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ABSTRACT

Context. Direct observations of gaseous exoplanets reveal that their gas envelope has a higher C/O ratio than that of the host star (e.g.,
Wasp 12-b). This has been explained by considering that the gas phase of the disc could be inhomogeneous, exceeding the stellar
C/O ratio in regions where these planets formed; but few studies have considered the drift of the gas and planet migration.
Aims. We aim to derive the gas composition in planets through planet formation to evaluate if the formation of giant planets with an
enriched C/O ratio is possible. The study focusses on the effects of different processes on the C/O ratio, such as the disc evolution, the
drift of gas, and planet migration.
Methods. We used our previous models for computing the chemical composition, together with a planet formation model, to which
we added the composition and drift of the gas phase of the disc, which is composed of the main volatile species H2O, CO, CO2, NH3,
N2, CH3OH, CH4, and H2S, H2 and He. The study focusses on the region where ice lines are present and influence the C/O ratio of
the planets.
Results. Modelling shows that the condensation of volatile species as a function of radial distance allows for C/O enrichment in
specific parts of the protoplanetary disc of up to four times the solar value. This leads to the formation of planets that can be enriched
in C/O in their envelope up to three times the solar value. Planet migration, gas phase evolution and disc irradiation enables the
evolution of the initial C/O ratio that decreases in the outer part of the disc and increases in the inner part of the disc. The total
C/O ratio of the planets is governed by the contribution of ices accreted, suggesting that high C/O ratios measured in planetary
atmospheres are indicative of a lack of exchange of material between the core of a planet and its envelope or an observational bias. It
also suggests that the observed C/O ratio is not representative of the total C/O ratio of the planet.

Key words. planets and satellites: atmospheres – planets and satellites: terrestrial planets – planets and satellites: formation –
protoplanetary disks – planets and satellites: composition – planets and satellites: gaseous planets

1. Introduction

According to current understanding of stellar formation, the el-
emental ratios in a solar photosphere represent the elemental ra-
tios of the nebula from which the central star formed (with very
few exceptions like deuterium). Since planetesimals and planets
are formed within this nebula, their composition is expected to
match that of their host star. This assumption is probably true
for highly refractory species, since their high condensation tem-
perature places their condensation line close to the star (Lodders
2003; Thiabaud et al. 2014, hereafter T14), but it may not ap-
ply to volatile species. Although the latter species will have no
effect on the elemental ratios in the rocky part of planets (Fe/Si
and Mg/Si), it is expected that they have an effect on the C/O ra-
tio in the atmosphere as a result of differences in ice line posi-
tions during the early lifetime of the nebula while planets accrete
(Öberg et al. 2011; Ali-Dib et al. 2014). It is particularly diffi-
cult to estimate the amount of C and O in planetary bodies since
they mostly occur in volatile species in a solar nebula (Lodders
2003). Observations (Morgan & Anders 1980), and simulations
(T14; Marboeuf et al. 2014a,b, hereafter M14a and b; and ref-
erences therein) show that the abundance of C in the bulk of
the planets of the solar system is much lower than it was in

the solar nebula (Lodders 2003), requiring element fractionation
processes during the early stages of planet formation.

Similarly, recent astronomical observations of other stellar
systems have shown that the C/O ratio in atmospheres of planets
can deviate significantly from the host star value (Madhusudhan
2012; Konopacky et al. 2013; Moses et al. 2013) and can also
be different in the atmosphere of different planets in the same
planetary system. Öberg et al. (2011) showed that these varia-
tions could be due to the different locations of condensation of
H2O, CO, and CO2, resulting in an increase in the C/O ratios dur-
ing condensation. This trend was subsequently reported by other
studies (see, e.g., Ali-Dib et al. 2014). The main shortcoming
of the studies of Öberg et al. (2011) and Ali-Dib et al. (2014)
is that they did not take into account the planet migration dur-
ing their formation or the gas phase evolution, which can both
significantly change the C/O ratio in the atmosphere of growing
planets.

Several models have been published in an attempt to con-
strain the solid composition of planets. Bond et al. (2010a,b)
and Carter-Bond et al. (2012) computed planet composition with
different initial compositions, but their model did not take into
account the formation pathway of planets in the protoplane-
tary discs and neglected the formation of volatile species (other
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than H2O) in the solid phase. Elser et al. (2012) were the first
to attempt to include the composition of solids with a self-
consistent planet formation model, but they were unable to re-
produce some of the features of the solar system (high abun-
dance of Fe of Mercury). Finally, M14a,b and T14 presented
a model that includes the composition of both refractory and
volatile species and considers several scenarios (energy contri-
bution from stellar irradiation, formation of clathrates and or-
ganic compounds), in the full planet formation model of Alibert
et al. (2013, hereafter A13 – and references therein). However,
these studies did not consider the accretion of gases other
than He and H2. The chemical composition of planets in their
model was only derived from accretion of solid planetesimals
(refractory and icy components).

