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ABSTRACT

We model the formation of silicate atmospheres on hot volatile-free super-Earths. Our calculations assume that
all volatile elements such as H, C, N, S, and CI have been lost from the planet. We find that the atmospheres
are composed primarily of Na, O,, O, and SiO gas, in order of decreasing abundance. The atmospheric
composition may be altered by fractional vaporization, cloud condensation, photoionization, and reaction with
any residual volatile elements remaining in the atmosphere. Cloud condensation reduces the abundance of all
elements in the atmosphere except Na and K. We speculate that large Na and K clouds such as those observed
around Mercury and Io may surround hot super-Earths. These clouds would occult much larger fractions of
the parent star than a closely bound atmosphere, and may be observable through currently available methods.
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1. INTRODUCTION

There are currently 26 known exoplanets with M < 20 Myg,.
Their compositions are unknown: some may be Earth-like plan-
ets (rock + metal), while others may be mini-Neptunes (ice +
rock) that have migrated inward (Barnes et al. 2009). Many
of these super-Earths have short orbital periods (a < 0.5 AU)
and are strongly irradiated by their stars. Tidal forces are also
very strong and can generate sufficient heat to melt a silicate
planet larger than the Earth (e.g., Jackson et al. 2008a, 2008b;
Ganesan et al. 2008). Jackson et al. (2008b) calculated that the
heat flux of GJ 876d (M ~ 6 Mg) from tidal heating would be
~10*-10° W m~? and that of G1581c (M ~ 5 Mg) ~10 W m™2.
For comparison, the heat flux of To, which is the most volcani-
cally active body in our solar system, is ~3 W m~2 (Spencer &
Schneider 1996).

To date, detections of exoplanet atmospheres have been
limited to transiting gas giant planets: e.g., Na, H, C, and O
in HD 209458b (Charbonneau et al. 2002; Vidal-Madjar et al.
2003, 2004), and Na in HD 189773b (Redfield et al. 2008).
However, advances in detection techniques are being made,
and detections of the atmospheres of super-Earths may soon
be possible. Predictions of spectroscopically active gases are
thus timely.

So far, atmospheric models of super-Earths have focused on
traditional compositions containing H, C, and N (e.g., Miller-
Ricci et al. 2009; Elkins-Tanton & Seager 2008; Ehrenreich et al.
2006). Given the extreme heating experienced by many super-
Earths, we consider here the nature of atmospheres that may
be produced if a super-Earth is volatile (e.g., H, C, N, S)-free.
Volatile-free super-Earths may have initially formed without
accreting volatiles, as did Mercury in our own solar system, or
may have lost their volatiles over time, as many believe that
Venus and Io partially have done.

Mercury, which is the closest planet to our Sun, formed
in a hot region of the inner solar nebula and may not have
accreted significant amounts of volatile elements (Taylor &
Scott 2004). If a super-Earth forms within the snow line of
its nebula, then it will likewise accrete only small amounts
of volatile elements. Additionally, evidence suggests that a
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planet may also gradually lose its volatiles when subjected to
intense heating. Venus, for instance, is believed to have formed
with a similar volatile content to the Earth. However, Venus is
much more depleted in water than the Earth (Fegley 2004). The
D/H ratio of Venus’ atmosphere is about 160 times larger than
that of standard mean ocean water (SMOW), which suggests
that Venus initially had a similar water content, which was lost
subsequently (Fegley 2004). Venus may have lost its water
while the Earth did not because the Venus is both slightly
smaller than the Earth and slightly closer to the Sun. Jupiter’s
moon Jo presents another case of volatile loss. Io resides in the
Jovian magnetosphere, an extreme radiation environment, and
experiences extreme tidal heating. Io’s atmosphere is tenuous
and is being actively sputtered away. lo’s surface is dominated
by sulfur and its compounds, but there is almost no remaining
H, C, or N (Spencer & Schneider 1996). These elements may
have been lost to space by sputtering from the atmosphere,
whereas S, being heavier, was better retained. The exoplanets
considered here are in extreme stellar environments and may
have either formed with negligible volatile contents or may have
experienced volatile loss or both. Our model explicitly assumes
that the exoplanets considered here are completely devoid of
volatile elements (H, C, N, S, F, Cl, etc.), regardless of whether
or not they initially had volatiles. Detailed modeling of long-
term volatile loss from terrestrial-type exoplanets should be
explored in the future.

