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Abstract Possible bulk compositions of the super-Earth exoplan&tRdJ-7b,
Kepler-9d, and Kepler-10b are investigated by applying mmmonly used silicate
model and a non-standard carbon model. Their internaltstres are deduced using a
suitable equation of state for the materials. The degepgnablems of their compo-
sitions can be partly overcome, based on the fact that alktpfanets are extremely
close to their host stars. By analyzing the numerical resule conclude: 1) the iron
core of CoRoT-7b is not more th&7% of its total mass within & mass-radius error
bars, so an Earth-like composition is less likely, but itdhoa rich model can be com-
patible with an Earth-like core/mantle mass fraction; 2pkée-10b is more likely to
have a Mercury-like composition, with its old age implyirdmat its high iron content
may be a result of strong solar wind or giant impact; 3) thediting-only super-Earth
Kepler-9d is also discussed. Combining its possible coiitipaswith the formation
theory, we can place some constraints on its mass and bulgasition.

Key words: planets and satellites: general — methods: numerical —epdaand
satellites: individual (CoRoT-7b, Kepler-9d, Kepler-10b

1 INTRODUCTION

Rocky planets (like the Earth in our solar system) locateth@éhabitable zone of their stars are

presently the best candidates for harboring extra-teraétife (Léger et al. 2011). Therefore, the

search for rocky exoplanets plays an important role in theadi®n of exoplanets. Recent obser-

vations of exoplanets have revealed 758 exoplarts: {/exoplanet.eu/, as of 2011 November 3),
mainly through stellar radial velocity measurements ortpimetric detection of planets transiting
their host stars. Among them, more than 30 exoplanets haveimmom mass ok 10 Earth masses
(Mg). They are called ‘super-Earths’ and a faction of them massjtdy be rocky planets. Recently,

the Kepler mission revealed 1235 planetary candidatestraitisit-like signatures detected during its
first four months of operation (Borucki et al. 2011). Amongrih 68 candidates are approximately

Earth-sized R, < 1.25 Rg), and 288 are super-Earth sizeld26 Ry < R, < 2 Rg). Beyond all

doubt, we are entering the era of small exoplanets. Someeaf tire expected to be terrestrial in

nature.
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Table 1 Planet parameters for Kepler-9d (Torres et al. 2011), Kejdbd (Batalha et al. 2011), and
CoRoT-7b (Léger et al. 2009). The ages of their host st&rsiao listed here.

Planet Name Kepler-10b Kepler-9d CoRoT-7b

Mass (Mg) 4.56%147 3.5 — 7.0() 4.840.8%)

Radius Re) 1.41670053 1647079 1.68 +0.09

Orbital Period (day) 0.83749570-000004  1.592851 4 0.000045  0.853585 + 0.000024
Equilibrium Temperature (K) 1839 2026 + 60 1800-2600

Orbital Semimajor Axis (AU)  0.0168419-50032 0.0273070-05942 0.0172 + 0.00029
Host Star Age (Gyr) 11.9+4.5 3.0+1.0 15708

(@) Holman et al. (2010){*) Queloz et al. (2009);¢) Calculated value — assuming a Bond albedo of 0.1
and a complete redistribution of heat for re-radiatigh; http: /mww.exoplanet.eu/.

Understanding super-Earths is of great interest to us ddteeio possible rocky nature. What
is the bulk composition of these new planets? How were thepéd? These are all interesting yet
puzzling questions. However, the information presenthilable based on observations for under-
standing their composition is still limited. Through trérend radial velocity detections, planetary
radii and masses are the only windows presently availablevestigate the composition of most
exoplanets. Among the detected super-Earths, their massesdii show quite different signatures
when compared to the terrestrial planets found in our sgistesn. Their low average density tells
us that they must primarily contain some light element thdighter than water. They may have a
significant gas envelope like Jupiter or Neptune in our ss)atem. However, super-Earths lacking
gas envelopes, or ‘rocky super-Earths,” may also be préssnime cases, as we will discuss below.

