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the data reduction process. Non-concurrent observations for differ-
ent wavelengths could cause large variations in the measured flux
between observations if there is any significant temporal variability
in the atmosphere of HD 189733b. Therefore, all these sources of
potential error could lead to substantial inconsistencies between the
data sets taken from different studies, instruments and observation
times. Although we do not intend to revisit the decorrelation pro-
cedures with this analysis, we aim to show the limitations of the
spectra available at the present epoch under the assumption that the
measurements are an accurate representation of the mean planetary
flux.

4 BEST-FITTING DAYSIDE SPECTRU M O F
H D 1 8 9 7 3 3 B

4.1 Significance test (F test)

The molecular composition of the dayside atmosphere of
HD 189733b is generally accepted to be a mixture of H2O, CO2, CO
and CH4. These molecules have been discovered based on various
spectroscopic measurements, listed in Section 3. However, given the
large uncertainties on the available data and the degeneracy between
retrieved parameters, the existence of some of these species is called
into question. We therefore set out to statistically test whether the
presence of each molecule is truly warranted by the data. Using a
statistical significance test known as an F test (Snedecor & Cochran
1989), we evaluated the change in confidence level between a range
of simple and complex models. We successively added more com-
plexity to the model (i.e. added molecules to the H2/He atmosphere
to increase the number of degrees of freedom) and evaluated the im-
provement in the goodness-of-fit parameter (χ 2) for the best-fitting
spectrum. The F test was then used to assess whether the inclusion
of a particular molecule was required to fit the data.

The F test indicates that an atmospheric composition for
HD 189733b containing H2O and CO2 is highly plausible at the
>99.98 per cent confidence level. The presence of these two
molecules is required to obtain a reasonable fit to the available
data. In addition, we find insignificant confidence levels (i.e. <95
per cent) when we increase the complexity of the model by adding
CO, CH4 or a combination of the two to the simple model containing
H2, He, H2O and CO2. In other words, CO and CH4 provide negli-
gible enhancements to the fitting quality and are not required to fit
the dayside emission measurements to within the stated error bars
(although upper limits on these species can certainly be derived).

Additionally, we consider the implications of Gibson et al. (2011),
who claimed larger uncertainties on the HST/NICMOS data by
reprocessing its transmission spectrum (Swain et al. 2008). If the
same conclusions are applicable to the secondary eclipse emission
spectrum, then we must similarly increase the measurement error
on the NICMOS data by a factor of 5. This leads to even smaller
confidence levels on the more complex models, and the solutions are
found to be even more degenerate. In this case, evaluating the F-test
significance using a variety of models still suggests that both H2O
and CO2 are required to reproduce the dayside emission spectra
(>99.29 per cent confidence), but makes the presence of CO and
CH4 even more uncertain.

We therefore conclude that, irrespective of the uncertainties on
the HST/NICMOS data, current data sets are unable to provide
detections of CO and CH4 on the dayside of HD 189733b with
any sort of statistical certainty. Nevertheless, upper limits on the
abundances of these molecules can be obtained (see Section 5), and
all four molecules will be included in our subsequent study.

Figure 1. The best-fitting spectrum and atmospheric properties retrieved by
the NEMESIS algorithm. In the top panel, the best-fitting dayside emission
spectrum of HD 189733b is displayed as a black line. The green, purple
with red and green symbols are the measured planet–star flux ratio from
the Spitzer IRS spectroscopy (Grillmair et al. 2008), the Spitzer broad-
band photometry (Deming et al. 2006; Charbonneau et al. 2008) and the
HST/NICMOS spectrophotometry (S09) (cf. Section 4). The retrieved best-
fitting P–T profile in the bottom left-hand panel is shown in a black solid
line with grey-coloured uncertainties due to the molecular degeneracy (cf.
Section 5.3). In the bottom right-hand panel, retrieved best-fitting molecular
mixing ratios for H2O, CO2, CO and CH4 are demonstrated with different
colours. Each abundance is assumed to be fixed with height in order to
minimize the number of retrieval variables (cf. Section 5.4).

4.2 Best-fitting solution

Using the NEMESIS algorithm, we retrieve the best-fitting day-
side spectrum of HD 189733b, incorporating both the Spitzer and
HST observations as stated in Section 3. Fig. 1 demonstrates the
best-fitting spectrum to these measurements, and the retrieved at-
mospheric P–T profile and molecular abundances for H2O, CO2,
CO and CH4. Each panel will be described below.

Fig. 2 shows the contributions from the four main gases included
in our model. This figure also shows the wavelength ranges where
the molecular contributions are distributed by co-plotting the com-
puted synthetic spectra with high and low abundances for each
molecule. Spectral features of H2O and CO2 affect the spectrum at
all wavelengths. CO has absorption features at 1.6–1.7, 2.3–2.5 and
5.0–5.5 µm, while CH4 features can be seen at 1.7, 2.2–2.5, 3–4 and
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ABSTRACT

We highlight the importance of gaseous TiO and VO opacity on the highly irradiated close-in giant planets. The day-
side atmospheres of these planets naturally fall into two classes that are somewhat analogous to the M- and L-type
dwarfs. Those that arewarm enough to have appreciable opacity due to TiO andVOgaseswe term ‘‘pMclass’’ planets,
and those that are cooler we term ‘‘pL class’’ planets. We calculate model atmospheres for these planets, including
pressure-temperature profiles, spectra, and characteristic radiative time constants. We show that pM class planets have
temperature inversions (hot stratospheres), appear ‘‘anomalously’’ bright in the mid-infrared secondary eclipse, and
feature molecular bands in emission rather than absorption. From simple physical arguments, we show that they will
have large day/night temperature contrasts and negligible phase shifts between orbital phase and thermal emission
light curves, because radiative timescales are much shorter than possible dynamical timescales. The pL class planets
absorb incident flux deeper in the atmosphere where atmospheric dynamics will more readily redistribute absorbed
energy. This will lead to cooler day sides, warmer night sides, and larger phase shifts in thermal emission light curves.
The boundary between these classes (!0.04Y0.05 AU from a Sun-like primary for solar composition) is particularly
dependent on the incident flux from the parent star, and less so on other factors. We apply these results to several
planets and note that the eccentric transiting planets HD 147506b andHD 17156b alternate between the classes. Ther-
mal emission in the optical from pM class planets is significant redward of 400 nm, making these planets attractive
targets for optical detection. The difference in the observed day/night contrast between ! And b (pM class) and
HD 189733b (pL class) is naturally explained in this scenario.

Subject headinggs: planetary systems — radiative transfer

1. INTRODUCTION

The blanket term ‘‘hot Jupiter’’ or even the additional term
‘‘very hot Jupiter’’ belies the diversity of these highly irradiated
planets. Each planet likely has its own unique atmosphere, in-
terior structure, and accretion history. The relative amounts of
refractory and volatile compounds in a planet will reflect the
parent star abundances, nebula temperature, total disk mass, lo-
cation of the planet’s formation within the disk, duration of its
formation, and its subsequent migration (if any). This accretion
history will give rise to differences in core masses, total heavy
elements abundances, and atmospheric abundance ratios. Given
this incredible complexity, it is worthwhile to first look for phys-
ical processes that may be common to groups of planets.

In addition to a mass and radius, one can further characterize
a planet by studying its atmosphere. The visible atmosphere is a
window into the composition of a planet and contains clues to
its formation history (e.g., Marley et al. 2007). Of premier im-
portance in this class of highly irradiated planets is how stellar
insolation affects the atmosphere, as this irradiation directly af-

fects the atmospheric structure, temperatures, and chemistry, the
planet’s cooling and contraction history, and even its stability
against evaporation.

Since irradiation is perhaps the most important factor in de-
termining the atmospheric properties of these planets, we exam-
ine the insolation levels of the 23 known transiting planets. We
restrict ourselves to those planets more massive than Saturn, and
hence for now exclude treatment of the ‘‘hot Neptune’’ GJ 436b,
which is by far the coolest known transiting planet. Figure 1 il-
lustrates the stellar flux incident on the planets as a function of
both planet mass (Fig. 1a) and planet surface gravity (Fig. 1b). In
these plots diamonds indicate transiting planets and triangles
indicate other interesting hot Jupiters for which Spitzer Space
Telescope data exist, but which do not transit.