In the present study, we add to our previous study that
modelled the solid composition of planetesimals and plan-
ets (M14a,b; T14) the possible accretion of an evolving gas disc
composed of He, H2, H2O, CO, CO2, CH3OH, CH4, NH3, N2,
and H2S. We focus the study on the critical region, that is, in
the region of the different ice lines in a condensing nebula where
a diversity of rocky planets can form. It is exactly this region
where planets will form that will have vastly different evolu-
tion paths (e.g., core formation, atmosphere evolution, habit-
ability). The aim is to study the implications of accreting such
gas, including the possible increase in the C/O ratio, and to de-
rive which physical processes can affect the composition of the
formed planets. Section 2 briefly present the planet formation
model of A13. Section 3 is dedicated to the chemical model used
in this study. Results and discussions are presented in Sect. 4.

2. Planet formation model

The planet formation model is based on the work of A13, which
is based on the so-called core-accretion model of Pollack et al.
(1996). In this model, planets are formed in a protoplanetary
disc. The planet core is formed by accretion of solid planetes-
imals until it eventually becomes massive enough to gravita-
tionally bind some of the nebular gas, surrounding itself with
a tenuous atmosphere. This formation model is able to produce
different types of planets with both high (a few thousands of M⊕)
and low masses (10−2 M⊕).

2.1. Disc model

The protoplanetary disc model of Alibert et al. (2005) is struc-
tured around three modules, that calculate the structure and evo-
lution of a non-irradiated protoplanetary disc. The disc parame-
ters are computed using a 1+1D model, which first resolves the
vertical structure of the disc for each distance to the star. This
calculation solves the hydrostatic equilibrium

1
ρ

δP
δz
= −Ω2z, (1)

the energy conservation

δF
δz
=

9
4
ρνΩ2, (2)

and the diffusion equation for radiative flux

F =
−16σT 3

3κρ
δT
δz
, (3)

where ρ is the volume density, P the pressure, Ω the
Keplerian velocity, F the radiative flux, ν the viscosity, σ the

Table 1. Characteristics of disc models from A13, assuming for Mdisc

that the gas to dust ratio is 100:1.

Disc Mdisc (M�) acore (AU) γ
1 0.029 46 0.9
2 0.117 127 0.9
3 0.143 198 0.7
4 0.028 126 0.4
5 0.136 80 0.9
6 0.077 153 1.0
7 0.029 33 0.8
8 0.004 20 0.8
9 0.012 26 1.0

10 0.007 26 1.1
11 0.007 38 1.1
12 0.011 14 0.8

Stefan-Boltzmann constant, and κ the opacity taken from Bell
& Lin (1994). This calculation provides the vertically averaged
viscosity as a function of the surface density in the disc (Alibert
et al. 2005; Fortier et al. 2013). This is then used to compute
the radial structure and evolution as a function of this viscosity,
the photo-evaporation, and the mass-accretion rate by solving
the diffusion equation.

The initial gas surface density (in g cm−2) is computed fol-
lowing

Σ = Σ0

(
r
a0

)−γ
e
(

r
acore

)2−γ
, (4)

where a0 is equal to 5.2 AU, acore is the characteristic scaling
radius (in AU), γ is the power index, r the distance to the star
(in AU), and Σ0 = (2−γ) Mdisc

2πa2−γ
coreaγ0

(in g cm−2). The values for acore,

γ, and Σ0 are varied for every disc, and are derived from the
observations of Andrews et al. (2010). The mass of the gas disc
is inferred from the observations of solid discs through a dust-
to-gas ratio randomly chosen to lie between 0.008 and 0.1 from
a list of ∼1000 CORALIE targets (see A13 for more details)
to produce 500 different discs. The characteristics of the disc
models are presented in Table 1, assuming that the gas-to-dust
ratio is 100:1 for Mdisc.

The parametric surface density profile (Eq. (4)) is only used
as an initial condition (t = 0). This initial profile evolves with
time and the surface density profile at t! = 0 is recomputed at
each timestep, following

δΣ

δt
=

3
r
δ

δr

(
r1/2 δ

δr

(
νΣr1/2

))
+ Qacc + Qph, (5)

where Qacc is an additional term related to the accretion by plan-
ets and Qph an additional term related to photo-evaporation.

Solving the equations and knowing the surface density at dis-
tance r constrains the temperature and pressure at each distance
and time of the disc.

Figure 1 shows how the temperatures and pressures at the
midplane of a particular disc (Σ0 = 95.8 g cm−2, acore = 46 AU,
γ = 0.9) evolves through time.

Irradiation. The planet formation and their final composition is
influenced by irradiation. The model of planet population syn-
thesis of Alibert et al. (2005) and Mordasini et al. (2009a,b) was
used in Fouchet et al. (2012) to reveal the effects of irradiation
on planet formation. The disc model is similar to that of A13
(1+1D viscous disc), but the irradiation is included by modify-
ing the temperature boundary condition at the disc surface. This
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Fig. 1. Time evolution of the midplane temperature (solid lines) and
pressure (dotted lines) of disc #1 (Σ0 = 95.8 g cm−2, acore = 46 AU,
γ = 0.9) in a case without irradiation.

temperature is set to be T 4
s = T 4

s,noirr+T 4
s,irr, where the irradiation

temperature (in K) is given by (Hueso & Guillot 2005)

Ts,irr = T∗
[

2
3π

(R∗
r

)3
+

1
2

(R∗
r

)2 (HP

r

) (dln HP

dln r
− 1

)]1/4

, (6)

where R∗ and T∗ are the young stellar radius (R∗ = 1.75 R�) and
temperature (T∗ = 5000 K), and HP is the pressure scale height.
In this work, both models with and without irradiation from the
central star are run.