CoRoT-7b is the first super-Earth with a measured radius; 1.68 + 0.09 Rg, (Léger et al.
2009). Its obtained mass derived from radial velocity messents isM = 4.8 + 0.8 Mg (Queloz
et al. 2009). After 2009, the initial results were revisedotlyer authors. For example, the revision
of CoRoT-7’s stellar parameter by Bruntt et al. (2010) yeeld/ = 5.2 £+ 0.8 Mg,. Hatzes et al.
(2011) performed another analysis of the data and obtairlatdgar massM = 7.0 + 0.5 Mg,.
Work undertaken by Boisse et al. (2011) and Ferraz-Melld.gP811) obtained different results.
In this paper, we do not consider those masses but ratheruselythe initial data of CoRoT-7b.
Recently, two transiting super-Earths, Kepler-9d (Toetsl. 2011) and Kepler-10b (Batalha et al.
2011) were also discovered. Kepler-9d was first discovarezZDil0 as a planet candidate named
KOI-377.03 (Holman et al. 2010). It was validated as a sugsth and the reported radiusis=
1.64f8j%2 Rg (Torres etal. 2011). Although current spectroscopic olzgems are so far insufficient
to establish its mass, a possible mass range can be foundlmaHhlet al. (2010). The upper mass
limit of M = 7 Mg, corresponds to the maximum mantle-stripping limit (Mareusal. 2010) for a
maximally iron-rich super-Earth. The lower mass limiti8.5M¢, for a volatile-poor rocky planet
with a Ganymede-like Fe/Si ratio. So we consider all possdampositions of Kepler-9d using
this mass range. In this paper, we use Kepler-9d as an exdampleow what can be inferred for
‘transiting-only’ hot super-Earths. Kepler-10b was digeed in early 2011; the reported mass and
radius areM,, = 4.567} 30 Mg andR,, = 1.4167) 032 R, (Batalha et al. 2011), respectively. The
main parameters of these three exoplanets are summariZadlm 1.

The bulk composition of an exoplanet cannot be uniquelyrdgteed by the measured mass
and radius. When more than two chemical constituents aentako consideration, a measured
radius and mass correspond to more than one possible bulgasition; in other words, it is a
degeneracy problem. The degeneracy problems of bulk catigpsof low-mass exoplanets can
be partly overcome if they are very close to their host stagsause some chemical constituents
may be ruled out a priori. Valencia et al. (2010) discussecktiolution of close-in low-mass planets
like CoRoT-7b. Due to the intense stellar irradiation asdsiinall size, it is unlikely to possess an
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envelope of hydrogen and helium with more than 1/10 000 dbitsl mass. A relatively significant
mass loss ofv 10'! gs~! is expected and the result should prevail independentlp@flanet’s
composition; the hydrogen-helium gas envelope or watepvagmosphere would escape within
~1 Gyr, which is shorter than the calculated age of 1.2-2.3f@y€oRoT-7h. The age of Kepler-9
is 3+1 Gyr and Kepler-10 is a relatively old star (112.5 Gyr), so volatile-rich solutions are less
likely if the Kepler-9 and Kepler-10 planetary systems dreamd evaporation has been substantial.
Jackson et al. (2010) studied the coupling of tidal evoluand evaporative mass loss on CoRoT-
7b. Their investigation indicated that the orbital decayseal by the star-planet tidal interaction
enhanced its mass loss rate. Such a large mass loss alsatsuge, even if CORoT-7b began as
a gas giant planet, its original atmosphere has now contplet@porated. Since both Kepler-9d
and Kepler-10b are small close-in planets (with orbitaliqus 1.59 and 0.84 days, respectively),
evaporation on the planets is serious due to high stelladimtion. Thus, the origin of low-mass
exoplanets, like Kepler-9d and CoRoT-7b, cannot be infefrem the present observations: they
may have always had a rocky composition; they may be remmdirsJranus-like ice giant, or a
gas giant with a small core that has been stripped of its gasevelope (Valencia et al. 2010). The
latest results from Leitzinger et al. (2011) indicated tmadrogen-rich gas giants within the mass
domain of Jupiter and Saturn cannot thermally lose such asuabof mass that CoRoT-7b and
Kepler-10b would result in a rocky residue. They also codetuithat these planets were most likely
always rocky planets.

In this paper, we assume that CoRoT-7b, Kepler-9d, and KKdjillb do not have significant gas
envelopes and consider them as being fully differentiati¢dlall possible iron-to-silicate ratios. The
differentiation assumption is not restrictive since a# terrestrial planets and some large satellites
in the solar system are known to be differentiated. Usindgadively simple but well suited model for
terrestrial planets in the solar system, we discuss thaantgtructures of CoRoT-7b, Kepler-9d and
Kepler-10b. We compare the silicate model with the carbodeh{Seager et al. 2007). Our main
aims are: 1) infer their bulk composition and sharpen theoladional constraints on their masses
and radii, 2) compare their interior structures and infenselues about their formation.