The first known transiting planet, HD 209458b, is seen to be
fairly representative of these planets in terms of incident flux.
Planets OGLE-TR-56b and OGLE-TR-132b are somewhat sep-
arate from the rest of the group because they receive the highest
stellar irradiation. Both orbit their parent stars in less than 2 days
and are prototypes of what has been called the class of ‘‘very hot
Jupiters’’ (Konacki et al. 2003; Bouchy et al. 2004) with orbital
periods less than 3 days. However, orbital period is a poor discrim-
inator between ‘‘very hot’’ and merely ‘‘hot,’’ as HD 189733b
clearly shows. Labeled a very hot Jupiter on its discovery, due
to its short 2.2 day period (Bouchy et al. 2005), HD 189733b
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actually receives a comparatively modest amount of irradia-
tion due to its relatively cool parent star. Therefore, perhaps a
classification based on incident flux, equilibrium temperature,
or other attributes would be more appropriate. In this paper we
argue that based on the examination of few physical processes
that two classes of hot Jupiter atmospheres emerge with dra-
matically different spectra and day/night contrasts. Equilibrium
chemistry, the depth to which incident flux will penetrate into a
planet’s atmosphere, and the radiative time constant as a function
of pressure and temperature in the atmosphere all naturally de-
fine two classes these irradiated planets.

Our work naturally builds on the previous work of Hubeny
et al. (2003), who first investigated the effects of TiO and VO
opacity on close-in giant planet atmospheres as a function of
stellar irradiation. These authors computed optical and near-
infrared spectra of models with and without TiO/VO opacity. In
general, they found that models with TiO/VO opacity feature
temperature inversions and molecular bands are seen in emis-
sion, rather than absorption. Two key questions from the initial
Hubeny et al. (2003) investigation were addressed but could not
be definitely answered were (1) whether a relatively cold plan-
etary interior would lead to Ti /V condensing out deep in the at-
mosphere regardless of incident flux, thereby removing gaseous
TiO and VO; and (2) if this condensation did not occur, at what
irradiation level would TiO/VO indeed be lost at the lower at-
mospheric temperatures found at smaller incident fluxes.

Later Fortney et al. (2006b) investigated model atmospheres
of planet HD 149026b, including TiO/VO opacity at various

metallicities. Particular attention was paid to the temperature
of the deep atmosphere pressure-temperature (P-T ) profiles (as
derived from an evolution model) in relation to the Ti /V con-
densation boundary. Similar to Hubeny et al. (2003), they found
a temperature inversion due to absorption by TiO/VO and com-
puted near- andmid-infrared spectra that featured emission bands.
Using the Spitzer InfraredArrayCamera (IRAC)Harrington et al.
(2007) observed HD 149026b in secondary eclipse with Spitzer
at 8 !m and derived a planet-to-star flux ratio consistent with a
Fortney et al. (2006b) model with a temperature inversion due
to TiO/VO opacity. At that point, looking at the work of Fortney
et al. (2006b) and especially Hubeny et al. (2003), Harrington
et al. (2007) could have postulated that all objects more irradi-
ated than HD 149026b may possess inversions due to TiO/VO
opacity, but given the single-band detection of HD149026b, cau-
tion was in order. More recently, based on the four-band detec-
tion of flux fromHD 209458b by Knutson et al. (2008), Burrows
et al. (2007b) found that a temperature inversion, potentially due
to TiO/VO opacity, is necessary to explain this planet’s mid-
infrared photometric data. Based on their newHD209458bmodel
and the previous modeling investigations, these authors posit
that planets warmer than HD 209458b may feature inversions,
while less irradiated objects such as HD 189733b do not, and dis-
cuss photochemical products and gaseous TiO/VO as potential
absorbers that may lead to this dichotomy.
We find, as has been previously shown, that those planets that

are warmer than required for condensation of titanium (Ti)- and
vanadium (V)-bearing compounds will possess a temperature

Fig. 1.—Flux incident on a collection of hot Jupiter planets. At left is incident flux as a function of planet mass, and at right as a function of planet surface gravity. In
both figures the labeled dotted lines indicate the distance from the Sun that a planet would have to be to intercept this same flux. Diamonds indicate the transiting planets
while triangles indicate nontransiting systems (with minimum masses plotted but unknown surface gravities). Red indicates that Spitzer phase curve data are published,
while blue indicates there is no phase data. The error bars for HD 147506 (HAT-P-2b) andHD17156 indicate the variation in incident flux that the planets receive over their
eccentric orbits. Flux levels for pM class and pL class planets are shown,with the shaded region around!0.04Y0.05AU indicating the a possible transition region between
the classes. ‘‘Hot Neptune’’ GJ 436b experiences less intense insolation and is off the bottom of this plot at 3:2 ; 107 ergs s"1 cm"2.
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of these classes of planets to examine how and why their atmo-
spheres differ so strikingly.

3. MODEL ATMOSPHERES

3.1. Methods

We have computed atmospheric PYT profiles and spectra for
several planets with a plane-parallel model atmosphere code that
has been used for a variety of planetary and substellar objects.
The code was first used to generate profiles and spectra for Titan’s
atmosphere by McKay et al. (1989). It was significantly revised
to model the atmospheres of brown dwarfs (Marley et al. 1996,
2002; Burrows et al. 1997) and irradiated giant planets (Marley
& McKay 1999, for Uranus). Recently, it has been applied to
L- and T-type brown dwarfs (Saumon et al. 2006, 2007; Cushing
et al. 2008) and hot Jupiters (Fortney et al. 2005, 2006b, 2007). It
explicitly accounts for both incident radiation from the parent
star and thermal radiation from the planet’s atmosphere and in-
terior. The radiative transfer solution algorithm was developed
by Toon et al. (1989). We model the impinging stellar flux from
0.26 to 6.0 !mand the emitted thermal flux from 0.26 to 325 !m.

We use the elemental abundance data of Lodders (2003)
and chemical equilibrium compositions are computed with the
CONDOR code, following Lodders & Fegley (2002, 2006) and
Lodders (1999, 2002). We maintain a large and constantly up-
dated opacity database, which is described in Freedman et al.
(2008). When including the opacity of clouds, such as Fe-metal
andMg-silicates, we use the cloud model of Ackerman&Marley
(2001). However, in our past work we have found only weak
effects on P-T profiles and spectra due to cloud opacity (Fortney
et al. 2005), so we ignore cloud opacity here. However, the se-
questering of elements into condensates, and their removal from
the gas phase (‘‘rainout’’) is always accounted for in the chem-
istry calculations. We note that day sides of the strongly irradi-
ated pM class planets are toowarm for Fe-metal andMg-silicates
condensates to form.

3.2. Very Hot Jupiters and TiO/VO Chemistry

It is clear that the abundances to TiO and VO gases is impor-
tant in these atmospheres. Hubeny et al. (2003) first discussed
how understanding the ‘‘cold trap’’ phenomenon may be signif-
icant in understanding these abundances. If a given P-T profile
crosses a condensation curve in two corresponding altitude levels,
the condensed species is expected to eventually mix down to the
highest pressure condensation point, where the cloud remains
confined due to the planet’s gravitational field. This process is
responsible for the extremely lowwater abundance in the Earth’s
stratosphere. It can also be seen in the atmospheres Jupiter and
Saturn, where the ammonia ice clouds are confined to a pressure
of several bars, although both these planets exhibit stratospheres,
such that their warm upper atmospheres pass the ammonia con-
densation curve again at millibar pressures. For the highly irra-
diated planets, the relevant condensates are those that remove
gaseous TiO and VO, and sequester Ti and V into solid con-
densates at pressures of tens to hundreds of bars, far below the
visible atmosphere.