2.2. Gas phase evolution

In contrast to planetesimals, it cannot be assumed that the gas of
the disc does not drift. The gas evolves with time with most of
it accreting onto the star, at least for close-in regions. Because
of the viscosity acting in the disc, two sheets of gas will in-
teract through friction along their interface as a result of differ-
ential rotation. Since the gas is orbiting roughly in a Keplerian
movement, the inner sheet rotates faster than the outer sheet, re-
sulting in an exchange of angular momentum to decrease the
speed of the inner sheet while increasing the speed of the outer
one. It thus simultaneously allows gas to flow inwards. This phe-
nomenon has been described by the theory of accretion discs by
Lynden-Bell & Pringle (1974). They derived the radial velocity
of the gas vdrift (in cm s−1) due to mass and angular momentum
conservation in the presence of a viscosity ν to be

vdrift = − 3
Σr1/2

δ

δr

(
νΣr1/2

)
. (7)

The idea of the present study is to take the initial profile of the
gas abundances of H2O, CO, CO2, CH3OH, CH4, NH3, N2, and
H2S and evolve this profile through time via the drift velocity.
Since Σ changes with time (see Eq. (5)), this velocity is vari-
able for a specific radius, as shown in Fig. 2. The diffusion is
hereby neglected in contrast to Ali-Dib et al. (2014). However,
the disc structure and planet formation is computed as a function
of time, whereas Ali-Dib et al. (2014) have a more realistic dif-
fusion model, but only computed snapshots of the disc in time.

The cumulative distribution of disc lifetimes is assumed to
decay exponetially with a characteristic time of 2.5 Myr (Fortier
et al. 2013, A13). The photoevaporation rate is then adjusted so
that the protoplanetary disc mass reaches 10−5 M� at the selected
disc lifetime, when calculations are stopped. The longest lifetime
of a disc is 10 Myr (see A13 for more details).
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Fig. 2. Radial profiles of the drift velocity of the gas, the surface den-
sity Σ of the gas, and νΣ for the model without irradiation (top) and with
irradiation (bottom). The plots are shown for disc #1 (Σ0 = 95.8 g cm−2,
acore = 46 AU, γ = 0.9) at the beginning (red line) and the end (green
line) of the simulations (t = 10 Myr). The peak of vdrift at ∼20 AU for
the model without irradiation arises because Σ has reached its lowest
value.

2.3. Planet formation

The protoplanetary disc is assumed to be composed of gas with
planetesimals and ten planetary embryos of lunar mass uni-
formly distributed in log between 0.04 and 30 AU, the region
of planet formation. Note that the planetesimals are assumed to
be already formed in the protoplanetary discs as their formation
process is currently unknown, and that they are also assumed to
be large enough (roughly 1 km) so that they do not drift.

The model includes several processes:

– Accretion of planetesimals, growing the solid core of the
planet (Alibert et al. 2005; Fortier et al. 2013).

– Accretion of gas. If the core of the planet reaches the critical
core mass, the gas is accreted in a runaway fashion, leading
to the formation of gas giants (Alibert et al. 2005).

– Planet-disc interactions, which contributes to migration
(Type I or Type II) of planets (Alibert et al. 2005; Mordasini
et al. 2009b,a).

– Planet-planetesimal interactions, by which the planetesimal
is excited by the planet.

– gravitational planet-planet interactions, making it possible to
catch a pair of planets (or more) in mean motion resonance,
as well as pushing each other.
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Table 2. Condensation temperatures and nebulae abundances of
volatile species in the model.

Specie Tcond (K) Nebulae abundance (mass/H2)
CO:H2O = 0.2 CO:H2O = 1

H2O 152–173 8.16 × 10−3 5.62 × 10−3

CH3OH 127–143 2.17 × 10−3 1.5 × 10−3

NH3 88–99 5.39 × 10−4 3.72 × 10−4

CO2 77–86 3.99 × 10−3 2.75 × 10−3

H2S 67–75 3.09 × 10−4 2.13 × 10−4

CH4 31–60 4.35 × 10−4 3.00 × 10−4

CO 28–60 2.54 × 10−3 8.75 × 10−3

N2 23–60 8.89 × 10−4 6.12 × 10−4

3. Chemical model

3.1. Solid phase

We follow M14a and T14 and assumed that the solid composi-
tion is set by the initial conditions (Σ, T , P) of the disc given
by the planet formation model of A13. For both refractory and
volatile materials, the condensation sequence is computed to de-
rive the chemical composition of planetesimals. This condensa-
tion sequence is stopped at the temperature of the disc at the
corresponding distance to the star.

M14a,b and T14 have run several models with different
compositions, taking into account the formation of several re-
fractory species (a list of these species is provided in Table 1
of T14) and eight main volatile molecules: H2O, CO, CO2,
CH3OH, CH4, NH3, N2, and H2S – see Table 2. These species
are the most abundant volatile molecules observed in the inter-
stellar medium (ISM; Gibb et al. 2000a,b, 2004; van Dishoeck
2004; Whittet et al. 2007; Boogert et al. 2011; Mumma &
Charnley 2011, and references in M14), and in solar cometary
comas (Bockelée-Morvan et al. 2004; Crovisier 2006; Mumma
& Charnley 2011). Previous studies (T14, M14a,b) also explored
the possible formation of clathrates and refractory organic com-
pounds and studied the effect of irradiation. T14 showed that a
model without refractory organic compounds better reproduces
the observations made of the solar system. The formation of
clathrates in protoplanetary discs is still uncertain. For these rea-
sons, we did not include the formation scenarios of clathrates
and refractory organic compounds.