We focus here on modeling the planet CoRoT-7b. CoRoT-7b
is the first known transiting super-Earth, making it an excellent
candidate for potential atmospheric observations. Observations
of CoRoT-7b (M < 11 Mg, a = 0.017 AU) suggest that the
planet is tidally locked with a surface temperature of 1800-
2600 K at the sub-stellar point on the dayside (Léger et al. 2009).
These temperatures are hot enough to melt and vaporize silicate
material. In Section 2, we describe our computational methods.
In Section 3, we describe the compositions and pressures of
silicate atmospheres for different planetary compositions. In
Section 4, we discuss some processes that may affect the silicate
atmospheres and make recommendations for species that could
be detected in the atmospheres of evaporating super-Earths.
Preliminary results were given by Fegley & Schaefer (2005).
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Table 1
Compositions of Planetary Analogs

Oxide Continental Oceanic BSE* Moon¢
(wWt%) Crust® Crust?

SiOy 62.93 50.36 4597 47.17
MgO 3.79 7.61 36.66 36.29
Al O3 15.45 15.85 4.77 3.90
TiO, 0.70 1.48 0.18 0.18
FeO 5.78 9.56 8.24 9.31
CaO 5.63 12.24 3.78 3.08
Na, O 3.27 2.77 0.35 0.05
K;0 2.45 0.13 0.04 0.005
Total 100.00 100.00 99.99 99.985
Notes.

2 Wedepohl (1995).

b Klein (2005).
¢ BSE: bulk silicate Earth (O’Neill & Palme 1998).
4 Warren (2005).

2. COMPUTATIONAL METHODS

We used the MAGMA code of Fegley & Cameron (1987)
to model the composition of silicate atmospheres produced by
vaporization of an Earth-like exoplanet. The MAGMA code,
which is arobust and rapid mass-balance, mass action algorithm,
is described and validated against experimental studies in
Fegley & Cameron (1987) and Schaefer & Fegley (2004a). The
MAGMA code considers the elements Na, K, Fe, Mg, Si, Ti, Ca,
Al and O and their compounds. Computations are made for gas-
melt equilibrium both with and without fractional vaporization
(i.e., vapor is continuously removed). For CoRoT-7b, fractional
vaporization simulates loss of material from the atmosphere.
Loss may be due to hydrodynamic escape from the atmosphere
or to transport of material from the dayside to the nightside,
where condensation may effectively remove it from the system.
We make no explicit assumptions about the mechanism of gas
loss, nor do we attempt to quantify the degree of loss.

We used temperatures of 1500-3000 K. The maximum
temperature at the sub-stellar point (1800-2600 K) of CoRoT-
7b depends upon heat transport models (Léger et al. 2009), and
the temperature drops significantly away from the sub-stellar
point to ~150 K on the nightside. The composition of CoRoT-
7b is unknown, so we arbitrarily assume that the planet is a
terrestrial-type planet rather than the core of a giant planet. We
used a number of starting compositions, including: the Earth’s
continental and oceanic crusts, the bulk silicate Earth (BSE), and
the bulk silicate Moon (Wedepohl 1995; Klein 2005; O’Neill
& Palme 1998; Warren 2005). These compositions are given in
Table 1 and are renormalized to 100% on a volatile-free basis.

3. RESULTS

Figure 1 shows the initial total atmospheric pressures (i.e.,
prior to any fractional vaporization) for our nominal silicate
compositions as a function of temperature. Pressures decrease
in the order: oceanic crust, BSE, continental crust, Moon.
There is no clear correlation between elemental abundances and
the initial total pressures, so the total pressure cannot be used to
constrain the silicate composition. The total pressures decrease
with temperature, from ~10~! bar at 3000 K to ~10~7 bar at
1500 K. At 2200 K, the pressures range from ~1 x 1073 to
5.5 x 10~ bar.

Figure 2 shows the composition of the atmosphere over the
BSE as a function of temperature. Results are shown in terms
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Figure 1. Initial atmospheric pressure as a function of temperature for planetary
analogs (c. crust: continental crust; o. crust: oceanic crust; BSE: bulk silicate
Earth; Moon: bulk silicate Moon, see Table 1).
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Figure 2. Atmospheric composition as a function of temperature for the BSE

as column densities (molecules cm~2) for a planet with g = 36.2 m s~2.

of column density (o ;, molecules cm~2), which was calculated
from the partial pressure of gas i (P;) using the equation

PN
o; = 4 (1)
g

where N4 is Avogadro’s number, u is the molecular weight of
species i, and g is the gravitational acceleration. We assumed
the planetary properties for CoRot-7b (R = 1.72 Rg, M ~ 11
Mg) to calculate g = 36.2 m s~2.

