey et al. (2011)
used a two-layered parametric disk model and considered a rep-
resentative radius of 300 au. At that radius, the midplane has a
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The	ratio	of	CS/SO	implies	a	C/O	>	1

Semenov,	Favre,	Fedele et	al.	2018



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



FAUST,	ALMA	LP	on	astrochemistry	
of	low-mass	protostars

1. Scientific Rationale and Project Goal 
Planets are a common product of the star formation process and there is an incredible variety of planetary 
systems in the Galaxy (e.g., http://exoplanet.eu/), very different from the Solar System. The origin of such 
diversity, both in physics and chemistry, probably resides in the earliest history of the system formation, 
namely what happens during the protostellar phases. We know that the chemical composition of the envelopes 
surrounding Solar-like Class 0 and I protostars on large scales (100 – 2000 au) can be very different. Our 
team members discovered two distinct classes: the hot corinos [1] and the WCCC (Warm Carbon Chain 
Chemistry) sources [2]. Hot corinos are warm (≥100 K) and dense (≥107 cm-3) regions enriched with N/O-
bearing saturated complex organic molecules (COMs), while WCCC sources are deprived of such COMs 
and enriched with unsaturated carbon-chain species. At present, we do not know (i) whether such diversity 
is also present in the inner envelope/disk system (~50 au), and (ii) what molecules are passed from the 
large-scale envelope (~2000 au) to the disk in which planets, comets and asteroids form. Yet, this is crucial 
to know because very likely the chemical composition and fate of the future planetary systems depend on the 
chemical class to which the original protostar belonged.  

In the past few years, our group has started a systematic study of the chemical composition of Solar-like 
protostars via Large Programs with the single-dish telescopes Herschel (CHESS [3]), IRAM-30m (ASAI [4]) 
and the IRAM-NOEMA interferometer (SOLIS [5]). These programs provided us with rich information on 
the chemical diversity of protostellar sources at ≥100 au scales, published in more than 50 articles [e.g. 4, 5]. 
With the Large Program (LP) FAUST, we propose the next step in our studies – to attack the issue of the 
chemical diversity of young Solar-like systems at planet-formation scales.  

Specifically, we aim to characterize the gas chemical composition of the envelope/disk system, which can 
be approximately divided into three zones (Fig. 1), as learnt from previous ALMA studies (e.g. [6]):  
ENVELOPE: Here we mean the infalling-rotating envelope on scales of a few 100 au. The gas chemical 

composition evolves from that at large (~2000 au) scales because of the heating from the central object, 
which sublimates the grain mantles [7]. Besides, the gas close to the outflow cavity wall might also be 
exposed to the UV/X-ray photons from the central object or be affected by mild transverse shocks [8]. 

BARRIER: The gas transits a centrifugal barrier, on scales of about 100 au, before entering the disk. The 
gas chemical composition may be drastically affected by the shock at the centrifugal barrier, as grain 
mantles may be (partially) liberated into the gas phase and the gas heated and compressed [9]. 

DISK: At scales smaller than about 100 au, the gas settles in the rotationally-supported disk, where the gas 
chemical composition is (likely) stratified [10] and affected by the dynamics and the dust coagulation [11, 
12]. Furthermore, jets and disk winds are powered at this scale. The dust opacity increases, which strongly 
affects the emission spectrum from the gas (see § 2.3). 

Therefore, the three zones are expected to possess distinct physical and chemical properties, likely varying 
from source to source. Our goal is to disentangle the three zones with the help of their kinematic signature 

and ALMA line images at 50 
au spatial resolution. Our 
pioneering studies showing 
the proof-of-concept have 
already been conducted for a 
few sources and a few 
molecules [e.g., 6, 13]: time is 
now ripe for a systematic 
study of much more sources 
and much more species, via an 

ALMA LP. 
 

In summary, the goal of FAUST is to reveal and quantify the variety of the chemical composition of the 
envelope/disk system of Solar-like Class 0 and I protostars. Such chemical variety will add a new dimension 
to the diversity of planetary systems, and we expect that it will have a substantial impact on studies of planet 
formation and the origin of the Solar System.  

Figure 1: Structure of the disk/envelope system of Solar-like Class 0 and I 
protostars. It is composed of three zones, as described in the text: 
ENVELOPE, BARRIER and DISK [6, 13].  

PI:	S.	Yamamoto	(Un.	Tokyo),	 C.	Ceccarelli,	C.	Chandler,	C.	Codella (Arcetri), N.	Sakai	

Assess	chemical	complexity	during	protostellar phase
Origin	of	complex	(pre-biotic)	molecules:	heritage	or	reset
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• Low temperature	interactions of	moleculeswith	mineral surfaces
• UV	irradiation of	solid phase
• Photo-desorptionand	Thermal-desorption

Cryostat	
temperature	range:		4-500	K

Spectrometer
range	0.5-50	microns

Mass	spectrometer
Mass	range	1-300 amu

Astrobiology	 lab	– J.	Brucato



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.

Temperature Programmed
Desorption of	pure	Formamide
and	after UV	irradiation

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

Astrobiology	 lab:	example

NH2CHO



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	vsmigration


