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Abstract

Carbon-rich planets (CRPs) are the exotic new mem-
bers in the repertoire of extrasolar planets. We define
a CRP as a planet with a carbon to oxygen (C/O) ra-
tio > 1. The first CRP atmosphere was inferred re-
cently for the very hot Jupiter WASP-12b [1]. Here
we show that it is not possible to reproduce the C/O
ratio > 1 observed in WASP-12b via the accretion of
planetesimals formed in a disk whose gas phase ele-
mental composition is similar to the one of the parent
star. In order to reproduce the observed C/O ratio in
the planet, one needs to invoke an oxygen abundance
which is depleted by a factor of roughly two compared
to that of the parent star, with the exact value contin-
gent on the volatile-to-silicate fraction.

1 Introduction

CRPs possesses chemically distinct interiors, atmo-
spheres, and formation conditions from the commonly
assumed oxygen-rich planetary compositions, which
are based on the solar C/O ratio of 0.5 [2]. Theoretical
studies in the recent past had anticipated the existence
of planets with high C/O ratios. The oxygen abun-
dance, and hence the C/O, of Jupiter is presently un-
known [3]. However, based on the lower-limit on O/H
measured by the Galileo probe, [4] studied the hypo-
thetical possibility of Jupiter being a CRP. If Jupiter
were carbon-rich, they suggested, it could have formed
with dominant tarry planetesimals instead of planetes-
imals dominant in water-ice as expected in the solar
system based on the composition of minor bodies in
the solar system. Here, we use a model based on the
condensation sequence of ices in the circumstellar disk
[5] to constrain the primordial conditions required for
the formation of WASP-12b, and to estimate the el-
emental abundances in the planetary envelope, along

with the apportionment of volatiles in the envelope.

2 Formation conditions

Close-in giant planets are thought to have originated
in the cold outer region of protoplanetary disks and
migrated inwards until they stopped at closer orbital
radii. Here we assume that the giant planet was formed
via core-accretion. We calculate the composition of
the icy planetesimals accreted by the forming planet
following the approach developed in Mousis et al.
(2009b, 2011). The composition of planetesimals can
be inferred from the formation sequence and the com-
position of the different ices formed beyond the snow
line of the protoplanetary disk. This model has been
used to interpret the observed volatile enrichments in
the atmospheres of Jupiter and Saturn in a way consis-
tent with the heavy element content predicted by inte-
rior models [5] and also the apparent carbon deficiency
observed in the Hot Jupiter HD189733b [5, 6]. It is
based on a predefined initial gas phase composition in
which elemental abundances reflect those of the host
star and describes the process by which volatiles are
trapped in icy planetesimals formed in the disk.

3 Results: elemental abundances
in WASP-12b

Two different cases of initial gas phase compositions
are used in our protoplanetary disk model. In both
cases, C, N, P and S elemental abundances derive from
the analysis of the composition of the host star WASP-
12 [7]. In the first case, we have assumed that the O el-
emental abundance in the disk corresponds to the stel-
lar value. In this condensation sequence, the icy part of
planetesimals is essentially made of a mix of pure con-
densates and clathrates. In this case, we find that the
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Figure 1: Volatile X abundance as a function of the
carbon abundance calculated in the atmosphere of
WASP-12b. The dashed line corresponds to the range
of C and O abundances measured in the atmosphere.

set of adopted elemental abundances is not consistent
with the measured C/O ratio in the envelope (see Fig.
1), unless differential settling between O and C occurs
in the interior of the Hot Jupiter WASP-12b. In the sec-
ond case, we have adopted a substellar O abundance
(by 41%) in the gas phase of the disk and, as illustrated
by Fig. 2, we find that this assumption allows us to re-
trieve a composition of planetesimals that matches the
observed C/O ratio in WASP-12b. In this case, because
the oxygen abundance is strongly depleted compared
to case 1, this element is only distributed between car-
bon bearing species and the remaing water becomes
zero in the initial gas phase of the protoplanetary disk.
This implies that the icy part of planetesimals formed
in such conditions in the protoplanetary disk is only
made of pure condensates.

4 Conclusions

We have shown that it is not possible to reproduce the
C/O ratio observed in WASP-12b via the accretion of
planetesimals formed in a disk whose gas phase ele-
mental composition is similar to the one of the parent
star. In order to reproduce the observed C/O ratio in
the planet, one needs to invoke an oxygen abundance
which is depleted by a factor of roughly two compared
to that of the parent star, with the exact value contin-
gent on the volatile-to-silicate fraction.
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Figure 2: Same as Fig. 1 but for an O abundance 0.41
times lower than in WASP-12 in the protoplanetary
disk. The dashed line corresponding to the range of
C and O abundances measured in the planet’s atmo-
sphere is now superimposed with the calculations.

References

[1] Madhusudhan, N., and 18 colleagues.: A high C/O ra-
tio and weak thermal inversion in the atmosphere of exo-
planet WASP-12b. Nature 469, 64-67, 2011.

[2] Asplund, M., Grevesse, N., Sauval, A. J., and Scott, P.:
The Chemical Composition of the Sun. Annual Review
of Astronomy and Astrophysics 47, 481-522, 20009.

[3] Atreya, S. K., and Wong, A.-S.: Coupled Clouds and
Chemistry of the Giant Planets — A Case for Multiprobes.
Space Science Reviews 116, 121-136, 2005.

[4] Lodders, K.: Jupiter Formed with More Tar than Ice.
The Astrophysical Journal 611, 587-597, 2004.

[5] Mousis, O., Marboeuf, U., Lunine, J. 1., Alibert, Y.,
Fletcher, L. N., Orton, G. S., Pauzat, F., and Ellinger,
Y.: Determination of the Minimum Masses of Heavy El-
ements in the Envelopes of Jupiter and Saturn. The As-
trophysical Journal 696, 1348-1354, 2009.

[6] Mousis, O., and 15 colleagues.: On the Volatile Enrich-
ments and Heavy Element Content in HD189733b. The
Astrophysical Journal 727, 77, 2011.

[7] Fossati, L., and 11 colleagues.: A Detailed Spectropo-
larimetric Analysis of the Planet-hosting Star WASP-12.
The Astrophysical Journal 720, 872-886, 2010.