2 MODEL AND METHOD
2.1 Modelsand Numerical Method

If the rotation rate is not extreme, self-gravitating badiee close to spherical. Spherical structures
are certainly an adequate starting place for studies oflerefs. Three equations must be satis-
fied. They are the equation of hydrostatic equilibrium-Bopre(1), the mass conservation equation-
Equation (2) and the equation of state (EOS)-Equation (3@ material:

AP () _ o m()p(r)

ar r2 ’ (1)
D) amip(r) @
P(r) = flp(r), T(r)], ®3)

wherem (r) is the mass contained within radiusP (r) is the pressurel’ (r) is the temperature,
andp (r) is the density of a spherical planet. The thermal contrimstito the conclusion can be
ignored, which has been tested in Seager et al. (2007) amdptproximation has often been used in
other works (Fortney et al. 2007; Léger et al. 2004). As asaable approximation, the temperature-
independent EOS is also used in this work. If pressure is &rre@r function of density, Equation (1)
can be rewritten as

dp m(r)p(r) 1

dr -« 72 dp (r)/dp(r)" (4)
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We numerically integrate Equations (2) and (4) startinghat pplanet’s center = 0 while using
the inner boundary conditions (0) = 0 andp (0) = p., wherep,. is a chosen central density.
For the outer boundary condition, we uB&R;,) = 0. The choice ofy. at the inner boundary and
the outer boundary conditioR (R,) = 0 define the planetary radiu8, and total mass\f, =

m (Ry,). Integrating Equations (2) and (4) repeatedly for a rangg.abrovides the mass-radius
relationship (see Sect. 3.1.1) for a given material. Forfferdintiated model containing more than
one kind of material, we specify the desired fractional n&gbe core and of each shell. We then
integrate Equations (2) and (4) as specified above, giyenamd outer boundary condition. Using
the planetary mass, we switch from one material to the nextrevthe desired fractional mass is
reached. Since we do not know the total mass that a givenratteg will yield ahead of time, we
generally need to iterate a few times (change the valyg )oh order to produce a model with the
desired distribution of material.

2.2 The Choice of the EOS

The materials used in this paper are ice VII, SiC, Mgs({@nstatite, ab. en), (Mgs, F&).12)SIO3
(perovskite, ab. pv), Fef, and Fef). Ice VIl is used to model the ice composition in the large
moons of giant planets. MgSiand (Mg, ss, F&).12)SiOs are used to model the silicate mantles of
terrestrial planets or large moons in our solar system dfitesis a low-pressure mineralogical phase
of silicate, so it is only used for the validation of the mo@ete Sect. 3.1.2). Fe) and Fef) are
different phases of iron under different pressure, and)rgthe phase occurring at higher pressure.
We compare their differences in terms of the mass-radiagioel for homogeneous planets. For
CoRo0T-7b, Kepler-9d, and Kepler-10b, we usedféd model their iron cores. Let us consider the
range of pressure in our topie., the central pressure of the planet, can be estimated aslibwihg

P. ~GM?/AR} . (5)

It is about10® GPa for the three exoplanets. HBr< 200 GPa, we use fits to the experimental data,
using either the Vinet EOS (VE) Equation (6) or the Birch-Maghan EOS (BME) Equation (7). In
general, wherP > 10* GPa, where electron degeneracy pressure becomes inglgasiportant,
the Thomas-Fermi-Dirac (TFD) theoretical EOS (Salpeterap@lsky 1967) must be employed, but
this is out of the range we need. The pressure range, fronogippately 200 tol0? GPa, is not
easily accessible to experiment, nor is it well describedheyTFD EOS (Seager et al. 2007). We
simply use the VE or BME for all materials in this pressureimes

For a derivation of these EOSs, see Poirier (2000). The VE is

P = 3K, (p—i)z/g ll - (p—’;) _1/3] exp {g (K'g —1) [1 - (p—po) _1/31 } , (6)

and the third-order finite strain BME is
3 0 2/3
{1+4(K0 4)[(p0) 1 ) @)

7/3 5/3
a2
2 Po Po

Herep, is the reference densitffo = —V (0P /0V) ,_,, is the bulk modulus of the material, and
K\ = (0K/OP) p_, is its pressure derivative. Their values for the materialsduin this paper
are summarized in Table 2. The VE is used for ¢hghase of iron because it is more suitable than
the BME for extrapolation to high pressures (Poirier 200 third-order BME is used for other
materials.
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Table2 Parameters for the Birch-Murnaghan EOS (BME) or Vinet EOE)(Vits

Material Ko (GPa) K po (kgm~3) EOS Reference

Ice VII 23.7+0.9 4.15 £+ 0.07 1460 BME [1]

SiC 227+ 3 4.14+0.1 3220 BME [2]

MgSiOs (en) 125 5 3220 BME 2]

(Mgo.ss, Fey.12)SiOs (pv) 266 + 6 3.94+0.04 4260 BME [2, 3]

Fe() 162.5 + 5 5.5+ 0.8 7860 BME 2]

Feg) 156.2 4+ 1.8  6.08 +0.12 8300 VE [4]
References: [1] Hemley et al. (1987), [2] Ahrens (2000),K8]ttle & Jeanloz (1987), [4] Anderson
et al. (2001).