Irradiation, however, has an impact on the results as it adds
another heating process. The ice lines were thus shifted outwards
and the planets formed were more rocky than in the model with-
out irradiation. It is consequently obvious that irradiation also
plays a role in the gas composition of both discs and planets.
Two cases were therefore considered, one with and one without
irradiation.

Two models shown in M14a,b were also computed in this
study. Since the two most abundant C-bearing volatile com-
pounds CO and CO2 have a CO:CO2 ice ratio ranging from about
1 to 4 in all types of sources (Gibb et al. 2004), a CO:CO2 molar
ratio of 1:1 and 5:1 was adopted in this study as lowest and high-
est values. These values are consistent with the ISM measure-
ments taking into account the contributions of both gas and ice
phases (Mumma & Charnley 2011). This leads to CO:H2O molar
ratios of 0.2 (resp. CO:CO2 = 1:1) and 1 (resp. CO:CO2 = 5:1).

More details of the computation of refractory species are
given in T14, and volatile species are computed in M14a,b.

3.2. Gas phase

Owing to their high condensation temperatures, refractory
species in the gas phase are located close to the star (inside the
ice line, a few AU). By the time the planet is massive enough
to bind some gas, most of the gas within this location has been
accreted onto the star. It is thus assumed in this contribution that
the enrichment of refractory species due to gas accretion is neg-
ligible. Therefore we only included volatile molecules that con-
dense at larger distance from the star1. Volatile species in the
gas phase are determined by local pressure and temperature and
by partial pressure of the molecule. If the equilibrium pressure
of the species is lower than its partial pressure in the gas, the
species are assumed to condense (see M14a,b), otherwise they
are left in the gas phase. If species remain in the gas phase, their
composition is given by

NX = YX . NH2 , (8)

where NX is the abundance in the gas of species X, YX is the
ISM abundance of species X relative to H2, and NH2 is the
abundance of H2.

4. Results

4.1. Gas phase evolution

As stated in Sect. 2.2, the initial profile of gas abundances of
the eight main volatile molecules is computed and then evolves
with the drift velocity given by Eq. (7). Figures 3 to 7 show the
evolution of the gas abundances of these species at four different
times (100, 50 000, 75 000, and 100 000 yr) for disc #1 of A13
(Σ0 = 95.8 g cm−2, acore = 46 AU, γ = 0.9) with CO/H2O = 0.2,
and without irradiation. The most abundant molecule in the gas
phase is H2O between the water ice line and the star, followed
by CO2, CO, and CH3OH. Water in the gas phase is the only
compound to disappear within 100 000 yr from this disc. The
H2O ice line being the closest to the star, the time needed to drift
the gas from the H2O ice line is shorter than the time needed to
drift the other gases from their respective ice lines.

The plots are similar in the model with irradiation, the
drop in gaseous abundances occurs at a larger distance from
the star, which induces a loss of the water later in time
(about 10 000–20 000 yr later), which is also seen in discs with
high masses in the model without irradiation.

4.2. C/O gas enrichment

The disappearance of different species in the gas phase through
time is a phenomenon that can lead to an increase or decrease
of the C/O ratio in the gas phase. This creates a dichotomy in
time in the C/O ratio in the discs and thus in the atmosphere of
planets in the same planetary system. A spatial dichotomy is also
observable due to the location of embryo formation. Figure 8
shows the C/O ratio in the gas phase of disc #1 of A13 (Σ0 =
95.8 g cm−2, acore = 46 AU, γ = 0.9), plotted for the same time
steps as Figs. 3 to 7.

The first time step is representative of the initial conditions
in the gas disc. Until water condenses at roughly 1.5 AU, the
C/O ratio stays constant. The condensation of water induces a
depletion in O in the gas phase, which increases the C/O ratio

1 Note that the refractory enrichment can also come from grains
closely coupled with the gas. This contribution is expected to be lower
than solar however.
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by roughly a factor 2. The condensation of methanol, whose ice
line is located ∼0.1 AU farther out, induces a weaker decrease of
the C/O ratio. The next molecule that condenses is NH3 whose
condensation does not affect the C/O ratio, in contrast to the con-
densation of CO2 at 2 AU. The depletion of O is thus greater than
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and 100 000 years of evolution. The plot is shown for CO/H2O = 0.2
and without irradiation.

the depletion in C, resulting in a new increase in the C/O ratio.
Finally, the two last decreases are due to the condensation of
CH4 around 2.8 AU and of CO at 3.1 AU.