The major gas at all temperatures shown is monatomic Na,
followed by O, and monatomic O. As temperature increases,
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the SiO abundance increases and approaches the abundances of
the oxygen species. Magnesium and iron are present primarily
as monatomic gases, and are less abundant than SiO gas. Singly
ionized Na is produced by thermal ionization, and no contri-
bution from photoionization is considered here. Column abun-
dances are larger for the oceanic crust, but relative abundances
are very similar to those for the BSE. For the continental crust
and the Moon, the column abundance of SiO is larger relative
to Na than in the BSE. The continental crust also has significant
monatomic K, whereas monatomic Fe is more abundant in the
atmosphere of the Moon. Column abundances for the Moon are
significantly lower than for the other silicate compositions, as
expected from the total pressures shown in Figure 1.

Figure 3 shows how the atmospheric composition changes
due to isothermal fractional vaporization. The initial total
pressure in Figure 1 and the gas chemistry in Figure 2 are for
0% vaporization. Fifty percent vaporization represents a loss
of 50% of the starting material, and so on. As gas is removed
by fractional vaporization, the remaining silicate is enriched in
more refractory elements (e.g., Ca, Al, and Ti). Figures 3(a)
and (b) show the BSE and the continental crust, respectively, at
2200 K. Results for the Moon are similar to the BSE, and results
for the oceanic crust are similar to the continental crust.

For the BSE, Na is completely lost from the system when only
2% has been vaporized. Potassium is the next to be lost at ~22%
vaporization. After Na is lost, shown by the very rapid fall-off
of Na at low fractions vaporized, SiO gas becomes the major
species, followed by O,, Fe, and O gases. The mole fraction of
SiO is greatest at ~16% vaporization and decreases slowly to
~90%, where it falls off rapidly. The oxygen species maintain
a fairly constant abundance throughout. Monatomic Fe is most
abundant at ~2%, then falls off but is not completely removed
from the system until ~90% vaporization. Magnesium becomes
the most abundant gas at ~27% vaporization and maintains
a fairly constant abundance to ~90%. At greater than 90%
vaporization, the gas is composed of Al, Ca, AlO, and TiO,
gases. When Na is lost, the total pressure drops from ~1073
to ~10~* bar. Pressure is fairly constant from 2% to ~90%
vaporization, then drops further to ~107% to 10~7 bar.

At lower temperatures, elements are completely removed
from the system at much lower vaporization fractions but persist
to greater vaporization fractions at higher temperatures. For
instance, Na is completely removed from the system at 1% and
11% vaporization at 1800 K and 2600 K, respectively, for the
BSE. At 1800 K, once Na is lost, Fe gas is the most abundant
vapor species until ~8% vaporization, when SiO gas becomes
more abundant. Magnesium becomes the most abundant gas at
~22% vaporization. Results at higher temperatures are more
similar to those shown in Figure 3(a).

Results for the continental and oceanic crusts are significantly
different from the BSE, as shown in Figure 3(b). Sodium remains
in the system to much higher fractions vaporized than in the
BSE. Monatomic Na is the major gas until ~11% vaporization,
beyond which SiO becomes more abundant, followed by O,
and O. Sodium remains in the system to ~50% vaporization.
The total pressure drops gradually, losing an order of magnitude
by 63% vaporization. Potassium is a fairly abundant gas in the
continental crust atmosphere at larger vaporization fractions,
with a peak at ~67% and complete loss by ~74% vaporization.
The oceanic crust contains less K, and Mg gas is less abundant
than in the BSE. At lower temperatures in the continental crust,
Na falls off more quickly, and Fe and K are less abundant in
the gas and peak at lower vaporization fractions. At higher
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Figure 3. Composition of the atmosphere of (a) the BSE and (b) the continental
crust in mole fractions during fractional vaporization at 2200 K. The fraction
vaporized is given by mole.

temperatures, SiO becomes the most abundant gas at smaller
vaporization fractions, and Na persists to higher vaporization
fractions. Additionally, Fe and K peak at higher vaporization
fractions.