2.3 Carbon Model

There is an assumption used when modeling the interiortstreiof solid exoplanets: their con-
stituents are similar to the terrestrial planets in ourisgyatem. They have an iron core and a silicate
envelope following a differentiated model. However, bagsedurrent observations, other possibili-
ties cannot be ruled out. The facts tell us that there areldifferences between extrasolar planets
and planets in our solar system. For example, research abbdtpiters tells us it is dangerous to
assume that some planets can only formin a particular aisaideful to take as broad a view as pos-
sible (Fortney et al. 2007). As another possible compasitseager et al. (2007) presented the idea
of carbon planets (see also Gaidos 2000). The planets irotarrsystem were formed in an environ-
ment where the carbon-to-oxygen ratio C/O = 0.5. Their bolkpositions were determined by the
high-temperature chemical equilibrium in the protoplamgdisk. Silicates (i.e. Si-O compounds)
are the dominant constituents in terrestrial mantles. Hewen an environment where C/Q 1,

the condensation sequence changes dramatically (Lari@¥éy; Lewis 1974; Wood & Hashimoto
1993). As a result, the high-temperature condensates witldasbon-rich compounds. Kuchner &
Seager (2005) have explored some planet-formation sesremd they proposed that carbon planets
composed largely of SiC or other carbides should form in ®mlironments. A carbon-rich nebula
created by the disruptions of carbon-rich stars or whiterésnia a natural cradle for carbon planets,
so planets around pulsars and white dwarfs are candiddtercatanets. For example, the planets
around pulsar PSR1257+12 (Wolszczan & Frail 1992) may bleorarich exoplanets. In the well-
known (3 Pictoris debris disk (Roberge et al. 2006), an exoplanetug#fPic b was discovered by
Lagrange et al. (2009); it is most likely a carbon-rich planecause it is located in a carbon-rich
environment. Carbon planets can also form in a local areiateat in C or depleted in $D in an
otherwise solar abundant protoplanetary disk (Seager29ar). Lodders (2004) suggested that the
planetary embryo that grew into Jupiter may have formed ol sulocally carbon-rich area, and that
Jupiter's embryo was a carbon planet. In this paper, we alssider the carbon model for CoRoT-
7b, Kepler-9d, and Kepler-10b, in which SiC is the major neobnstituent. The detailed formation
scenarios for Earth-mass carbon planets can be referermaduchner & Seager (2005), and the
latest research about carbon-rich giant planets can belfioudadhusudhan et al. (2011).

3 NUMERICAL RESULTS
3.1 Validation in the Solar System
3.1.1 Planetsin the mass-radiusrelationship diagram

A mass-radius diagram is a useful tool when inferring a glameilk composition. Building on the
work done by Zapolsky & Salpeter (1969), we first considengta of uniform composition. The
positions of CoRoT-7b, Kepler-9d, and Kepler-10b in a nrasius diagram can quickly tell us
whether or not we can model them as solid planets. In Figutkellines are curves of the mass-



The Silicate and Carbon-Rich Models of CoRoT-7b, Keplea@d Kepler-10b 683

T
28 T
H,O(ice VII)
24 | T
I sic
- MgSiO,(en)

20 F (Mg, Fe, ,,)SIO (pv) ]
18 Fe(a) T
£ | ~ Fe(e)

X 12} T
08 | T
04| T
0.0 | T

] \ ] A ] . 1 . 1 1 1 .
0 2 4 6 8 10 12

Earth

Fig.1 Mass-radius relationship diagram fof, < 10 Mg. The solid or dashed lines are homoge-
neous planets. Five exoplanets and the Earth are markee alieifram. The mass range of Kepler-
9d (red error bar; color online) is taken from Holman et al. (2010). The locations of CoRbT-7
Kepler-9d and Kepler-10b indicate that they can be desgritsesolid planets.

radius relationship for homogeneous planets. From top timim the homogeneous planets consist
of ice VII, SiC, MgSIiO; (enstatite, ab. en), (Mgs, F&.12)SiOs (perovskite, ab. pv), Fef, and
FeE), respectively. Here, MgSi©and (Mg ss, F&).12)SiOz are usually considered to be represen-
tative materials in a mantle. The phase diagram of iron ireieila et al. (2010) can help us to
understand the Fef and Fef) phases of iron (under different pressure ranges). CoRoK&pler-
9d, Kepler-10b and the Earth are marked on the mass-radigsatin. Two notable exoplanets, GJ
1214b (Charbonneau et al. 2009) and Kepler-11b (Lissauat. &011), are introduced here for
comparison. Their measured masses and radii tell us thdek@g, Kepler-10b and CoRoT-7b are
candidates of solid super-Earths. GJ 1214b is above the weat&/1l line, which indicates that it
must contain some light elements such as H and He; most likbgs a substantial gas envelope.
Kepler-11b is above the solid SiC line, and it should havetstantial water vapor or H/He gas en-
velope because it is so close to its host star (10.3 daysalgsset al. 2011). As validation, we also
mark some planets and satellitdd (< 1 Mg) in our solar system in Figure 2. The Earth and Venus
fall between the silicate and iron lines, but are closer osilicate line, implying they contain more
rock than iron. Ganymede is found between the silicate amaviter ice VI lines, which indicates