The C/O ratio increases after 100 000 yr close to the star.
This is due to the disappearance of water in the gas phase af-
ter 100 000 yr (see Figs. 3 and 8). Consequently, if a planet has

A138, page 5 of 11

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=6
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424868&pdf_id=8


A&A 574, A138 (2015)

10-2

100

102

104

 0.01  0.1  1  10

M
as

s 
[Μ

⊕
]

Semi-major axis [AU]

 0

 0.2

 0.4

 0.6

 0.8

 1

H
2O

ga
s/

(H
2O

ic
e+

H
2O

ga
s)

10-2

100

102

104

M
as

s 
[Μ

⊕
]

 0

 0.2

 0.4

 0.6

 0.8

 1

C
O

ga
s/

(C
O

ic
e+

C
O

ga
s)

10-2

100

102

104

M
as

s 
[Μ

⊕
]

 0

 0.2

 0.4

 0.6

 0.8

 1

C
O

2g
as

/(
C

O
2i

ce
+

C
O

2g
as

)

10-2

100

102

104

M
as

s 
[Μ

⊕
]

 0

 0.2

 0.4

 0.6

 0.8

 1

C
H

4g
as

/(
C

H
4i

ce
+

C
H

4g
as

)

10-2

100

102

104

 0.01  0.1  1  10

Semi-major axis [AU]

 0

 0.2

 0.4

 0.6

 0.8

 1

H
2S

ga
s/

(H
2S

ic
e+

H
2S

ga
s)

10-2

100

102

104

 0

 0.2

 0.4

 0.6

 0.8

 1

N
2g

as
/(

N
2i

ce
+

N
2g

as
)

10-2

100

102

104

 0

 0.2

 0.4

 0.6

 0.8

 1

N
H

3g
as

/(
N

H
3i

ce
+

N
H

3g
as

)

10-2

100

102

104

 0

 0.2

 0.4

 0.6

 0.8

 1

C
H

3O
H

ga
s/

(C
H

3O
H

ic
e+

C
H

3O
H

ga
s)

Fig. 9. Gas phase fraction of each species related to the total amount (gas + solid) of this species in an a-M diagram. Plots are shown for
CO/H2O = 0.2 without irradiation and are identical for CO/H2O = 1. They have similar features in an model with irradiation.

been accreting most of its gas after 100 000 yr, an increase com-
pared to other planets could be observed. This is another process
that can account for differences in the C/O ratios in planetary at-
mospheres. Previous studies did not include CH4 in the gas phase
of the disc. Its presence is very likely, however, given the compo-
sition of planetary and cometary bodies, and has been detected
in the disc of GV Tau N (Gibb & Horne 2013). The inclusion
of CH4 in the models indicates an increase in the C/O ratio that
has not been observed in previous studies (Öberg et al. 2011;
Ali-Dib et al. 2014). This increase implies an enrichment of the
C/O ratio by a factor of 3 to 4 compared to the solar value at dis-
tances where CH4 and CO are the only C- and O-bearing species
in the gas phase.

4.3. Gas composition of planets

4.3.1. Contribution of the gas phase

The amount of volatile species incorporated into planets depends
on both the amount of gas and of solids accreted by the planet.
Figure 9 shows the amount of gaseous volatile species related to
the total amount of volatile species (gas and solid) in the planet.

For planets with a mass lower than 100 M⊕ the contribu-
tion of the gas phase is negligible (<1%) in planets where ices
are present (planets located at distances beyond 0.5 AU), mean-
ing that the total abundances of the planet will be determined
by its solid composition. However, for rocky planets (see Fig. 3
of T14) that did not accrete ices, the total amount of volatile
species is defined by the low amounts of accreted gas as ex-
pected from the terrestrial planets of the solar system, whose
volatile abundance in solids is lower than 0.1% (Morgan &
Anders 1980).

For 50% of the giant planets (>100 M⊕), the abundances of
volatile species in the planet is dictated by the accreted amount
of ices. This is because they either formed outside the N2 ice line
(the last species to condense) in a low-mass disc or they accreted
at a time when only H2 and He were left in the gas phase of the
disc.

For the other 50%, the amount of volatile compounds ac-
creted by the planet in the gas phase contributes between 20%
and 100% of the total amount of volatile species in the planet
(gas+ ices). This is because gas giants are more easily formed in
massive discs. Hence there is an increase in the temperature pro-
files relative to less massive discs, an increase in the abundances
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Fig. 10. C/O mass ratio in planets of the planet population synthesis of A13 for the model with irradiation (left) and without irradiation (right)
in a mass-semimajor axis diagram. Different contribution to the C/O ratio in planets are shown. a)–e) the C/O ratio in solids (ices and minerals);
b)–f) the total C/O ratio (in solids and in gas phase); c)–g) the C/O ratio in atmospheres if ices are assumed to fully desorb into the gas phase; and
d)–h) the C/O ratio obtained with the gas phase of the protoplanetary disc alone. The plot is shown for CO/H2O = 0.2.

of the gas phase, and a decrease of the ice abundances. Such gi-
ant planets have a more highly refractory core than other giant
planets, thus increasing the contribution of the gas part to the to-
tal abundance of volatile species. The time of accretion plays a
role as well, that is, if the planet accretes gas just before and after
the disappearance of the species in the gas phase of the disc.

Physical parameters of the disc (surface density, tempera-
ture, mass, etc.) in which planets are formed and the time of
accretion of gas are thus important for determining the relative
abundance of species in gas and solid phases.

4.3.2. Contributions to the C/O ratio

Figure 10 shows the C/O ratio in planets formed in irradiated
and non-irradiated discs for CO/H2O = 0.22.

