A ground-based transmission spectrum of the superEarth planet GJ 1214b
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In contrast to planets with masses similar to that of Jupiter and higher, the bulk compositions
of planets in the so-called super-Earth regime (Mp = 2 – 10 M⊕ ) cannot be uniquely determined from a mass and radius measurement alone. For these planets, there is a degeneracy
between the mass and composition of the interior and a possible atmosphere in theoretical
models1, 2 . The recently discovered transiting super-Earth GJ 1214b is one example of this
problem3 . Three distinct models for the planet that are consistent with its mass and radius
have been suggested4 , and breaking the degeneracy between these models requires obtaining
constraints on the planet’s atmospheric composition5, 6. Here we report a ground-based measurement of the transmission spectrum of GJ 1214b between 780 and 1000 nm. The lack of
features in this spectrum rules out cloud-free atmospheres composed primarily of hydrogen
at 4.9 σ confidence. If the planet’s atmosphere is hydrogen-dominated, then it must contain
clouds or hazes that are optically thick at the observed wavelengths at pressures less than
200 mbar. Alternatively, the featureless transmission spectrum is also consistent with the
presence of a dense water vapor atmosphere.
We observed transits of the planet GJ 1214b in front of its host star on UT dates 29 April and
6 June 2010 using the FORS2 instrument on the UT1 telescope of the Very Large Telescope facility.
The instrument was configured for multi-object spectroscopy using a mask with slits positioned on
GJ 1214 and six other nearby reference stars of similar brightness. The slits had lengths of 30 arc
seconds and widths of 12.0 arc seconds to eliminate possible differential losses due to variations
in the telescope guiding and seeing7 . Complete spectra from 780 – 1000 nm with a resolution of
approximately 1 nm were obtained for all the stars in each exposure. A total of 197 exposures were
obtained during the two observing runs, 88 of which were during a transit.
We extracted both “white” and eleven 20 nm channel width spectrophotometric light curves
for GJ 1214 and the reference stars by summing the obtained spectra over wavelength. We corrected the transit light curves by combining the fluxes for five of the reference stars and dividing
them from the flux of GJ 1214. After this reduction, the light curves for GJ 1214 exhibit the expected transit morphology superimposed on a curvature that is well-matched by a second order
polynomial as a function of time. We modeled this trend for each time series simultaneously with
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the transit modeling described below. Normalized and corrected light curves for the spectrophotometric data are shown in Figure 1. The photon-limited uncertainties in the measurements after
reduction and correction are 350 – 710 ppm. We found that these estimates potentially underestimate the true uncertainties in the data, and we therefore revised the uncertainties upward by 25
– 78% to yield reduced χ2 values of unity for the light curve model fits. See the Supplementary
Information for more details on the observations, data reduction, and reference star corrections.
We fitted models for the transit8 to the spectrophotometric time-series data to measure the
apparent radius of GJ 1214b in each channel - this is the planet’s transmission spectrum. We
assumed the planet is on a circular orbit, and we fixed the transit and system parameters to the
values we determined from an analysis of the white light curves. The uncertainties in the fixed
parameters do not contribute any additional uncertainty in the transmission spectrum, and only the
overall level of the transmission spectrum would be influenced by changing these values within
their confidence limits.
We detect a marginally significant (1.5 σ) difference in the depths of the white light curves
between the two observed transits of 2.4 ± 1.6 x 10−4. This level of variation is consistent with
brightness variations of the unocculted portion of the stellar disk similar to the contemporaneously
observed I-band variation of 0.65% (Z. Berta personal communication). We accounted for this
variability in our analysis of the spectrophotometric light curves by reducing the planet-to-star radius ratio parameter used to generate the models for the first transit by an amount corresponding to
the change in depth in the white light curves (∆ Rp /R⋆ = 0.0010). We did not apply any additional
corrections to account for a color bias due to occulted or unocculted spots because simulations
we performed indicate that the effects across the small wavelength range studied here would be
negligible given the precision of the data.