it must have significant amounts of ice in its compositione Woon just lies on the silicate line,
which is in agreement with the fact that the Moon is composexst entirely of rock with a small
iron core. Unlike the Moon, Mercury must have a massive iramec

3.1.2 Codetest for the differentiated planets

A mass-radius relationship diagram (or a one layer modelpcdy give us a qualitative estimation,
but it cannot tell us the details of the interior structure.ektimate the precision of our code, we
calculate the radii of the planets in a solar system fronr thékl mass and mass fraction information
published in the relevant literatures. On observation,pla@et mass and radius uncertainties are
typically 5% to 10% (Selsis et al. 2007), so a robust numerical code must gueednat the error is
less tharb%.
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Fig.2 Mass-radius relationship diagram f8f, < 1 Mg. The solid or dashed lines are homoge-
neous planets. Various planets and satellites in the sydéers are shown. Their major constituents
can be estimated using this mass-radius diagram.

Table 3 Relative Error Between Calculated Radii and Actual Radii

Celestial Body Radius (krf))  Assumed CompositidH) Model Radius (km) Relative Errof%)

Mercury 60%Fe + 40%en 2474.43 1.40
2439.70 69oFe + 40%pv 2344.78 3.80
Venus 27.9%Fe + 72.%en 6283.54 3.83
6051.80 27.%Fe + 72.%%pv 5862.68 3.13
Moon % Fe + 9Ten 1745.05 0.43
1737.50 SoFe + 9opv 1652.37 4.90
Earth 32.5Fe + 67.%%en 6589.91 3.40
6371.00 32.%Fe + 67.%pv 6269.81 1.59
Mars 20%Fe + 80%en 3409.08 0.58
3389.50 206Fe + 80opv 3149.51 7.00
Ganymede 6.%Fe + 48.5en + 4%%ice VII 2525.19 4.02
2631.20 6.50Fe + 48.%%pv + 45%ice VII 2454.14 6.73

(@) http://ssd.jpl.nasa.gov/; (») References: Mercury, Solomon (2003); Venus, Zharkov (L9Harth,
Ganymede, Seager et al. (2007); Mars, Rivoldini et al. (2011

Table 3 contains our obtained results. We must emphasiz¢hthanass fractions of materials
differ in the literature, which indicates that there ar# stme uncertainties in the bulk composition
of solar system objects. For example, the iron core mastidraof the Moon is estimated at less
than 10% of its total mass —% is found by Canup & Asphaug (2001). We use both the pv and the
en phases of silicate to calculate the radii, and the aim litortest the model approach. Besides
Ganymede and Mars (both having pv mantles), the relatiwr efrall other planets and the Moon is
less tharb%. A large relative error for Mars is understandable becauaeshé relatively small, so
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Fig.3 Core mass fraction as a function of planetary radius for eRm The silicate model
((Mgo.ss, F&y.12)SiOs) and carbon model (SiC) are discussed. The planetary madsg is=

4.8 £ 0.8 Mg. The green, white and red regions denote the core masofmaaibtained by varying

its mass within &, 20 and 3 error bars, respectively. The dashed black vertical liredsmit the
measured radiu® = 1.68 + 0.09 Rg. The Silicate model of CoRoT-7b had been discussed by
Rogers & Seager (2010) and Valencia et al. (2010). We redw ithe comparison with its carbon
model.

the pv s less suitable. Mercury is small too, but it has adémn core, so pv or en cannot cause large
discrepancies. The relatively large err6r13%) of Ganymede (with a pv mantle) may be caused by
the relatively low pressures in the deep interior of Ganyenggbhl et al. 2002), and therefore pv
is not very suitable either. The calculated Earth radiusithizv101 km (only1.59% error) of the
actual Earth, which means that pv is the predominant maritienalogical phase in Earth.

