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            Abstract
Extrasolar planets that pass in front of their host star (transit) cause a temporary decrease in the apparent brightness of the star, providing a direct measure of the planetâ€™s size and orbital period. In some systems with multiple transiting planets, the times of the transits are measurably affected by the gravitational interactions between neighbouring planets1,2. In favourable cases, the departures from Keplerian orbits (that is, unaffected by gravitational effects) implied by the observed transit times permit the planetary masses to be measured, which is key to determining their bulk densities3. Characterizing rocky planets is particularly difficult, because they are generally smaller and less massive than gaseous planets. Therefore, few exoplanets near the size of Earth have had their masses measured. Here we report the sizes and masses of three planets orbiting Kepler-138, a star much fainter and cooler than the Sun. We determine that the mass of the Mars-sized inner planet, Kepler-138 b, is [image: ] Earth masses. Its density is [image: ] grams per cubic centimetre. The middle and outer planets are both slightly larger than Earth. The middle planetâ€™s density ([image: ] grams per cubic centimetre) is similar to that of Earth, and the outer planet is less than half as dense at [image: ] grams per cubic centimetre, implying that it contains a greater portion of low-density components such as water and hydrogen.
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                    Figure 1: Transit timing variations of the three planets orbiting Kepler-138.[image: ]


Figure 2: Massâ€“radius diagram of well characterized planets smaller than 2.1 Earth radii, RâŠ•.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Folded light curves with corrections for observed TTV for Kepler-138.
The scattered points are photometric relative fluxes and the curves are analytical models of the transit shape described in the text. a, Kepler-138 b; b, Kepler-138 c; c, Kepler-138 d.


Extended Data Figure 2 Stellar mass and radius models using constraints on the stellar mean density inferred from the light curve.
In cyan are models that adopted a uniform prior in eccentricity, and in magenta are constraints found with orbital eccentricities fixed at zero. Grey points with error bars mark stellar parameters found in the literature while the black error bars mark our adopted solution for stellar mass and radius.


Extended Data Figure 3 The distribution of residual normalized deviations from our best fit dynamical model to the raw transit times.
The histogram marks deviations calculated as: (O âˆ’ S)/ÏƒTT, where O is the observed transit time, S is the simulated transit time and ÏƒTT is the measurement uncertainty. The green curve marks a Gaussian distribution.


Extended Data Figure 4 Posterior distributions for TTV model parameters.
Data are shown for our nominal model. a, The planet-to-star mass ratio (Mp/Mâ˜…) for Kepler-138 b; b, Mp/Mâ˜… for Kepler-138 c; c, Mp/Mâ˜… for Kepler-138 d. d, ecosÏ‰ for Kepler-138 b; e, ecosÏ‰ for Kepler-138 c; f, ecosÏ‰ for Kepler-138 d. g, esinÏ‰ for Kepler-138 b; h, esinÏ‰ for Kepler-138 c; i, esinÏ‰ for Kepler-138 d. The relative frequency for each histogram is scaled to the mode. Mass ratios are scaled to the MâŠ™/MâŠ• mass ratio.


Extended Data Figure 5 Joint posteriors of model parameters and the effects of eccentricity priors.
The dark (light) grey marks the 68.3% (95.4%) credible intervals for each joint posterior. aâ€“c, Mp/Mâ˜… and eccentricity vector components for the inner and middle planets. dâ€“f, Mp/Mâ˜… and eccentricity vector components for the middle and outer planets. Panels g, h and i compare Kepler-138 bâ€™s Mp/Mâ˜… and its orbital eccentricity, for three eccentricity priors: a uniform prior on eccentricity (g), and models with a Rayleigh distribution of scale factor 0.1 (h), and 0.02 (i).


Extended Data Figure 6 Posterior distributions for mass ratios and relative eccentricities between planets.
The mass ratio of the inner and middle planets is shown in a, and relative eccentricity vector componentsâ€”that is, the difference in ecosÏ‰ (esinÏ‰) in the inner pairâ€”are shown in b (c). The mass ratio of the middle and outer planets are plotted in d, and the relative eccentricity vector componentsâ€”that is, the difference in ecosÏ‰ (esinÏ‰) in the outer pairâ€”are shown in e (f).


Extended Data Figure 7 Sensitivity tests for the effects of eccentricity prior, outlying transit times and free inclinations on the mass of Kepler-138 b relative to the host star.
Panel a compares a uniform prior (black curve, our nominal posterior for all comparisons) and a Rayleigh distribution with scale factors 0.1 (navy) and 0.02 (cyan). Panel b compares posteriors with 3Ïƒ outliers excluded (black), with two alternatives: 4Ïƒ outliers (blue) and 2.5Ïƒ outliers removed (light green). Panel c compares our nominal model with one with a free ascending node for the inner (purple) or outer (red) planet.


Extended Data Figure 8 Validation of our method with synthetic data sets.
The green curve marks the posterior for a synthetic data set generated with the same parameters as were the medians of our nominal posteriors (in Table 1). The agreement between the green and black curves validates our method and our claim for a positive mass detection for Kepler-138 b. The magenta and purple shades are posteriors for models using data generated with zero mass for Kepler-138 b. These zero-mass synthetic models all reproduced non-detections.


Extended Data Table 1 Transit times of Kepler-138â€™s planetsFull size table


Extended Data Table 2 Confidence intervals from distributions found with differential evolution Markov Chain Monte Carlo TTV analysis.Full size table
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        Editorial Summary
Anatomy of a small exoplanet
Kepler-138, a red dwarf in the constellation of Lyra, hosts three validated transiting exoplanets, two that are similar in size to Earth and one that is Mars-sized. Daniel Jontof-Hutter et al. have calculated the masses and sizes of all three â€” one of them for the first time. Calculating the masses of small rocky planets is more difficult than for large gaseous planets. These authors obtained planetary masses using the effect of their mutual gravities, which causes transits to occur slightly earlier or later than in the absence of gravitational effects. The innermost, Mars-sized planet, Kepler 138 b, has a mass of about 0.066 times that of the Earth, and is the smallest exoplanet to have its density measured. The middle and outer planets, Kepler-138 c and Kepler-138 d, are both slightly larger than Earth.
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