The results from our analysis of the white light curves after the stellar variability correction
confirm and refine the previous estimates of system parameters. Assuming the mass of the star
is 0.157 ± 0.019 M⊙ 3 , the radius of the star is 0.206 ± 0.009 R⊙ and the average radius of the
planet is 2.63 ± 0.11 R⊕ . The planet’s average central transit time is BJD 2455315.794502 ±
0.000047 (4 sec uncertainty), and its orbital period is 1.58040834 ± 0.00000034 d. The determined
transmission spectrum for GJ 1214b in terms of the planet’s radius assuming the stellar radius
from the analysis of the white light curves is shown in Figure 2. We obtain similar results for
the transmission spectrum when repeating the analysis with different plausible values for the fixed
parameters, not adopting a prior on the limb darkening, applying no activity corrections, applying
higher-order activity corrections, or using different approaches to correct for the activity. We also
obtain the same results when analyzing the data for each transit separately.
Previous work has shown that GJ 1214b must have a significant atmosphere because its density is too low for it to be composed only of solid material4. However, the composition of the
atmosphere can not be inferred with only the knowledge of the planet’s mass and radius due to
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degeneracies between interior structure and atmospheric models. Comparison of our observed
transmission spectrum to model spectra for different atmospheric compositions (see Figure 2) indicates that we would have detected significant variations in the planet’s effective radius, due to
absorption of starlight by water vapor in the limb of the planet, if the atmosphere was mainly
composed of hydrogen because such an atmosphere would have a large scale height. A hydrogendominated atmosphere would be expected if the planet was a scaled down version of the Solar
System ice giants Uranus and Neptune with a primordial atmosphere accreted from the protoplanetary nebulae, or if it was a rocky planet that had outgassed large quantities of hydrogen during
formation or a period of tectonic activity 9. Instead, we detect no such variations at high confidence
(4.9 σ), and we conclude that the planet must possess something other than a simple cloud-free
hydrogen-dominated atmosphere.
Of the models proposed for the planet based on constraints from interior modeling4, 6, 10,
only the predicted spectra from cloud-free atmospheres composed predominantly of water vapor
(steam) agree with our measured transmission spectrum. Water vapor is present in the planet’s
limb to absorb the starlight in all the proposed models, but at least 70% water vapor by mass
(mean molecular weight > 5MH , where MH is the mass of the hydrogen atom) is needed to result in a transmission spectrum with the relatively small variations required to be consistent with
our measurements within 1 σ. A predominantly steam atmosphere is a component of the “water
world”11–13 bulk composition model of the planet discussed in Ref. 4 (their case II), although it has
been recently suggested10 that a water-rich atmosphere is not necessarily indicative of a water-rich
interior. In either case, the planet would not harbor any liquid water due to the high temperatures
present throughout its atmosphere 4, 10. If GJ 1214b contains a significant water abundance, then it
likely formed beyond the snow line of its host star’s protoplanetary disk, and subsequent orbital
evolution brought it inward to its current location. The planet either could have not accreted as
much nebular gas (which would have been composed primarily of hydrogen) as Neptune in the
first place, or it could have subsequently lost hydrogen-rich gas that it did accrete due to atmospheric escape3, 4 .
Another possible explanation for the lack of spectral features observed in the transmission
spectrum of GJ 1214b is that the planet could have a high layer of clouds or hazes, obscuring
the view of lower regions in the planetary atmosphere. The effect of such a cloud deck on the
transmission spectrum would be to reduce the strength of predicted spectral features, even for an
atmosphere with a low mean molecular weight. We performed a simple test to determine the effect of clouds on the transmission spectrum for the case of a hydrogen-dominated atmosphere by
cutting off all transmission of starlight below the height of a hypothetical cloud deck. We find
that clouds or hazes located at pressures less than 200 mbar (comparable to cloud/haze layers on
Venus and Titan) do flatten out the transmission spectrum of a hydrogen-dominated atmosphere
to the point where it is indistinguishable from a steam atmosphere using the current data. Therefore, our observations could be indicative of clouds or hazes in the upper parts of GJ 1214b’s
atmosphere. Although no candidate has yet been presented for a cloud layer on GJ 1214b, and
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the planet’s proposed temperature-pressure profile does not cross the condensation curves of any
known equilibrium condensates that are likely to be present in significant quantities 14 , hazes resulting from photochemical processes remain a viable prospect and are currently unconstrained by
models. Transit observations of GJ 1214b in the infrared could serve to shed light on the question
of clouds and hazes in the planet’s atmosphere, since scattering from cloud and haze particles is
far less efficient at these wavelengths, and radius variations in the planet’s transmission spectrum
could be more apparent if the atmosphere was actually composed primarily of hydrogen. Indeed,
a recent study has suggested there are variations in the planet’s transmission spectrum between the
near-infrared J and K bands that are qualitatively consistent with the expectations for a hydrogendominated atmosphere (B. Croll personal communication). Further observations are needed to
clarify this issue.