The cold trap phenomenon constitutes a departure from chem-
ical equilibrium that cannot be easily accounted for in the pre-
tabulated chemical equilibrium abundances used by Hubeny
et al. (2003), Fortney et al. (2006b), Burrows et al. (2007b), and
here as well. Our chemical abundances and opacities are pre-
tabulated in P-T space and the atmosphere code interpolates in
these abundances as it converges to a solution. The abundances
determined for any one pressure level of the P-T profile are not

cognizant of abundances of other levels of the profile, al-
though condensation and settling of species is always properly
accounted for. In this case a tabulated TiO abundance at a given
P-T point at which, in equilibrium, TiO would be in the gas-
eous state (warmer than required for Ti condensation), may not
be correct. If the atmospheric P-T profile intersects the conden-
sation curve, the atmosphere becomes depleted in TiO above
the cloud. We do not treat the cold trap here. In practice, we use
two different opacity databases: one with TiO and VO removed
at P < 10 bars, which simulates the removal of Ti and V into
clouds, and one in which gases TiO and VO remain as calculated
by equilibrium chemistry (which does not include depletion from
a cold trap).
A full discussion of titanium and vanadium chemistry in the

context of M- and L-dwarf atmospheres can be found in Lodders
(2002). Much of that discussion pertains to the atmospheres of
highly irradiated planets as well. The chemistry is complex. For
instance Lodders & Fegley (2006) (using the updated Lodders
2003 abundances) find that the first Ti condensate will not nec-
essarily be CaTiO3. For solar metallicity, the first condensate
is TiN if P barsk 30 bars, Ca3Ti2O7 if 5 barsPPP 30 bars,
Ca4Ti3O10 if 0:03 barsPPP 5 bars, and CaTiO3 if PP 0:03
bars. These four condensates are the initial condensates as a
function of total pressure and their condensation temperatures
define the Ti-condensation curve in Figure 2. Another important
point is that, following Lodders (2002), we assume that vana-
dium condenses into solid solution with Ti-bearing condensates,
as is found in meteorites (Kornacki & Fegley 1986). Lodders
(2002) find this condensation sequence is also consistent with
observed spectra at the M- to L-dwarf transition (Kirkpatrick
et al. 1999). In the absence of this effect V would not condense
until!200 K cooler temperatures are reached and solid VO forms,
as in the chemistry calculations of Burrows&Sharp (1999),Allard

Fig. 2.—ModelP-T profiles for planets with g ¼ 15m s#2 andTint ¼ 200K at
various distances (0.025Y0.055AU) from the Sun. ThisTint value is roughly con-
sistent with that expected for a 1MJ planet with a radius of 1.2 RJ. Condensation
curves are dotted lines and the curvewhere COandCH4 have equal abundances is
dashed. The 0.1X Ti-Cond curve shows where 90% of the Ti has condensed out.
However, even then TiO is a major opacity source. For none of these profiles has
TiO/VO been artificially removed. The kinks in the 0.035 AU profile are due to
interpolation difficulties, as the opacity drops significantly over a small tempera-
ture range.
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where H is the characteristic atmospheric scale height and Rp

is the planet radius. We plot the approximate transit radius for
the model pL class planet and pM class planet in Figure 11. Here
the 1 bar radius is 1.20 RJ and the characteristic T -values for the
scale height calculation for the pL and pM class planets are 1070

and 2000 K, respectively. Since our derived P-T profiles do not
reach to microbar pressures, a more detailed transit radius calcu-
lation using the precise run of temperature and opacity versus
pressure (see Hubbard et al. 2001; Fortney et al. 2003) will be
investigated in future work. Nonetheless, the important points
are clear. Due predominantly to the hotter atmosphere of pM
class planets, their atmospheric extension is larger. In addition,
as suggested by Burrows et al. (2007b) the strong opacity of TiO
and VO leads to a larger radius in a wide optical band, compared
to pL class planets. Figure 11 shows a difference of !5% at op-
tical wavelengths. This difference in radius could be even further
enhanced by temperatures in excess of the 2000 K used in the
calculation. This plot should only be considered suggestive, as a
more detailed calculation would involve different chemical abun-
dances on the day and night side of the planetary limb. Cooler
limb temperatures may not allow for gaseous TiO and VO.

Detailed secondary eclipse observations may shed additional
light on the structure of these atmospheres. As was shown in
Fortney et al. (2006b) for HD 149026b, planets with temperature
inversions will show limb brightening, rather than darkening,
which may eventually be detectable via secondary eclipse map-
ping (Williams et al. 2006; Rauscher et al. 2007b).

5. APPLICATION TO KNOWN PLANETS

5.1. HD 209458b at Secondary Eclipse

Recently, Knutson et al. (2008) published observations of the
secondary eclipse of planet HD 209458b. These observations
are from Spitzer IRAC, and they constitute the first published
observations for a transiting planet across all four IRAC bands.
These observed planet-to-star flux ratios were interpreted as be-
ing caused by a temperature inversion (hot stratosphere) on the
day side of the planet (Burrows et al. 2007b; Knutson et al.
2008). The reasons for this interpretation include large bright-
ness temperatures relative to its expected day-side TeA, especially
at 4.5 and 5.8 !m, and a large flux ratio at 4.5 !m (relative to
3.6 !m), which is enhanced due to strong CO and H2O emis-
sion features from 4 to 6!m (Fortney et al. 2006b; Burrows et al.
2007b). In our terminology, HD 209458b joined HD 149026b
as a pM class planet.

In Figure 12 (left) we plot P-T profiles for HD 209458b, with
and without the opacity of TiO and VO. As was previously
shown (Hubeny et al. 2003; Fortney et al. 2006b; Burrows et al.
2007b), absorption of stellar flux by TiO/VO leads to a hotter

Fig. 9.—Both panels show, as a function of wavelength, the atmospheric pres-
sure that corresponds to a given brightness temperature. Note the differences in
the y-axes. Top: Planet at 0.03 AU that has a hot stratosphere induced by absorp-
tion by TiO/VO. Bottom: Planet at 0.05 AU that lacks a temperature inversion.
The right ordinate shows the corresponding radiative time constant at each major
tickmark from the pressure axis. Note that this right axis is not linear. The labeled
gray lines at right indicate an advective wind speed that would be necessary to
give an advective timescale equal to the given radiative constant see text). For
instance, in the top panel, at log P ¼ #2:0, the radiative time constant is 2300 s,
and an advection time of 2300 s would require a wind speed of 31 km s#1.

Fig. 10.—Pressure-temperature (solid lines, bottom x-axis) and pressure-"rad
profiles (dotted lines, top x-axis) for the models at 0.03AU (pM class, thick lines)
and 0.05 AU (pL class, thin lines, with TiO/VO removed). TiO/VO has been re-
moved when calculating the 0.05 AU profile. Comparing this profile to the one
at 0.05 AU in Fig. 2, where TiO/VO were not removed, shows slight differences
around 1 bar, where equilibrium chemistry predicts a local increase in the TiO/VO
abundances.

Fig. 11.—Approximate radius one would observe as a function of wavelength
for a pL class and a pMclass planetwith a 1 bar radius of 1.20RJ and g ¼ 15m s#1.
(See text for discussion.)
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It must be noted that for thermal spectra stronger ab-
sorption means lower flux and hence a weaker signal.