2 The plots for CO/H2O = 1 are not shown here, but note that the
CO/H2O = 1 scenario gives a slight increase of ∼0.05 of the C/O ra-
tio in rocky and giant planets whose C/O is around 0.4 in the gas phase
in Fig. 10; and a slight decrease to 0.8 for rocky and giant planets with
a C/O ratio higher than 0.9 in Fig. 10. The conclusions are unchanged
in this case.

The gas accreted by planets can increase the atmospheric
C/O ratio by as much as three to four times the solar value of 0.37
by mass (Lodders 2003), showing that it is possible to form plan-
ets with a very different C/O ratio in their atmosphere compared
to the host star, as observed in WASP-12b (see Moses et al. 2013,
and reference therein). However, the contribution of gas to the
total C/O ratio (considering C and O atoms in ices, minerals,
and gas) is in most cases negligible (Figs. 10b–f), meaning that
only the solid components are constraining the total C/O ratio
in planets. This suggests that the observed C/O ratio in atmo-
spheres may not be representative of the total C/O ratio of the
planet.

If the ices are assumed to sublimate into the atmosphere
(Figs. 10c and g), the C/O ratio in the envelope is largely dom-
inated by their contribution for the model without irradiation,
leaving only but a few differences in the C/O ratio between plan-
ets (most planets have a ratio around 0.2). The contribution of
ices is decreased if the disc is irradiated (apart from far planets
whose location is >5 AU) because the abundance of ices in plan-
ets formed in such discs is much lower (see T14; M14a,b). In
the region between 1 and 2 AU ices and accreted gas coexist
and the contribution of the ices dominates. This suggests that
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the high C/O ratios that are observed in hot Jupiters could come
from a lack of exchange of material between the planet core and
its envelope, or it might highlight an observational bias towards
layered-type atmospheres. If ices sublimate, the C/O ratio will
approach the stellar value, but if the volatile species in the enve-
lope condense, the C/O ratio approaches 0. This second scenario
(lack of exchange and/or layered-type atmosphere) is consistent
with the observed C/O ratios in hot Jupiters. However, planetes-
imals probably suffer ablation in the atmosphere of such planets
during their formation, which would then lower the C/O ratio
formed in these calculations. The sublimation of ices will occur
under preferential conditions that can be met if the final planet
is located relatively close to the star (a few to 5–6 AU in this
work). In this case, the thick atmosphere of H2 and He of giant
planets could shield the other molecules from observations.

The values of the C/O ratio cannot be easily determined by
direct observations of planetary atmospheres. Figures 10d and f
show that a full range of C/O ratios can be achieved in the atmo-
sphere of newborn planets with mass ratios ranging from 0 to 1,
where the value zero corresponds to planets formed in the outer
regions of the planetary system or rocky planets that did not ac-
crete any gas. As suggested by Öberg et al. (2011), this whole
range of C/O ratios can be explained by the fact that volatile
species are not condensing at the same location, resulting in de-
pletion in the gas phase once they condense on the surface of
grains in the disc, as shown in Fig. 8. Irradiation plays a role
in determining the C/O ratio in the envelope of low-mass plan-
ets located at ∼1 AU. Modelling radiative effects increases the
C/O ratio to ∼0.9. Without these effects, such an increase is seen
only for a few planets.

The C/O ratio in planetary envelopes is also sensitive to the
time of accretion. For example, giant planets start runaway ac-
cretion after a few million years, when the only species left in
the gas disc are H2 and He. Thus the fraction observed for these
species is high. This does not mean that these planets cannot
reach a high C/O ratio. During core formation, and before the
runaway accretion of gas, cores of giant planets can indeed still
bind some gas, which results in accretion of gas consisting partly
of C- and O-bearing molecules and can result in a high C/O ra-
tio in the envelope. In a similar way, it is possible for terrestrial
planets to be unable to bind enough gas enriched in C and O,
because their core was not massive enough when these species
were still in the gas phase. The C/O ratio in such planets remains
very low.

5. Discussions

5.1. Effect of planetary migration

Previous studies (Öberg et al. 2011; Ali-Dib et al. 2014) com-
puted the increase in the C/O ratio of planets formed insitu,
which can lead to an overestimation of the ratio in the gas ac-
creted by planets. The effect of planetary migration on the bulk
composition of planets has a non-negligible effect, as shown
in T14 (and references therein), because it helps forming differ-
ent types of planets that differ in mass, semi-major axis ranges,
and composition. Since this migration affects the solid composi-
tion, we investigate the possible effect that the migration has on
gas composition. For this purpose, the model is kept the same
but the planetary composition is computed assuming the simu-
lated planets are formed, remain, and accrete only at their final
position in an evolving gas disc.

Figure 11 shows the C/O ratio obtained in such a model,
without irradiation and with CO/H2O = 0.2. The difference with

10-2

10-1

100

101

102

103

104

 0.01  0.1  1  10

M
as

s [
Μ

⊕
]

Semi-major axis [AU]

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

C
/O

 in
 g

as

Fig. 11. C/O mass ratio in the gas accreted by planets in an in situ
scenario. The plot is shown for a model with CO/H2O = 0.2, without
irradiation.

the migration model (see Fig. 10h) is rather small, except for
planets located between 0.4 and 1 AU with a mass of between 0.1
and 10 M⊕. The migration consequently has no effect on giant
(and icy) planets, which is to be expected since these planets are
accreting gas mostly when (and where, for icy planets) only He
and H2 are in the gas phase. However, for Earth-like planets or
super-Earths, the inclusion of migration reduces the C/O ratio as
a result of a loss of C in their atmosphere. This depletion may
play a role in the possible presence of Earth-like atmospheres for
planets, if the ices in the bulk of the planets are not efficiently
desorbed.