3.2 TheResultsfor Three Exoplanets

We examine the interior composition of Kepler-10b, Ke@drand CoRoT-7b under the assumption
of an iron core covered by a mantle composed of (Mg Fe).12)SiOs (silicate model, similar to
Earth’s mantle) or SiC (carbon model). When consideringlay@r models, the measured mass and
radius uniquely determine the planet’s composition. The eoass fraction as a function of planet
radius for the three planets is displayed in Figures 3-5.sbiid red line denotes the fraction of the
planet's mass in its iron core according to an errorlessgtéag mass, while the green, white, and red
shaded regions in Figures 3—4 delimit the 20, and 3 error bars ofM,, respectively. In Figure 5,
the solid red line denotes the iron core mass fractionMr = 5.25 Mg (middle mass between
3.5-7.0Mg). The gray regions in Figure 5 delimit the mass range we densd. The measured
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Fig. 4 Kepler-10b core mass fraction as a function of planetariugad he silicate model ((Mgss,
Fey.12) SiOs) and the carbon model (SiC) are discussed. The lines and areaimilar to Fig. 3.
The planetary mass i3/ = 4.56713) Mg and the measured radius B = 141670555 Ra.
AM = £1.29 My, is used for 2 and 3 error bars of its mass.
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Fig.5 Kepler-9d core mass fraction as a function of planetaryusadrhe silicate model ((Mgks,
Fe.12) SiO;) and the carbon model (SiC) are discussed. The measures ia#li = 1.647) 19 Ra.
The gray region denotes the core mass fractions obtainedrging the mass within the mass range
we consideredM = 5.25 + 1.75 Mg.
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planet radius and itsdlerror bars are denoted by the solid blue and the dashed béatikal lines,
respectively.

Interior structure models can strengthen the observdtmmastraints on a planet's mass and
radius (Rogers & Seager 2010). For example, with the assomihiat planets do not have a signifi-
cant water or gas layer, some of the mass-radius pairs withir: 10, and R, £ 1o (including
the Or mass-radius pair) can be ruled out because they correspdndit densities that are lower
than a pure silicate planet. These excluded mass-raditsyailld necessitate water (or some other
component lighter than silicate). In Figure 3-5, all maadiuis pairs in the & error bar (both mass
and radius) compose an area. Here, we call them the “effeatiea.”

For CoRoT-7b, if it has an Earth-like silicate mantle, itdites must be less than the measured
value (1.68Rg) and its mass has to be larger than the measured masg/{4.&ithin 1o error bars,
which implies an iron core mass fraction of less thar27%. Within its observational value, its
radius is unlikely to be less than the reliable value if itied in a carbon rich environment and has
a Moon-like composition (where the iron content is belt¥ in the carbon model). Its iron core
is not heavier thar- 70% of its total mass even at a3rror bar (see the carbon model in Fig. 3);
it is the largest value for both models. The silicate modeCoRoT-7b with an Earth-like iron core
mass fraction32.5%) is not consistent with the measured mass and radius withitf its mass is
ascertained within ac2or 3o error bar (in the range obtained by Hatzes et al. 2011), CeRodan
be consistent with an Earth-like composition. From Figure/8 can clearly see that the “effective
area” in the carbon model is much larger than that for thieaié model.

Kepler-10b tells us other information. For its carbon motiedre is a lower iron mass fraction
limit (about41%) within the 1o error bar (see the carbon model in Fig. 4). Kepler10 (7.44-Ggr) is
older than CoRoT-7 (1.2-2.3 Gyr). If CoRoT-7b is differam¢id as we assumed, Kepler-10b is more
likely to be differentiated. This means that Kepler-10b rhaye a larger iron core. Our simulation
indicates that Kepler-10b is denser than CoRoT-7b, but éteiled calculation can tell us more: if
CoRo0T-7b has a silicate mantle, whereas Kepler-10b fornmeléiucarbon-rich circumstances, the
upper core mass fraction limit of CoRoT-7k (27%) is below the lower core mass fraction limit
(41% mentioned above) of Kepler-10b! With regard to Kepler-50#rbon model, the upper limit
of the iron core’s mass fraction is 84% (see carbon model in Fig. 4) within @ %rror bar. This
value is the largest in its two models and is larger than tiygssted value of Mercuryy( 60%) —
the densest planet in our solar system.

In Figure 6, we give the histograms of iron content for CoR@Tand Kepler-10b. The lower
value we take comes from the planet formation scenario whiehwill discuss later. Regarding
Kepler-10b, the silicate model is compatible with an Edikk-composition within the & error
bar, and the mass is about 3.2/% (lower limit of the observational value). The carbon model o
Kepler-10b is not compatible with an Earth-like core/mamtiass ratio (32% in the core).