Fig. 7.— A two-dimensional classification scheme for hydrogen-
dominated atmospheres (see Section 4). The left and right verti-
cal axes show the incident irradiation at the substellar point and
the equilibrium temperature with no redistribution and no albedo,
which is representative of the quench temperature (see Section 3.3).
Four classes are shown: O1, O2, C1, and C2. Atmospheres in O1
and O2 are O-rich (C/O < 1), and those in C1 and C2 are C-
rich (C/O > 1). The distinction between O1 (C1) and O2 (C2)
is based on irradiation, or temperature. The major molecules in
each class are shown, for a pressure of 1 bar. Atmospheres in O1
and O2 classes are abundant in H2O. CH4 is negligible in O2, but
can become significant in O1-class atmospheres depending on the
temperature; the CO – CH4 transiting temperature is ∼ 1200 K
(see Figs. 2 & 3). Being extremely irradiated, atmospheres in the
O2 class are more likely to host thermal inversions due to gaseous
TiO/VO than the O1-class atmospheres; classes O1 and O2 are
analogous to the pL and pM classes of Fortney et al. (2008). The
gray area in the O2 class indicates the uncertainty in incident ir-
radiation at which gaseous TiO/VO can remain aloft in the upper
atmospheres (cf. Spiegel et al. 2009). Atmospheres in C1 and C2
classes are under-abundant in H2O compared to their O-rich coun-
terparts at the same irradiation. In C2-class atmospheres, H2O
is negligible (! 10−6), where as CO, CH4, C2H2, and HCN are
abundant. In C1-class atmospheres, H2O is significant, but still
less than their O-rich counterparts. In both C1 and C2 classes,
TiO and VO are naturally under-abundant even for very high ir-
radiation levels and, hence, cannot cause thermal inversions (Mad-
husudhan et al. 2011b).

4. A TWO-DIMENSIONAL CLASSIFICATION SCHEME

The distinct changes in molecular composition with
the C/O ratio and their influence on the observable
spectroscopic properties make the C/O ratio a viable
dimension for characterization of hot exoplanetary at-
mospheres. Consequently, we suggest a two-dimensional
classification scheme for highly irradiated giant planet at-
mospheres, in which incident irradiation and chemistry,
represented by the C/O ratio, are the two dimensions.
Our approach is a generalization of the one-dimensional
scheme proposed by Fortney et al. (2008) in which irra-
diation is the only dimension and the composition was

fixed to be solar (C/O = 0.54). Our addition of the C/O
ratio as an extra dimension is also motivated by the pos-
sibility that non-solar C/O ratios might explain several
of the observations which would otherwise be deemed
as anomalies, based on the 1-D hypothesis, as shown in
Section 5 and Madhusudhan et al. (2011a).
A schematic representation of the two-dimensional

classification scheme is shown in Fig. 7. Hydrogen-
dominated irradiated atmospheres can be classified into
four classes in this 2-D phase space. Along the C/O
axis, C/O = 1 forms a natural boundary between C-rich
and O-rich atmospheres with manifestly distinct chem-
ical and spectroscopic characteristics, as shown in Sec-
tion 3. Along the irradiation axis, atmospheres can be
classified broadly in two classes based on the temper-
atures where significant transitions occur in the chem-
istry in each C/O regime, similar to the 1-D classification
scheme of Fortney et al. (2008) for O-rich atmospheres.
Consequently, we identify the four classes as:

• O1: C/O < 1 and F ≤ Fcrit

• O2: C/O < 1 and F ≥ Fcrit

• C1: C/O ≥ 1 and Tq ≤ 1200 K

• C2: C/O ≥ 1 and Tq ≥ 1200 K

In this notation, classes O1 and O2 correspond to
oxygen-rich (C/O < 1) atmospheres, and C1 and C2 cor-
respond to carbon-rich (C/O > 1) atmospheres. In each
C/O regime, the suffix ‘1’ represents the lower temper-
ature (or irradiation) class and ‘2’ represents the higher
temperature class. As described in Section 3.1, for a
given irradiation level C-rich atmospheres (in classes C1
or C2) are depleted in H2O and enhanced in CH4, C2H2
and HCN, compared to O-rich atmospheres at the same
irradiation (in classes O1 or O2). Within C1 and C2,
the amounts of H2O depletion and CH4 enhancement,
over solar values, increase with irradiation. In the O-rich
classes, H2O and CO are abundant in both O1 and O2,
except for the lesser irradiated atmospheres in O1 (with
Tq ! 1300 K), where CH4 can be a major carbon carrier
and can almost entirely replace CO for Tq ! 1000 K.
The division between O1 and O2 along the irradia-

tion axis concerns the possibility of thermal inversions
in irradiated atmospheres. O1 and O2 are analogous to
the pL and pM classes, respectively, of Fortney et al.
(2008). In the O-rich regime, very highly irradiated at-
mospheres are likely to host gaseous TiO and VO which
might cause thermal inversions. However, our division of
O1 and O2 at an irradiation of Fcrit = 109 ergs/s/cm2,
following Fortney et al., is only nominal. Spiegel et al
(2009) showed that TiO and VO are subject to strong
gravitational settling and hence may not be present aloft
in the atmosphere in significant quantities for all but
the most extremely irradiated systems. Consequently,
a more accurate boundary might be at Fcrit ∼ 5 × 109

ergs/s/cm2. This uncertainty in Fcrit which is depicted in
the gray area, could potentially be constrained by future
constraints of thermal inversions in O2 class systems.
The division between C1 and C2 is motivated by the

abundance of H2O and CO. In C-rich atmospheres, TiO
and VO are naturally under-abundant, as discussed in
Section 3.2, and hence atmospheres in neither C1 nor

actually receives a comparatively modest amount of irradia-
tion due to its relatively cool parent star. Therefore, perhaps a
classification based on incident flux, equilibrium temperature,
or other attributes would be more appropriate. In this paper we
argue that based on the examination of few physical processes
that two classes of hot Jupiter atmospheres emerge with dra-
matically different spectra and day/night contrasts. Equilibrium
chemistry, the depth to which incident flux will penetrate into a
planet’s atmosphere, and the radiative time constant as a function
of pressure and temperature in the atmosphere all naturally de-
fine two classes these irradiated planets.

Our work naturally builds on the previous work of Hubeny
et al. (2003), who first investigated the effects of TiO and VO
opacity on close-in giant planet atmospheres as a function of
stellar irradiation. These authors computed optical and near-
infrared spectra of models with and without TiO/VO opacity. In
general, they found that models with TiO/VO opacity feature
temperature inversions and molecular bands are seen in emis-
sion, rather than absorption. Two key questions from the initial
Hubeny et al. (2003) investigation were addressed but could not
be definitely answered were (1) whether a relatively cold plan-
etary interior would lead to Ti /V condensing out deep in the at-
mosphere regardless of incident flux, thereby removing gaseous
TiO and VO; and (2) if this condensation did not occur, at what
irradiation level would TiO/VO indeed be lost at the lower at-
mospheric temperatures found at smaller incident fluxes.

Later Fortney et al. (2006b) investigated model atmospheres
of planet HD 149026b, including TiO/VO opacity at various

metallicities. Particular attention was paid to the temperature
of the deep atmosphere pressure-temperature (P-T ) profiles (as
derived from an evolution model) in relation to the Ti /V con-
densation boundary. Similar to Hubeny et al. (2003), they found
a temperature inversion due to absorption by TiO/VO and com-
puted near- andmid-infrared spectra that featured emission bands.
Using the Spitzer InfraredArrayCamera (IRAC)Harrington et al.
(2007) observed HD 149026b in secondary eclipse with Spitzer
at 8 !m and derived a planet-to-star flux ratio consistent with a
Fortney et al. (2006b) model with a temperature inversion due
to TiO/VO opacity. At that point, looking at the work of Fortney
et al. (2006b) and especially Hubeny et al. (2003), Harrington
et al. (2007) could have postulated that all objects more irradi-
ated than HD 149026b may possess inversions due to TiO/VO
opacity, but given the single-band detection of HD149026b, cau-
tion was in order. More recently, based on the four-band detec-
tion of flux fromHD 209458b by Knutson et al. (2008), Burrows
et al. (2007b) found that a temperature inversion, potentially due
to TiO/VO opacity, is necessary to explain this planet’s mid-
infrared photometric data. Based on their newHD209458bmodel
and the previous modeling investigations, these authors posit
that planets warmer than HD 209458b may feature inversions,
while less irradiated objects such as HD 189733b do not, and dis-
cuss photochemical products and gaseous TiO/VO as potential
absorbers that may lead to this dichotomy.
We find, as has been previously shown, that those planets that

are warmer than required for condensation of titanium (Ti)- and
vanadium (V)-bearing compounds will possess a temperature