4. DISCUSSION
4.1. Condensation and Clouds

The atmospheric structure and composition of the exoplanets
may be altered by silicate cloud condensation. The condensation
clouds may eventually rain (or snow) out silicates onto the
planet’s surface. If condensates are reincorporated into the
magma ocean, there is no net elemental fractionation. However,
for a planet such as CoRoT-7b with a significant day—night
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difference, the condensates may be deposited on the night side
of the planet, effectively removing them from the magma ocean
system. The general principle is similar to the metallic snow on
Venus’ mountain tops (Schaefer & Fegley 2004b).

We did simple condensation calculations for our BSE atmo-
sphere at 2200 K, using a dry adiabatic lapse rate for a planet
with g = 36.2 m s~2. In these calculations, we assumed that
the abundance of an element was reduced by formation of con-
densates. We did not consider the effect of condensation on the
temperature/pressure profile (i.e., silicate wet adiabat). We con-
sidered condensation of metals, oxides, and compounds of no
more than two oxides. Oxides and silicates of greater complexity
are unlikely to form in a thin atmosphere due to kinetic inhibi-
tions. These first-order calculations indicate which elements are
most susceptible to fractionation by vapor removal.

We found that Mg condensed primarily as enstatite MgSiO3
(liq) at temperatures less than 2125 K (z ~ 2 km), with more than
90% condensed at altitudes below ~4 km. Aluminum formed
both corundum (Al, O3, s) and spinel (MgAl,O4, s) and was 90%
condensed below altitudes of ~6 km. Calcium, as wollastonite
CaSiOj; (s), was 90% condensed at altitudes less than ~7 km.
Silicon condensed as MgSiOj; (liq), CaSiO; (s), and silica SiO,
(liq) below ~8 km. Iron condensed as “FeO” (liq) at altitudes
below ~10 km. Titanium condensed as CaTiO3 (s) and geikelite
MgTiO; (liq) and was 90% condensed below ~15 km. Sodium
and oxygen condense primarily as Na, O and are both completely
condensed at an altitude of ~28 km. Potassium is the only
element remaining in the gas at higher altitudes, and it finally
condenses as metal, due to the lack of oxygen, at an altitude of
~50 km.

Given their low condensation altitudes, we believe that Mg,
Al, Ca, Si, and Fe are likely to be primarily reincorporated into
the magma ocean. Titanium and possibly Fe may be slightly
depleted by removal to the nightside of the planet. Sodium and
potassium remain in the atmosphere to much higher altitudes,
and their abundances may be more affected by photochemistry
than by condensation.

4.2. Extended Na and K Clouds

Interaction of the stellar wind with the atmosphere may
generate a large Na (and K) cloud around the planet. Clouds
of Na have been observed in our solar system around Mercury
and Io, both of which we discussed as partial analogs to volatile-
free super-Earths. At Mercury, the Na atmosphere (~10'! cm~?2)
is generated by impact vaporization and sputtering of the
surface (Potter & Morgan 1987) and extends to ~23 Ryercury in
the tail. On lo, volcanic eruptions emit Na and NaCl into the
atmosphere where it interacts with the Jovian magnetosphere
(Spencer & Schneider 1996). The extended Na cloud of Io is
a very bright feature, with an abundance of ~10'°-10'? atoms
Na cm~2 near Io and extends out to ~500 Ryupiter (~19,600R,)
(Schneider et al. 1991). In comparison, the abundance of Na in
our BSE atmosphere is 10'> cm~2 at 1500 K up to 10%° cm~2 at
3000 K. We therefore suggest that large neutral Na and possibly
K clouds may be observable features around super-Earths in
close proximity to their stars. A very large cloud would occult
more of the star as the planet passes in front of it, which would
make detection easier than for a closely bound atmosphere
(Ehrenreich et al. 2006). Sodium has already been detected in
the atmospheres of two giant exoplanets HD 209458b and HD
189733b (Charbonneau et al. 2002; Redfield et al. 2008), so we
are hopeful that similar techniques may also observe Na in the
atmospheres of the hot super-Earths.
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However, the abundances of Na and K above the clouds may
be significantly reduced by photoionization. CoRoT-7b orbits a
G8YV star, which is slightly cooler than the Sun but spectrally
similar. Most exoplanets orbit main-sequence stars of types F,
G, K, and M, in order of decreasing luminosity. At such short
orbital periods, however, the EUV flux should be much greater
than that received by the Earth’s atmosphere. Photoionization
of Nar occurs at wavelengths shortward of 240 nm, and of K1
at wavelengths shortward of 285 nm. The abundance of
monatomic K is therefore likely to be more reduced than that of
Na1. However, a detailed model of the photoionization of either
element is outside the scope of this Letter.