Kepler-9d is shown in Figure 5. The gray band denotes thecpday mass range we are con-
sidering. If the maximum mantle-stripping theory is true silicate model in Figure 5 tells us that
Kepler-9d's radius cannot be larger thath. 75Rg,. In detail, if it has an Earth-like core/mantle mass
ratio, its radius is no more thanl.7 R4 with the silicate model. Despite the mass of a transitinty-on
super-Earth being unknown, model simulations give comgg@n their possible masses. For exam-
ple, if Kepler-9d has an Earth-like mantle compositioni¢atie model in Fig. 5), it has a lower mass
limit according to its smallest possible radius, which igg&x than the lower mass limit (3/35)
discussed in Holman et al. (2010). An Earth-like core maastion and the lower limit of observa-
tional radius €1.50Rg,) yield a total mass of-4.1Mg,. In the mass range discussed in this paper,
the carbon model of Kepler-9d is compatible with an Earkle-Eore/mantle mass ratio in a large
range of radius.

Other information can be read from Figures 3-5. For a givessmthe carbon model yields a
larger radius than the silicate model. If the core is not fnane but also contains a light element such
as sulfur (in the Earth’s core), all of the slantwise lined wivay to the right a little more (having



688

Y. X. Gong & J. L. Zhou

09|
08|
07|
06 |
05
04|
03l

Fe Core Mass Fraction

0.2

Moon (3%)

0.1

0.0

Fig.6 The histograms of iron content for CoRoT-7b, Kepler-10b &mal other celestial bodies
mentioned in our work. The corresponding references arsdhge as in Table 3. The green part
denotes the upper and lower limit for the silicate model, sralblue part denotes a similar limit
for the carbon model (see details in Sect. 4). As for the gaitje on the histogram of Kepler-
10b (silicate model), théower limit (33%) adopted by Marcus et al. (2010) is used. Obviously,
from a statistical point of view, CoRoT-7b is compatiblenét Mars-like core/mantle mass fraction,
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Fig. 7 The interior structure of CoRoT-7b. We use the reliable nidss- 4.8 Mg with an Earth-like
core/mantle mass ratio (iron core is 3Z)6 Two mantle compositions are considered. The solid line
is for (Mgo.ss, F&.12)SiOs and the dashed line is for SiC. Its radius radge= 1.68 + 0.09 Rg is
shown using vertical lines. The silicate model can be rulgidb@cause the corresponding radius is

out of the Ir error bar for its reliable mass.
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Fig.8 The interior structure of Kepler-10b. We use a Mercury-fikee/mantle mass ratio (iron core
is 60%) and its reliable masa/ = 4.56 Mg . Two mantle compositions are considered. The solid
line is for (Mgo.ss, F&.12)SiOs and the dashed line is for SiC. Its radius rafyje= 1.41675-93% Rg,

is shown using vertical lines. The carbon model can be rulgdecause the corresponding radius
is out of the b error bar for its reliable mass.

no effect on the radius at a core mass fraction of 0.0). Thigates that the core mass fraction
at a specified planetary radius will be larger. Finally, wiegkated the possible interior structure
of CoRoT-7b and Kepler-10b using their presumable massgs.(~8). For CoRoT-7b, we take
an Earth-like core/mantle mass ratio (core mass is@p.5rom Figure 7, the silicate model of
CoRoT-7b can be ruled out because the calculated radiugsgleuhe observationablerror bar.
For Kepler-10b, we take a Mercury-like core/mantle mas® r@ore mass is 6@). In Figure 8,
Kepler-10b is compatible with a Mercury-like core/mantlasa ratio with its reliable mass for the
silicate model.

4 DISCUSSION AND CONCLUSIONS

Two recently discovered super-Earths, Kepler-9d and Keldb, and the previously found CoRoT-
7b are discussed in this paper. Because of their intenskdtian and small size, gas envelopes are
possibly absent. Under the assumption that they are maimhposed by refractory materials, their
internal structures are deduced using a suitable equatistai® for the materials. The silicate and
the carbon models are discussed in detail. By analyzingdhgenical results, we find that some of
the mass-radius pairs withil/, + 1o, and R, &+ 1or can be ruled out. Therefore, our interior
models sharpen the observational constraints on theiresasel radii. For CoRoT-7b, an Earth-like
composition with a silicate (pv) mantle is less likely withthe 1 error bars for both mass and
radius, but a Mars-like composition may be suitable. Forl&ep0b’s two models, a Mercury-like
composition having0% of its mass in an iron core is consistent with the measured @uad radius
within a 1o error bar. There is an upper and lower limit for the iron cormsmfraction of every
planet. Regarding CoRoT-7b, the upper iron core mass @ratithits are27% (silicate model) and
56% (carbon model). For Kepler-10b, the silicate model has greujpmit of about75% and its
iron content is approximatel1% ~ 84% for the carbon model. A transiting-only exoplanet like
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Kepler-9 can also be studied, for example, its radius is neertitan 1.7Rg, in the silicate model.
The lower mass limit (3.4, we adopted) is also ruled out in its silicate model.