Fig. 1.—Flux incident on a collection of hot Jupiter planets. At left is incident flux as a function of planet mass, and at right as a function of planet surface gravity. In
both figures the labeled dotted lines indicate the distance from the Sun that a planet would have to be to intercept this same flux. Diamonds indicate the transiting planets
while triangles indicate nontransiting systems (with minimum masses plotted but unknown surface gravities). Red indicates that Spitzer phase curve data are published,
while blue indicates there is no phase data. The error bars for HD 147506 (HAT-P-2b) andHD17156 indicate the variation in incident flux that the planets receive over their
eccentric orbits. Flux levels for pM class and pL class planets are shown,with the shaded region around!0.04Y0.05AU indicating the a possible transition region between
the classes. ‘‘Hot Neptune’’ GJ 436b experiences less intense insolation and is off the bottom of this plot at 3:2 ; 107 ergs s"1 cm"2.
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ABSTRACT
We present Hubble Space Telescope (HST) optical transmission spectra of the tran-
siting hot Jupiter WASP-12b, taken with the Space Telescope Imaging Spectrograph
(STIS) instrument. The resulting spectra cover the range 2900 to 10300 Å which we
combined with archival WFC3 spectra and Spitzer photometry to cover the full opti-
cal to infrared wavelength regions. With high spatial resolution, we are able to resolve
WASP-12A’s stellar companion in both our images and spectra, revealing that the
companion is in fact a close binary M0V pair, with the three stars forming a triple-
star configuration. We derive refined physical parameters of the WASP-12 system,
including the orbital ephemeris, finding the exoplanet’s density is ⇠20% lower than
previously estimated.

From the transmission spectra, we are able to decisively rule out prominent ab-
sorption by TiO in the exoplanet’s atmosphere, as there are no signs of the molecule’s
characteristic broad features nor individual bandheads. Strong pressure-broadened Na
and K absorption signatures are also excluded, as are significant metal-hydride fea-
tures. We compare our combined broadband spectrum to a wide variety of existing
aerosol-free atmospheric models, though none are satisfactory fits. However, we do
find that the full transmission spectrum can be described by models which include
significant opacity from aerosols: including Rayleigh scattering, Mie scattering, tholin
haze, and settling dust profiles. The transmission spectrum follows an e↵ective ex-
tinction cross section with a power-law of index ↵, with the slope of the transmission
spectrum constraining the quantity ↵T = �3528±660 K, where T is the atmospheric
temperature. Rayleigh scattering (↵ = �4) is among the best fitting models, though
requires low terminator temperatures near 900 K. Sub-micron size aerosol particles
can provide equally good fits to the entire transmission spectrum for a wide range
of temperatures, and we explore corundum as a plausible dust aerosol. The presence
of atmospheric aerosols also helps to explain the modestly bright albedo implied by
Spitzer observations, as well as the near black body nature of the emission spectrum.
Ti-bearing condensates on the cooler night-side is the most natural explanation for
the overall lack of TiO signatures in WASP-12b, indicating the day/night cold-trap is
an important e↵ect for very hot Jupiters. These finding indicate that aerosols can play
a significant atmospheric role for the entire wide range of hot-Jupiter atmospheres,
potentially a↵ecting their overall spectrum and energy balance.

Key words: techniques: spectroscopic - planetary systems - planets and satellites:
atmospheres - planets and satellites: individual: WASP-12b - stars: individual: WASP-
12.
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measurement of Cowan et al. (2012), which is consistent with the
WFC3 eclipse photometry of Swain et al. (2013).

4 D ISCUSSION

4.1 Searching for narrow band spectral features

In addition to deriving the broad-band spectrum, we searched the
STIS data for narrow band absorption signatures, including the
expected species of Na, K, Hα and Hβ, as the line cores of these
elements can have strong signatures. In the context of the HST
survey, Na has been detected in Hat-P-1b by Nikolov et al. (2013),
who found the strongest signal in a 30 Å bandpass around the Na
doublet.

We find no evidence for Na, either in wide or medium-size band-
passes. In a 30 Å wide medium bandpass, we measure a planet-to-
star radius difference of #Rp/R∗ = (− 0.3 ± 2.0) × 10−3 compared
to a 600 Å wide reference region encompassing the Na doublet.
Theoretical models which are assumed to be dominated by Na ab-
sorption in this region predict features of 4.0× 10−3 #Rp/R∗, so the
data can rule out significant Na absorption with about 95 per cent
confidence. Any Na feature present in WASP-12b must be confined
to a narrow core, similar to HD 189733b or XO-2b (Huitson et al.
2012; Sing et al. 2012).

Similar to Na, we also find no evidence for Hα , Hβ , nor K. A 75 Å
wide bandpass centred on the K doublet gives a radius difference
of #Rp/R∗ = (− 2.6 ± 1.9) × 10−3.

4.2 A thorough search for TiO

As one of the most highly irradiated hot Jupiters discovered to
date with a zero-albedo equilibrium temperature of Teq = 2580 K,
WASP-12b is a prime target to search for signatures of TiO. TiO has
strong opacity throughout the optical, with one of the strongest sig-
natures being a ‘blue edge’ at the short-wavelength end (∼4300 Å)
of the molecule’s optical bandheads, making the STIS G430L an
ideal instrument to detect the species. Without the optical-blue
wavelengths of STIS, ruling out TiO in the atmosphere is not so
straightforward. For one, the required optical-blue precisions are
difficult to obtain from the ground (Copperwheat et al. 2013). In
addition, the overall higher planetary radius levels as seen in the
optical-red compared to the near-IR can be reasonably well matched
by models which include TiO, especially if the model abundances
and temperature profiles are fit (Stevenson et al. 2013).

Our broad-band transmission spectrum shows no signs of TiO.
In particular, while models expect the radius to drop by 2.4 × 10−3

Rp/R∗ blueward of 4300 Å, our measured radii instead increase by
an average of (0.9 ± 0.5) × 10−3 Rp/R∗ compared to the 4300–
4800 Å bin, representing a 6.6σ confident non-detection of TiO at
the ‘blue-edge’. Radiative transfer models assuming equilibrium
chemistry and solar compositions have strong TiO features, and of-
fer overall unsatisfactory fits to the broad-band data, with a Fortney
et al. (2010) model giving a χ2 of 44 for 23 d.o.f. (see Fig. 11).

As our broad-band spectrum is not optimally configured to de-
tect individual TiO bandheads, we employed custom-tailored bins
following the TiO ‘comb’ approach of Huitson et al. (2013) which
sub-divides the region between 4840 and 7046 Å into two optimal
bandpasses. An ‘in’ bandpass specifically covers wavelengths of
eight strong TiO bandheads, while an ‘out’ bandpass covers the
wavelength regions between the bandheads. A positive TiO de-
tection would show up as an increased radius in the ‘in’ bandpass

Figure 11. Broadband transmission spectra data of WASP-12b compared
to atmospheric models containing TiO from (red) Burrows et al. (2010) and
(blue) Fortney et al. (2010). The band-averaged model points are indicated
with open circles.

compared to the ‘out’, and a positive [TiO]comb value. In this manner,
we are able to use a very large portion of the STIS data to search
for specific TiO features, providing good sensitivity. This search
also rules out TiO, with the G430L and G750L giving an average
[TiO]comb radius difference of #Rp/R∗ = (− 0.51 ± 0.42) × 10−3

while WASP-12b models with TiO predict a difference of +0.82×
10−3 Rp/R∗, representing a 3.2σ confident non-detection of molec-
ular bandheads.

As done in Huitson et al. (2013), we also searched for the distinct
‘red edge’ at 7396 Å, where the broad-band opacity of TiO drops
significantly towards longer wavelengths. No significant difference
in altitude was found with a #Rp/R∗ measured to be [TiO]red =
(−0.87 ± 0.71) × 10−3 between an ‘in’ band from 6616 to 7396 Å
and an ‘out’ band between 7396 and 8175 Å, while models predict
a difference of +1.4× 10−3 Rp/R∗, a 3.2σ confident non-detection
of the ‘red edge’.