5.2. Effect of the gas phase evolution

Öberg et al. (2011) showed that an increase in the C/O ratio com-
pared to the stellar value can be explained by the fact that the
different ices do not condense at the same location. However,
they did not take into account the abundance evolution of volatile
species in the gas phase. Ali-Dib et al. (2014) demonstrated that
the C/O ratio can be increased with time, as a result of loss of
species such as water, as seen in Fig. 8 (see also their Fig. 4).
Consequently, the C/O ratio enhancement particularly for close-
in planets, might be explained by both the presence of differ-
ent ice lines and the changes in abundances of the different gas
species with time, although these are two different processes.

To study the effect of such a change, we reproduced the
model of Öberg et al. (2011) in which the abundance profiles
remain unchanged with time. Figure 12 shows the results of this
simulation, with CO/H2O = 0.2 and without irradiation of the
disc. The C/O in the gas phase is reduced for most of the plan-
ets, most of them having a ratio of about 0.2–0.3 that can be ex-
plained by the preservation of water in the disc, thus lowering the
C/O ratio in the disc for planets that migrated towards the inner
parts of the disc (<1 AU). However, some gas giants have an in-
creased C/O ratio for the same reasons, since none of the volatile
molecules disappear from the gas phase. As discussed in Öberg
et al. (2011), we find that it is possible to explain the differences
in the C/O ratios compared to the solar value only by taking into
account the differences in condensation, although the diversity
in the planetary ratios is weaker than in the model using evolu-
tion of the disc and planetary migration. Taking into account the
evolution of the gas phase is important for giant planets as well
as for planets of lower masses (<50 M⊕) located within 1–2 AU
from their central star.
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Fig. 12. C/O mass ratio in the gas accreted by planets if the gas phase
of the gas does not evolve with time. The plot is shown for a model with
CO/H2O = 0.2, without irradiation of the disc.

A similar study by Madhusudhan et al. (2014) attempted
to link the observed C/O ratio in hot Jupiters with the forma-
tion of such planets. In their model, the gas phase is similar to
that obtained by Öberg et al. (2011) and does not evolve with
time. Madhusudhan et al. (2014) studied three cases of migra-
tion and formation of planets: The planet formed by core accre-
tion and migrated through (a) disc migration, (b) disc-free mi-
gration, and planets are formed (c) by gravitational instability.
In this case, the results obtained by Madhusudhan et al. (2014)
in their case (a), which correspond best to the simulations pre-
sented here, are very similar to what is obtained with our model
without gas evolution (see Fig. 12). It is indeed difficult in the
present work to form hot Jupiters with a C/O ratio that is super-
solar if the gas phase evolution is switched off. In all the Jupiters
within 1 AU formed in the model of A13, the C/O ratio is sub-
solar around 0.2–0.3. However, if the evolution of the gas phase
is taken into account, these results are not true anymore, and it
becomes possible to enhance the C/O ratio, which then does not
constrain the formation process, as suggested by Madhusudhan
et al. (2014).

Note that in this and the previous section, planets can
be formed with a high C/O ratio at semi-major axes lower
than 0.2 AU. This result is different from Öberg et al. (2011).
It is due to planetary migration (this section), the gas phase evo-
lution (previous section), and the presence of different discs.

5.3. Planet formation with different C/O ratios in the same
system

Observations of the stellar system HR 8799 (Barman et al. 2011;
Konopacky et al. 2013) have shown the presence of several gas
giants, two of which could have a rather different C/O ratio in
the atmosphere. HR 8799c has a C/O ratio estimated to be 0.65
(Konopacky et al. 2013), and the C/O ratio in the atmosphere of
HR 8799b could differ significantly from HR 8799c because of
its location. Forming two gas giants in the same system but with
different C/O ratios is explained by Öberg et al. (2011), who
suggested that such planets are formed in situ in two different
regions. In some of the simulated systems, we are able to ob-
tain a system formed of at least two giant planets with different
C/O ratios. Note, however, that the star considered in this work
(solar mass and luminosity) and HR 8799 are different and that
the distances are very different as well.
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Fig. 13. C/O mass ratio in the gas disc of the system in which planets A
and B formed for different times (100, 57 000, 70 000 and 150 000 yr).
The vertical lines show the starting position of planets A (blue) and B
(green). The plot is shown for a model with CO/H2O = 0.2, without
irradiation of the disc.

In the simulated system, planet A has a final mass
of 845.5 M⊕ and a final position of 1.23 AU and a C/O ratio
in the envelope of 0.75. Its initial position is 4.3 AU. Planet B
has a final mass of 570.1 M⊕ with a final position of 0.29 AU
starting at 3.93 AU and a C/O ratio in the envelope of 0.9.

Figure 13 shows the evolution of the C/O ratio in the gas
disc in which the two planets formed. The initial difference can
be explained by the condensation of species as shown in Fig. 13.
Planet B starts at a location where CH4 and CO are the only C-
and O-bearing species left in the gas phase, while planet A starts
with a gas consisting of CO (CH4 condenses at 4.1 AU).