4.3. Chemistry of Silicon Monoxide Gas

Our results predict that SiO is the major Si-bearing gas in
the atmospheres of hot super-Earths. Silicon monoxide has
strong IR bands at 4 um and 8 pum and lines throughout the
millimeter region, and is the most widely observed Si-bearing
molecule in space, with column densities of ~10''-10'2 cm~2in
diffuse and spiral-arm clouds (Lucas & Liszt 2000), and ~10'4—
10" cm™2 in molecular clouds, star-forming regions and cool
stars (Groesbeck et al. 1994; Hatchell et al. 2001; Minh et al.
1992). In comparison, the calculated abundances for our BSE
atmosphere are >10'> cm~? at temperatures above 2000 K.

The destruction of SiO in the atmosphere may be initiated by
absorption of UV light shortward of 300 nm (Podmoshenskii
et al. 1968; Vorypaev 1981; Matveev 1986)

SiO+hv — Si+0O A < 300 nm. 2)

Photoionization of SiO occurs shortward of 107 nm (Baig &
Connerade 1979) and is probably a much less important sink.
Condensation of SiO as MgSiO; or SiO; is plausibly the most
important loss reaction for SiO gas.

4.4. Volatiles

Using Io as an analogy for an evaporating terrestrial-type
planet, the volatiles most likely to remain are S and Cl. Sulfur
and Cl are the 10th and 19th most abundant elements in our
solar system. Both elements remain sequestered in solid phases
to higher temperatures than H, C, or N, making them less likely
to be lost from the atmosphere. Additionally, S (32 g mole™!)
and C1 (35 g mole ') are significantly heavier than H, C, or N and
would require much more energy to escape from the atmosphere.
However, if any S or Cl remain, then the metal-bearing vapors
produced by the evaporating magma ocean, primarily Na, O,
and O, would be depleted by reactions with any S- or Cl-bearing
species in the atmosphere. If we assume the S/Na (0.055) and
Cl/Na (0.0075) ratios of the BSE, we find that the major Cl and
S species are SO, and NaCl, respectively. Sulfur reacts with O,
via the net thermochemical reaction:

352(2) + 02(g) = SOx(g). 3)

At high temperatures, SO; is the third most abundant gas, after
Na and O,. Chlorine reacts with Na via the net thermochemical
reaction:

Na(g) + $Cl,(g) = NaCl(g). “4)

At2200 K, NaCl s the fifth most abundant gas after Na, O,, SO,
and O. As temperature drops, NaCl becomes more abundant than
monatomic O. The abundances of Cl and S assumed here are
low enough that they do not significantly reduce the column
abundances of Na or O, at high temperatures. If the C1/Na or
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S/Na ratios are significantly larger than our assumed values, the
abundances of Na and O, may be greatly reduced.

Sulfur and Cl also may alter the condensation sequence of
the clouds. In the presence of S, Na may condense as Na; SOy,
but likely not as Na,S. Clouds of Na,S are predicted to exist on
HD209458b (Charbonneau et al. 2002), and have long been
predicted in the atmospheres of Jupiter and brown dwarfs
(Fegley & Lodders 1994; Lodders 1999). These gas giants and
brown dwarfs retain their hydrogen; therefore, their atmospheres
are significantly more reducing than that of a hot super-Earth.
Sodium sulfate condenses at higher temperatures and lower
altitudes than Na,O and would deplete the abundance of Na
in the upper atmosphere. In the presence of Cl, K may condense
as KCl at altitudes of ~35 km, compared to 50 km for K metal.

4.5. Recommended Species to Search for in the Atmospheres of
Hot Super-Earths

We conclude that the major gases in a hot super-Earth
stripped of its volatiles will be monatomic Na gas, O,, O, and
SiO gas. The abundances of these gases may be depleted by
condensation, photoionization, and reaction with any volatiles
remaining in the atmosphere. Sodium may form a large cloud
around the exoplanet, similar to that seen around lo. Potassium,
although not a major gas, may be an important constituent in
the upper atmosphere due to its low condensation temperature.
Models of long-term loss of volatiles from an evaporating
terrestrial-type exoplanet could help further shape predictions
for the atmospheric compositions of newly discovered hot super-
Earths.

This work is supported by Grant NNG04G157A from the
NASA Astrobiology Institute.
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