With three independent tests to search for the molecule giving
sensitive null results, significant TiO absorption is decisively ruled
out at high confidence as there are no spectral signs of the charac-
teristic ‘blue-edge’, ‘red-edge’, nor its strongest optical bandheads.
Similar to Na or K, any TiO absorption features in the transmission
spectrum of WASP-12b must be confined to narrow band signatures
of the molecule’s strongest optical transitions.

4.3 A search for metal hydrides

Metal hydrides, including TiH and CrH, have been suggested and
explored as possible opacity sources in WASP-12b when modelling
the red-optical and near-IR data (Stevenson et al. 2013; Swain et al.
2013), with TiH a potentially important Ti-bearing molecule in
high C/O ratio atmospheres (Madhusudhan 2012; Stevenson et al.
2013). A complete optical spectrum in this regard helps constrain
the presence of metal hydrides. In particular, as TiH has its strongest
bandhead near 5300 Å (Sharp & Burrows 2007), the G430L is very
sensitive to its presence.

We find no evidence for TiH, with narrower bandpasses around
5300 Å all consistent with the broad-band level near 0.1207 Rp/R∗.
The lack of the strong 5300 Å TiH bandhead constrains the presence
other longer wavelength bandhead features of TiH to be at or below
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ABSTRACT
We present Hubble Space Telescope (HST) optical transmission spectra of the tran-
siting hot Jupiter WASP-12b, taken with the Space Telescope Imaging Spectrograph
(STIS) instrument. The resulting spectra cover the range 2900 to 10300 Å which we
combined with archival WFC3 spectra and Spitzer photometry to cover the full opti-
cal to infrared wavelength regions. With high spatial resolution, we are able to resolve
WASP-12A’s stellar companion in both our images and spectra, revealing that the
companion is in fact a close binary M0V pair, with the three stars forming a triple-
star configuration. We derive refined physical parameters of the WASP-12 system,
including the orbital ephemeris, finding the exoplanet’s density is ⇠20% lower than
previously estimated.

From the transmission spectra, we are able to decisively rule out prominent ab-
sorption by TiO in the exoplanet’s atmosphere, as there are no signs of the molecule’s
characteristic broad features nor individual bandheads. Strong pressure-broadened Na
and K absorption signatures are also excluded, as are significant metal-hydride fea-
tures. We compare our combined broadband spectrum to a wide variety of existing
aerosol-free atmospheric models, though none are satisfactory fits. However, we do
find that the full transmission spectrum can be described by models which include
significant opacity from aerosols: including Rayleigh scattering, Mie scattering, tholin
haze, and settling dust profiles. The transmission spectrum follows an e↵ective ex-
tinction cross section with a power-law of index ↵, with the slope of the transmission
spectrum constraining the quantity ↵T = �3528±660 K, where T is the atmospheric
temperature. Rayleigh scattering (↵ = �4) is among the best fitting models, though
requires low terminator temperatures near 900 K. Sub-micron size aerosol particles
can provide equally good fits to the entire transmission spectrum for a wide range
of temperatures, and we explore corundum as a plausible dust aerosol. The presence
of atmospheric aerosols also helps to explain the modestly bright albedo implied by
Spitzer observations, as well as the near black body nature of the emission spectrum.
Ti-bearing condensates on the cooler night-side is the most natural explanation for
the overall lack of TiO signatures in WASP-12b, indicating the day/night cold-trap is
an important e↵ect for very hot Jupiters. These finding indicate that aerosols can play
a significant atmospheric role for the entire wide range of hot-Jupiter atmospheres,
potentially a↵ecting their overall spectrum and energy balance.
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Figure 5: Elemental abundances measured in the tropospheres of Jupiter (cir-
cles) and Saturn (squares) in units of their abundances in the protosolar nebula.
The elemental abundances for Jupiter are derived from the in situ measurements
of the Galileo probe (e.g. Mahaffy et al. 2000; Atreya et al. 2003). Note that the
oxygen abundance is considered to be a minimum value due to meteorological
effects (Roos-Serote et al. 2004). The abundances for Saturn are spectroscopic
determination (Atreya et al. 2003 and references therein). The solar or pro-
tosolar abundances used as a reference are from Lodders (2003). The arrows
show how abundances are affected by changing the reference protosolar abun-
dances from those of Anders & Grevesse (1989) to those of Lodders (2003).
The horizontal dotted lines indicate the locus of a uniform 2- and 4-times solar
enrichment in all elements except helium and neon, respectively.
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  The	
  scien'sts	
  analysed	
  Huygens'	
  speed,	
  direc'on	
  of	
  mo'on,	
  rota'on	
  and	
  swinging	
  during	
  
descent.	
  The	
  DISR	
  movie	
  includes	
  sidebar	
  graphics	
  that	
  show:	
  
	
  
	
  	
  	
  	
  (Lower	
  leJ	
  corner)	
  Huygens'	
  trajectory	
  views	
  from	
  the	
  south,	
  a	
  scale	
  bar	
  for	
  comparison	
  to	
  
the	
  height	
  of	
  Mount	
  Everest,	
  colored	
  arrows	
  that	
  point	
  to	
  the	
  sun	
  and	
  to	
  the	
  Cassini	
  orbiter.	
  
	
  	
  	
  	
  (Top	
  leJ	
  corner)	
  A	
  close-­‐up	
  view	
  of	
  the	
  Huygens	
  probe	
  highligh'ng	
  large	
  and	
  unexpected	
  
parachute	
  movements,	
  and	
  a	
  scale	
  bar	
  for	
  comparison	
  to	
  human	
  height.	
  
	
  	
  	
  	
  (Lower	
  right	
  corner)	
  A	
  compass	
  that	
  shows	
  the	
  changing	
  direc'on	
  of	
  view	
  as	
  Huygens	
  rotates,	
  
along	
  with	
  the	
  rela've	
  posi'ons	
  of	
  the	
  sun	
  and	
  Cassini.	
  
	
  	
  	
  	
  (Upper	
  right	
  corner)	
  A	
  clock	
  that	
  shows	
  Universal	
  Time	
  for	
  Jan.	
  14,	
  2005	
  (Universal	
  Time	
  is	
  
two	
  hours	
  earlier	
  with	
  respect	
  to	
  Central	
  European	
  Summer	
  Time).	
  Above	
  the	
  clock,	
  events	
  are	
  
listed	
  in	
  Mission	
  Time,	
  which	
  starts	
  with	
  the	
  deployment	
  of	
  the	
  first	
  of	
  the	
  three	
  parachutes.	
  
	
  
Sounds	
  from	
  a	
  leJ	
  speaker	
  trace	
  Huygens'	
  mo'on,	
  with	
  tones	
  changing	
  with	
  rota'onal	
  speed	
  
and	
  the	
  'lt	
  of	
  the	
  parachute.	
  There	
  also	
  are	
  clicks	
  that	
  clock	
  the	
  rota'onal	
  counter,	
  as	
  well	
  as	
  
sounds	
  for	
  the	
  probe's	
  heat	
  shield	
  hiang	
  Titan's	
  atmosphere,	
  parachute	
  deployments,	
  heat	
  
shield	
  release,	
  jeason	
  of	
  the	
  DISR	
  cover	
  and	
  touch-­‐down.	
  
	
  
Sounds	
  from	
  a	
  right	
  speaker	
  go	
  with	
  DISR	
  ac'vity.	
  There's	
  a	
  con'nuous	
  tone	
  that	
  represents	
  
the	
  strength	
  of	
  Huygens'	
  signal	
  to	
  Cassini.	
  Then	
  there	
  are	
  13	
  different	
  chimes	
  -­‐	
  one	
  for	
  each	
  of	
  
DISR's	
  13	
  different	
  science	
  parts	
  -­‐	
  that	
  keep	
  'me	
  with	
  flashing-­‐white-­‐dot	
  exposure	
  counters.	
  