Figure 14 shows the evolution of the C/O ratio in the en-
velope accreted by planets A and B as a function of time and
of the mass of the envelope. Before 60 000 years, planet B
evolves between 3.9 and 4 AU, where and when the C/O is
as high as 1 in the gas phase. Between t = 60 000 yr and
t = 100 000 yr, the planet migrates towards higher semi-major
axes (see Fig. 15), where CH4 condenses, which lowers the
C/O ratio to 0.9. Between t = 100 000 yr and t = 150 000 yr,
the planets migrates to 6.5 AU, where CO condenses as well,
H2 and He being the only two species left in gas phase, so that
the C/O ratio stays constant. Finally, after 150 000 years, the gas
has evolved enough and consists only of H2 and He (all other
molecules have been accreted onto the star), and the C/O ratio
does not change anymore.

The initial difference in the C/O ratio of the accreted gas
is thus directly linked to the location of the protoplanet when
it starts accreting gas and can be explained by the presence of
different ice lines for the different volatile species, as described
in Öberg et al. (2011). However, this initial ratio can decrease
or increase during the migration of the protoplanet, as shown
in this section for planet B at 60 000 yr; or stay roughly con-
stant because of the evolution of the gas phase (both planets
after 150 000 yr).

5.4. Replenishment by evaporation of icy mantles on dust
grain

Although for simplicity the planetesimals considered in this
work are assumed to be of kilometer size so they do not drift,
in reality, some smaller dust grains are present and drift. They
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Fig. 15. Evolution of the positions of the planets A and B through time.

will reach a region of the disc in which the temperature is high
enough to evaporate their icy mantles.

This process has been included in the model of Ali-Dib et al.
(2014). They found that the vapor concentration is only en-
hanced in a very narrow region for H2O and CO. Moreover, they
found that the diffusion of the gas phase is much faster than the
replenishment, which implies that the latter is not high enough to
counter the diffusion. The long coagulation timescales involved
in the process deplete the gas amount inside the iceline. The
quasi-depletion state for H2O (respectively CO) in Ali-Dib et al.
(2014) is reached after 2×104 years (respectively 1×105 years),
times that are consistent, yet much shorter, with our work. These
results have also been obtained in other studies with different
parameters for the disc (see, e.g. Cyr 1998; Ciesla & Cuzzi
2006; Ciesla 2009, and references therein), but with a value of α
similar to our simulations (∼10−3).

The impact of this effect is therefore probably very weak in
the present calculations.

6. Summary and conclusions

We presented results from extending the model of T14 and
M14a,b following the approach of Öberg et al. (2011) and
Ali-Dib et al. (2014) by adding the effect on the gas composi-
tion of ice lines for different gases within an evolving gas disc.
Accretion of gas consisting of H2, He, and eight main volatile
molecules (H2O, CO, CO2, NH3, N2, CH3OH, CH4, and H2S)

was added to the model of M14a,b and T14, and we studied
the physical effects, that is, gas evolution, planet migration, and
presence of ice lines, that might explain the differences in C/O
between the star and observed planets.

The simulation results are similar to the results presented by
Öberg et al. (2011). A key observation is that the different po-
sitions of ice lines enable the gas to develop a higher C/O ra-
tio than that of the host star. The evolution of the gas phase
as suggested by Lynden-Bell & Pringle (1974) shows that the
C/O ratio in the disc also evolves with time, depending on the
species present in the disc. For example, the removal of H2O
from the gas phase increases the C/O ratio in the gas phase of
the disc to 2–3 times the stellar value. We showed that the result-
ing C/O ratio in planetary envelopes just after their formation is
affected by

– The position of the protoplanet when it starts accreting gas,
which gives the planet its initial C/O.

– The gas phase evolution, which depletes or enhances spe-
cific regions in volatile compounds and thus increases or de-
creases the initial C/O ratio. If the gas phase does not evolve
(as in Öberg et al. 2011), only a few planets are able to obtain
a C/O ratio higher than that of the host star.

– The time of accretion. The time evolution of the gas phase
shows that removing species from the gas phase such as H2O
can increase the C/O ratio in the gas phase of the disc in the
inner regions.

– The migration path of the protoplanet. The C/O ratio in
in situ formed planets is slightly different for rocky and gi-
ant planets, but the effect is strong for planets located be-
tween 0.4 and 1 AU whith a mass of between 0.1 and 10 M⊕.
However, the migration path of the protoplanet can increase
or decrease its initial C/O ratio, depending on the gas phase
evolution.

– The irradiation. Irradiation pushes the position of the ice
line outwards (see T14; M14a), meaning that the volatile
molecules can be present at positions farther outside than in
evolving planetary systems without irradiation. This leads to
a possible enrichment of the C/O ratio in the envelope of
low-mass planets around 1 AU.

We also showed that if ices are assumed to fully sublimate into
the gas phase, the effect of the accreted gas on the C/O ratio is
negligible compared to the contribution of the solids. This sug-
gests that high values of the C/O ratios, as observed in giant
planets, are due to a lack of exchange of material between the
planet core and its envelope (sublimation of ices or condensa-
tion). Another explanation could be that the observations are bi-
ased because the envelope of a planet is probably composed of
several layers and that observations are not taking into account
this layered-composition. Finally, the results show that the ob-
served C/O ratio in atmospheres may not be representative of
the total C/O ratio of the planet.
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