Our quantitative calculation tells us that Kepler-10b mayaMercury-like planet. CoRoT-
7b and Kepler-10b share similar features: radii, period, tifpe of host star and perhaps mass.
Why is Kepler-10b denser than CoRoT-7b? Their differentsagay give us some answers. For
the anomalously dense case of Mercury in our solar systesre #ire three competing viewpoints
(Solomon 2003): 1) the solar nebula caused aerodynamiaxirétge particles from which Mercury
was accreting, and iron and silicate have different respons this drag, so the lighter particles
were lost from the accreting material at the onset of aamme®) its surface rock could have been
vaporized by strong radiation from a hot nebula and carnealyaby the solar wind; 3) much of the
original crust and mantle has been stripped away by a gigrddttaused by a planetesimal. Because
of the lack of detailed observational data, which hypothesirue cannot be determined. However,
each hypothesis predicts a different surface composiortwo promising space missions currently
underway, MESSENGER (Solomon et al. 2001, NASA) and the oqeg BepiColombo (Grard &
Balogh 2001, ESA), could bring us the answer. The secondtarttigxplanations invoke processes
late in the planetary accretion process, after the protaplhad differentiated the silicate mantle
from the metal core. If CoRoT-7b and Kepler-10b were bornsimailar environment, Kepler-10b’s
abnormaliron content can be naturally associated witHdtsrage. We think the postnatal alteration
is more likely.

The lower limit of iron content of a super-Earth is an intéirgg question because a pure silicate
super-Earth (iron mass fraction is zero) is unimaginabbtienthe differentiation hypothesis. Under
physically plausible conditions analogous to the solatesyis planet formation will lead to a dif-
ferentiated super-Earth with an iron core covered by aad@ienantle, with the proportions of each
determined by the local Si/Fe ratio (Grasset et al. 2009.drily way to significantly increase the
mean density of a planet requires the removal of an extenaie@fpits silicate mantle. Marcus et al.
(2010) proposed an efficient method — giant impacts betweparsEarths. On the other hand, they
prefer a lower limit of iron content d¥3% by considering the standard cosmic abundances (see also
Valencia et al. 2007). The initial Fe/Si ratio (average edlis used to give a lower limit for the iron
content of a super-Earth. However, in practice, the prooEsmation must be influenced by other
factors (such as the survival competition between plarietsiuse some planets in a solar system
have an iron content lower than this “lower limit.” We thirthat referring to the iron content in
chondrites is a sound choice. L chondrites have lower tatal ¢ontent, which is about 10% (Chen
2009). L chondrites are the largest group in the ordinanndnites (404, http://www.nhm.ac.uk/).
Therefore, we us&0% as the lower limit for the silicate model. Regarding Figuref@here is a
calculated lower limit of the iron content, we will use ithetrwise we use 10% (only for the silicate
model).

Our main conclusions are summarized as follows: 1) the iowa of CoRoT-7b is not more than
27% of its total mass within & mass-radius error bars, so an Earth-like composition lilesly, but
its carbon rich model can be compatible with an Earth-likefmantle mass fraction; 2) Kepler-10b
is more likely to have a Mercury-like composition, and itd age implies that its high iron content
may be a result of strong solar wind or a giant impact; 3) thediting-only super-Earth Kepler-9d
is also discussed. Combining its possible composition thighformation theory, we can place some
constraints on the mass and composition of Kepler-9d. Ttieisalerived from the transit method
and the mass obtained by radial velocity detections togetitle the model simulation can constrain
the possible compositions of exoplanets.

Credible conclusions desiderate comprehensive obsengaflanetary formation theories, ther-
mal evolution models, and studies of the cosmic abundane&ofents can be used to place addi-
tional constraints on a planet’s interior composition. iBes the temperature-independent model
used in this paper, more complicated models of solid ex@ttacan be found in other literatures.
For example, Valencia et al. (2006) and Sotin et al. (200%pittered the temperature profile and
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mixture of materials in the mantle or core. Wagner et al. (3Qised material laws in the infinite
pressure limit to improve the model of solid exoplanetshimear future, highly-sensitive spectro-
scopic transit observations of these exoplanets shoulsticin the compositions of the evaporating
flow and therefore allow us to distinguish between rocky @-geh planets. In particular for ex-
oplanets, without any opportunity for in situ compositioeasurements and gravitational moment
measurements from spacecraft flybys, we will be permanémntited in what we can infer about the
interior composition from their observed mass and radiug)fRs & Seager 2010).
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