	
  
During	
  its	
  descent,	
  DISR	
  took	
  3500	
  exposures.	
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Figure 2. Flux in the photosynthetically active band (400–700 nm) reaching the
surface at the substellar point as a function of distance from a G or an M host
star. The flux is calculated assuming an H2 atmosphere with surface pressure
sufficient to maintain 280 K surface temperature at each distance.
(A color version of this figure is available in the online journal.)

3.2. Photosynthetic Active Radiation at the Surface

Starlight is a potential energy source for life, so we consider
whether the stellar flux reaching the surface is sufficient to sus-
tain photosynthesis. Most terrestrial photosynthetic organisms
use light in the λ = 400–700 nm range. The flux to sustain half-
maximum growth rate for many cyanobacteria is ∼1 W m−2

(Carr & Whitton 1982; Tilzer 1987), and an anoxygenic green
sulfur bacterium can use a flux of 3×10−3 W m−2 (Manske et al.
2005). Planets on more distant orbits experience less stellar ir-
radiation and require a thicker atmosphere to maintain surface
liquid water, which reduces transmission of light to the surface.
For a pure H2 atmosphere, transmission in photosynthetically
active radiation (PAR) is limited by Rayleigh scattering and dif-
fers slightly for M versus G star spectra. The main difference is
that G stars have higher luminosity, requiring less atmosphere
to maintain liquid water at a given orbital distance, and a higher
proportion of their output is PAR. Figure 2 shows surface PAR
at the substellar point as a function of orbital distance for a
minimum pure H2 atmosphere to maintain 280 K. Hydrogen
greenhouse planets as far as 10 AU from a G star or 1 AU from
an M star could sustain cyanobacteria-like life; distances of tens
of AU or several AU, respectively, still permit organisms like
anoxygenic phototrophs.

4. ORIGIN AND LOSS OF H–He ATMOSPHERES

A body whose Bondi radius (at which gravitational poten-
tial energy equals gas enthalpy) exceeds its physical radius will
accumulate gas from any surrounding disk. The critical mass
is less than a lunar mass and protoplanets may acquire primor-
dial atmospheres of H2 and He, as well as gases released by
impacts (Stevenson 1982). Earth-mass planets will not experi-
ence runaway gas accretion and transformation into gas giants
(Mizuno 1980). The atmospheres of accreting Earth-mass plan-
ets will probably be optically thick and possess an outer radiative
zone (Rafikov 2006). If the gas opacity is supplied by heavy el-
ements and is pressure independent, the atmosphere mass is
inversely proportional to the accretion luminosity (Stevenson
1982; Ikoma & Genda 2006; Rafikov 2006). In the “high ac-
cretion rate” case (planetesimals are strongly damped by gas
drag), the surface pressure will be 1.2a1.5(Mp/M⊕) bar, where

a is the orbital semimajor axis in AU and Mp is the planet mass.
In the “intermediate accretion rate” case (gas drag is unimpor-
tant), the surface pressure will be 16a2(Mp/M⊕) bar (Rafikov
2006). At 3 AU, the predicted timescales for these two phases
of accretion are ∼106 and 107 yr, respectively, and bracket the
lifetime of gaseous disks (Haisch et al. 2001; Evans et al. 2009).
Thus, primordial atmospheres with surface pressures of one to
several hundred bars are plausible. Hydrogen is also released
during the reaction of water with metallic iron (Elkins-Tanton
& Seager 2008).

Giant impacts may erode the proto-atmosphere, but not com-
pletely remove it (Genda & Abe 2003, 2004), although the
mechanical properties of an ocean may amplify such effects
(Genda & Abe 2005). Instead, the low molecular weight µ of
atomic H makes it susceptible to escape to space through heating
of the upper atmosphere by extreme ultraviolet (EUV) radiation
and stellar wind. We examine EUV-driven escape of atomic H
from a planet of radius rp using a thermal model of an H- or
H2-dominated upper atmosphere, assuming that the escape rate
is not limited by H2 dissociation. The upper boundary is at the
exobase where H escapes, and the lower boundary is where eddy
diffusivity becomes important (in essence, the homopause). At
the homopause, the number density is taken to be n = 1019 m−3

(Yamanaka 1995), and the temperature is set to the stratosphere
temperatures predicted by the radiative–convective model (see
Section 3). The exobase occurs at an altitude he where the cross
section for collisions with molecular hydrogen is ∼1, i.e., at a
column density N = 2.3 × 1019 m−2. The exobase temperature
Te and Jeans parameter λ = GMpµ/((rp + he)kTe) are calcu-
lated by balancing the globally averaged EUV heating qEUV
with heat lost to conduction, radiative cooling, and escape. At
λ > 2.8, we use the Jeans escape rate (in surface pressure per
unit time)

φ = (GMp)2µ

(rp + he)4

√
µ

2πkTe

Ne(1 + λ)e−λ, (2)

where Ne is the number density at the exobase. For Jeans es-
cape, we assume that H is the escape component and that H2
is efficiently dissociated below the exobase; this maximizes the
escape rate. When λ ! 2.8, marking the transition to hydro-
dynamic escape (Volkov et al. 2010), we assume that escape is
energy limited:

φ = qEUV
(rp + ht )2

r3
p

, (3)

where ht is the altitude where EUV is absorbed (the ther-
mosphere), and the right-hand factor accounts for thermal
expansion.

All EUV (λ < 912 Å) is assumed to be absorbed in a layer at
N = 2.3×1019 m−2. Lyα radiation resonantly scatters at higher
altitudes (N ∼ 1 × 1017 m−2) but, in the absence of an absorber
such as atomic oxygen, will escape before being thermalized
(Murray-Clay et al. 2009).

For given exobase and homopause temperatures, the tem-
perature profile is calculated downward to its maximum at the
thermosphere and then to the homopause, assuming a mean
µ of 3.1 (appropriate for H2+He in a solar proportion). The
exobase temperature is adjusted until the correct value of n at
the homopause is reached. Cooling from the escape of H at the
exobase, the adiabatic upward motion of gas in the atmosphere
to maintain steady state, and the collision-induced opacity of
H2 (Borysow et al. 1997; Borysow 2002) are included. We use
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Figure 1. Left panel: determination of surface temperature from the top-of-atmosphere radiation budget. Solid curves show the OLR (infrared emission to space) as
a function of surface pressure for the various surface temperatures indicated on the curves. Pairs of dashed lines give the absorbed solar radiation for stellar constant
40 W m−2 (short dashes) and 80 W m−2 (long dashes). The upper curve in each pair is for an M star spectrum, while the lower is for a G star. Right panel: surface
pressure required to maintain 280 K surface temperature as a function of radius of a circular orbit. Results are given for an M star (0.013 times solar luminosity) and
a G star (solar luminosity). All calculations were carried out for a pure H2 atmosphere on a planet with surface gravity 17 m s−2. Planetary albedos were computed
assuming zero surface albedo.
(A color version of this figure is available in the online journal.)

was modeled by adjustment to the adiabat appropriate for a dry
H2–He composition (but see Section 5). The adiabat was com-
puted using the ideal gas equation of state with constant specific
heat.

In selected cases up to 10 bar surface pressure ps, the full
radiative–convective model was time stepped to equilibrium.
The atmosphere was found to consist of a deep convective tropo-
sphere capped by a nearly isothermal stratosphere. Absorption
of incoming stellar radiation slightly warms the stratosphere,
but does not create an Earth-like temperature inversion because
the pressure dependence of absorption means that most absorp-
tion of stellar radiation and heating occurs at low altitude or
at the surface. The tropopause occurs at a pressure level of
!170 mbar, producing an optically thin stratosphere that has
little effect on infrared cooling to space. For ps = 1 bar, the
formation of the stratosphere cools the surface by only 3 K rel-
ative to a calculation in which the entire temperature profile is
adiabatic. The slight effect becomes even less consequential as
ps and the infrared optical thickness of the atmosphere increases
(Pierrehumbert 2010, Chapter 4). Therefore, we used the com-
putationally efficient “all troposphere” approximation, in which
the temperature profile is set to the adiabat corresponding to an
assumed surface temperature Tg.