The only other known transiting planet in the same mass regime as GJ 1214b, CoRoT-7b15, 16 ,
could also harbor an atmosphere despite the extreme level of insolation it receives from its host
star17 . However, this planet orbits a much larger star (R⋆ = 0.87 R⊙ , Ref. 14) than GJ 1214b and,
thus, it is unlikely that additional constraints on its atmosphere can be obtained with existing facilities due to the unfavorable planet-to-star radius ratio. In contrast, our results confirm previous
predictions18, 19 about the excellent prospects for the detailed characterization of transiting exoplanets identified by searches targeting very low-mass stars like the MEarth project20 and near-infrared
radial velocity surveys21. The increasingly sophisticated observational techniques for transiting
exoplanet spectroscopy as applied to study the atmospheres of planets orbiting M dwarfs offers
the promise of comparative studies of super-Earth type planets in the near-future and, ultimately,
probably the best chance for the eventual first characterization of the atmosphere of a potentially
habitable planet.
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Figure 1 Spectrophotometric data for transits of GJ 1214b The free parameters in
the model fitted to the data to determine the transmission spectrum were the ratio of the
radius of the planet to the radius of the host star, quadratic limb darkening coefficients,
and the three terms describing the second order polynomial as a function of time needed
to normalize the data. The ratio of the radii and the limb darkening coefficients were determined for each channel, while the polynomial coefficients for the data normalization were
determined for each channel in each transit observation. We estimated limb darkening
coefficients that were used as priors with uncertainties for each spectrophotometric channel using a spherically symmetric model atmosphere for the host star calculated with the
PHOENIX code22 for parameters Tef f = 3026 K, [M/H] = 0.0, log g = 5.0, and R⋆ = 0.21 R⊙ .
The model intensities were integrated over the bandpass for each channel to account for
the variation of the instrument transmission function and the spectral energy distribution
of the star. To estimate the uncertainty in these predictions, we repeated the calculations
for models with Tef f = 3156 and 2896 K. The normalized light curves and best-fit models
are shown in a. An offset of 0.01 was subtracted from the data in each successive channel for clarity. The data from the two observed transits were combined after correcting
for the variation in the transit depth between the observed transits (the correction factor
used was 1.017), and binned at a sampling of 72 s for this figure. The solid lines show
the best-fit models fitted independently to the data to determine the apparent size of the
planet in each channel. The binned residuals from the best-fit models are shown in b.
The grey boxes indicate the times when the planet is passing in front of the star. The
standard deviation of the residuals in the channels ranges from 331 to 580 ppm.
Figure 2 The transmission spectrum of GJ 1214b compared to models Theoretical
predictions of the transmission spectrum for GJ 1214b6 are shown for atmospheres with
a solar composition (i.e., hydrogen-dominated; orange line and squares), a 100% water
vapor composition (blue line and triangles), and a mixed composition of 70% water vapor
and 30% molecular hydrogen by mass (green line and stars). The points for the models
give the expected values for the transmission spectrum in each of the spectrophotometric
channels. All of the features in the model spectra arise from variations in the water vapor
opacity, with the exception of the feature at 890 nm that is due to methane absorption.
The measurements and their uncertainties (black circles) were estimated by fitting the
spectrophotometric data using five Markov chains with 2.5 x 105 steps. The uncertainties, which are valid for the relative values only, are the 1 σ confidence intervals of the
resulting posterior distributions, and are consistent with the estimates we obtained from a
residual permutation bootstrap analysis. The uncertainty in the absolute level is 0.11 R⊕ ,
and is due mainly to the uncertainty in the host star mass. The data are consistent with
the model for the water vapor atmosphere (χ2 = 5.6 for 10 degrees of freedom) and inconsistent with the model for the solar composition model at 4.9 σ confidence (χ2 = 47.3).
The predictions for a solar composition atmosphere with CH4 removed due to photodissociation (not shown) are equally discrepant with the data. The mixed water vapor and
molecular hydrogen atmosphere model contains the most hydrogen possible to still be
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within 1 σ (χ2 = 11.5) of the measurements. The data are furthermore consistent with
a hydrogen-dominated atmosphere with optically thick clouds or hazes located above a
height of 200 mbar (not shown). We obtain similar results when comparing the models to
measurements obtained using smaller or larger channel sizes.
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