The radiation code calculates the corresponding infrared
flux to space OLR(Tg, ps) (outgoing longwave radiation) and
planetary albedo α(Tg, ps). Tg is obtained from the balance

OLR(Tg, ps) = 1
4

(1 − α(Tg, ps))L, (1)

where L is the stellar constant evaluated at the planet’s orbit (the
analog of Earth’s solar constant L").

3. CLIMATE MODEL RESULTS

3.1. Minimum Surface Pressure to Maintain
Surface Liquid Water

We present results for a 3 M⊕ rocky planet with surface
gravity g = 17 m s−2 (Seager et al. 2007). Gravity enters the
calculation of OLR only in the combination p2

s /g; the results

can be applied approximately to other values of g by scaling
ps. Scaled results will diverge slightly from the correct values
because Rayleigh scattering depends on ps/g, whence albedo
scales differently from OLR. Figure 1 (left panel) illustrates
the energy balance for a pure H2 atmosphere. OLR computed
with the all-troposphere approximation is shown as a function
of ps for different values of Tg, together with curves of absorbed
stellar radiation for G and M star cases with stellar constants
L = 40 W m−2 and L = 80 W m−2, respectively. Equilibria
are represented by the intersections between OLR curves and
absorbed stellar radiation curves. The absorbed stellar radiation
decreases more rapidly with ps for G stars than for M stars
because the greater shortwave radiation in the former case leads
to more Rayleigh scattering, whereas the latter is dominated by
absorption. For L = 40 W m−2 (somewhat less than Jupiter’s
insolation), ps = 10 bar is sufficient to maintain a surface
temperature of 280 K about a G star; around an M star, only
7 bars is required.

Figure 1 (right panel) also shows the minimum ps required
to maintain Tg = 280 K as a function of the orbital distance.
We use 280 K as a criterion because an ocean world whose
global mean temperature is too near freezing is likely to enter
a “snowball” state (Pierrehumbert et al. 2011). The required
pressure is higher around M stars because a greater greenhouse
effect is needed to compensate for the lower luminosity. For an
early M-type star with luminosity 1.3% of the Sun, 100 bars
of H2 maintains liquid surface water out to 2.4 AU; around a G
star, these conditions persist to 15 AU. Cases requiring >20 bars
are speculative because the maintenance of a deep convective
troposphere, when so little stellar radiation reaches the surface,
is sensitive to small admixtures of strongly shortwave-absorbing
constituents.

Our results are not appreciably affected by the formation of
a stratosphere. The stratosphere in these atmospheres is essen-
tially transparent to incoming stellar radiation and heated mainly
by absorption of upwelling infrared radiation. As expected
for a gas with frequency-dependent absorptivity, the strato-
spheric temperature is somewhat (few K) below the gray-gas
skin temperature Teff/21/4, where σT 4

eff = OLR = 1
4 (1 − α)L

(Pierrehumbert 2010, chapter 4).
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ABSTRACT

We show that collision-induced absorption allows molecular hydrogen to act as an incondensible greenhouse gas
and that bars or tens of bars of primordial H2–He mixtures can maintain surface temperatures above the freezing
point of water well beyond the “classical” habitable zone defined for CO2 greenhouse atmospheres. Using a one-
dimensional radiative–convective model, we find that 40 bars of pure H2 on a three Earth-mass planet can maintain
a surface temperature of 280 K out to 1.5 AU from an early-type M dwarf star and 10 AU from a G-type star.
Neglecting the effects of clouds and of gaseous absorbers besides H2, the flux at the surface would be sufficient
for photosynthesis by cyanobacteria (in the G star case) or anoxygenic phototrophs (in the M star case). We argue
that primordial atmospheres of one to several hundred bars of H2–He are possible and use a model of hydrogen
escape to show that such atmospheres are likely to persist further than 1.5 AU from M stars, and 2 AU from G stars,
assuming these planets have protecting magnetic fields. We predict that the microlensing planet OGLE-05-390Lb
could have retained an H2–He atmosphere and be habitable at ∼2.6 AU from its host M star.
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1. INTRODUCTION

In the circumstellar habitable zone (HZ), an Earth-like planet
has surface temperatures permissive of liquid water (Hart
1979). The HZ is typically calculated assuming an H2O–CO2
greenhouse atmosphere. At its inner edge, elevated water vapor
leads to a runaway greenhouse state; at the outer edge, CO2
condenses onto the surface. The HZ of the Sun is presently
0.95–2 AU but is much more compact around less-luminous
M dwarfs (Kasting et al. 1993). Most reported Earth-size
exoplanets are well starward of the HZ because the Doppler
and transit detection techniques are biased toward planets on
close-in orbits (Gaidos et al. 2007). The Kepler mission can
detect Earth-size planets in the HZ of solar-type stars (Koch
et al. 2010; Borucki et al. 2011), but these cannot be confirmed
by Doppler. In contrast, the microlensing technique, in which a
planet around a foreground gravitational lensing star breaks the
circular symmetry of the geometry and produces a transient peak
in the light curve of an amplified background star, is sensitive
to planets with projected separations near the Einstein radius of
their host star, e.g., ∼3.5 AU for a solar mass. Surveys have
found planets as small as 3 M⊕ (Bennett et al. 2008) and
projected separations of 0.7–5 AU (Sumi et al. 2010). Most
microlensing-detected planets orbit M dwarf stars as these
dominate the stellar population. The Einstein radius of these
stars is well outside the classical HZ (Sumi et al. 2010; Kubas
et al. 2010) but coincides with the “ice line” where Neptune-
mass or icy super-Earth planets may form (Gould et al. 2010;
Mann et al. 2010).

The effective temperatures of microlensing planets around
M stars will be below the condensation temperature of all
gases except for H2 and He. These mono- and di-atomic gases
lack the bending and rotational modes that impart features to
the infrared absorption spectra of more complex molecules.
At high pressure, however, collisions cause H2 molecules to
possess transient dipole moments and induced absorption. The
resulting greenhouse effect can considerably warm the surface.

Stevenson (1999) conjectured that “free-floating” planets with
thick H2–He atmospheres might maintain clement conditions
without the benefit of stellar radiation. Around a star, an H2–He
atmosphere might admit visible light to the surface: these planets
could, in principle, host photosynthetic life.

We demonstrate that H2 and He alone can maintain surface
temperatures above the freezing point of water on Earth-mass
to super-Earth-mass planets beyond the HZ. In Section 2, we
describe calculations of a radiative–convective atmosphere and
its transmission of light; results are given in Section 3. In
Section 4, we estimate the amount of H2 gas that a planet may
accrete from its nascent disk, and the amount lost back to space.
Finally, we discuss the effects of other gases and a candidate H2
greenhouse planet detected by microlensing (Section 5).

2. CALCULATION OF RADIATIVE FLUXES AND
SURFACE TEMPERATURE

Surface temperatures were computed using a one-
dimensional radiative–convective model. For pure H2 and
H2–He atmospheres, the infrared opacity due to collision-
induced absorption is from Borysow (2002). (Effects of ad-
ditional greenhouse gases are discussed in Section 5.) Thermal
infrared fluxes for any given temperature profile were computed
using the integral form of the solution to the non-scattering
Schwarzschild equations, while the planetary albedo and ab-
sorption profile of incoming stellar radiation were computed
using a two-stream scattering code including the effects of con-
tinuum absorption and Rayleigh scattering. The incoming stel-
lar flux was modeled as blackbodies at 3500 and 6000 K for
M and G stars, respectively. The calculations were indepen-
dently performed in wavenumber bands of width 10 cm−1 over
10–16490 cm−1. The atmosphere was assumed not to absorb at
higher wavenumbers (λ < 606 nm), although Rayleigh scatter-
ing of incoming stellar radiation was still considered. Contin-
uum absorption is a smooth function of wavenumber, obviating
the need for a statistical model within each band. Convection

1




