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            Abstract
Temperate Earth-sized exoplanets around late-M dwarfs offer a rare opportunity to explore under which conditions planets can develop hospitable climate conditions. The small stellar radius amplifies the atmospheric transit signature, making even compact secondary atmospheres dominated by N2 or CO2 amenable to characterization with existing instrumentation1. Yet, despite large planet search efforts2, detection of low-temperature Earth-sized planets around late-M dwarfs has remained rare and the TRAPPIST-1 system, a resonance chain of rocky planets with seemingly identical compositions, has not yet shown any evidence of volatiles in the system3. Here we report the discovery of a temperate Earth-sized planet orbiting the cool M6 dwarf LP 791-18. The newly discovered planet, LP 791-18d, has a radius of 1.03 ± 0.04 R⊕ and an equilibrium temperature of 300–400 K, with the permanent night side plausibly allowing for water condensation. LP 791-18d is part of a coplanar system4 and provides a so-far unique opportunity to investigate a temperate exo-Earth in a system with a sub-Neptune that retained its gas or volatile envelope. On the basis of observations of transit timing variations, we find a mass of 7.1 ± 0.7 M⊕ for the sub-Neptune LP 791-18c and a mass of \({0.9}_{-0.4}^{+0.5}{M}_{\oplus }\) for the exo-Earth LP 791-18d. The gravitational interaction with the sub-Neptune prevents the complete circularization of LP 791-18d’s orbit, resulting in continued tidal heating of LP 791-18d’s interior and probably strong volcanic activity at the surface5,6.
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                    Fig. 1: TESS and Spitzer light curves of LP 791-18.[image: ]


Fig. 2: TTVs of LP 791-18d.[image: ]


Fig. 3: Internal energy balance of LP 791-18d in the presence of tidal heating.[image: ]


Fig. 4: Temperature and radius of small transiting planets with measured masses amenable to transit spectroscopy.[image: ]
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                Data availability

              
              The Spitzer data used in this study are publicly available at the Spitzer Heritage Archive, https://sha.ipac.caltech.edu/applications/Spitzer/SHA. The ground-based telescope observations are uploaded to ExoFOP and are publicly available. Source data are provided with this paper.

            

Code availability

              
              We fit the light-curve data using the open-source tools emcee and batman, available at https://github.com/dfm/emcee and https://github.com/lkreidberg/batman. The TTVs are modelled using the open-source tool TTVFast, available at https://github.com/kdeck/TTVFast, and are also fit using emcee. We obtain the constraints on planet compositions using the open-source tool smint, available at https://github.com/cpiaulet/smint. The tidal heating energy balance calculations are performed with the open-source tool melt, available at https://github.com/cpiaulet/melt.
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Extended data figures and tables

Extended Data Fig. 1 All 72 transit observations of LP 791-18c (left) and LP 791-18d (right) lined up to their fitted mid-transit times.
Circles indicate the detrended normalized flux measurements from TESS (black), Spitzer (red), LCOGT (green), EDEN (brown), MuSCAT/MuSCAT2 (dark blue), TRAPPIST telescope (purple), MEarth (yellow), ExTrA (pink), and SPECULOOS (grey), compared to the best-fitting transit models based on the transit times from the TTV analysis (solid black curve). Vertical lines indicate the 68% uncertainties. Multiple transits from a given telescope or telescope network are directly overplotted, while observations from the different telescopes are vertical offset and in different colors for clarity (Extended Data Tables 1–2).


Extended Data Fig. 2 Transit timing variations of the Earth-sized planet LP 791-18 (top panel) and the sub-Neptune LP 791-18c (bottom panel).
Colored data points indicate the 72 transit timing measurements obtained with TESS (black), Spitzer (red), LCOGT (green), MEarth (yellow), TRAPPIST telescope (purple), EDEN (brown), ExTrA (pink), SPECULOOS (grey), MuSCAT/MuSCAT2 (dark blue), compared to the best-fitting TTVFast model (blue curve). The vertical axis represents the deviation from the best fitting linear ephemeris and the horizontal axis the Barycentric Julian Date (BJD) of the observation. Dark and light shaded regions illustrate the posterior population of models in the MCMC fit corresponding to 68% and 95% confidence, respectively.


Extended Data Fig. 3 Damping of free eccentricity in the LP 791-18d system.
a,b, Long-term integration for a three-planet system with the observed orbital periods of LP 791-18b, c, and d and initially starting with relatively high free eccentricities (0.02–0.05). The free eccentricities are rapidly damped over a 100,000-year timescale. However, a significant non-zero forced eccentricity circulating between approximately 0.0013 and 0.0025 is preserved for LP 791-18d. The particular simulation shown assumes a tidal quality factor Qp=100 for all three planets, but even Qp=1000 will result in a qualitatively similar evolution (see Methods).


Extended Data Fig. 4 Dynamical stability analysis of the LP 791-18 system.
a,b, Long-term integration for the observed LP 791-18 system, showing that the system is stable. c,d, Integration of the LP 791-18 system with an additional hypothetical 1 M⊕ planet at 0.015 AU. The system remains long term stable with this hypothetical planet. e,f, Integration of LP 791-18 system with an additional hypothetical 1 M⊕ planet at 0.035 AU. The system remains long term stable with this hypothetical planet. g,h, Integration of LP 791-18 system with an additional hypothetical 1 M⊕ planet between planet d and c. The system with this hypothetical planet quickly becomes unstable.


Extended Data Fig. 5 Mass-radius diagram of small exoplanets.
LP 791-18c and d (bold stars) are shown in comparison to other known small planets with measured masses and radii (circles). Horizontal and vertical error bars represent the 68% confidence intervals of the mass and radius measurements for each planet, and the color indicates the planet’s stellar insolation. Mass and radius measurements of LP 791-18c and d are reported in this work, while all other measurements are taken from the Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu). Modeled mass-radius curves are shown for a pure iron composition, an Earth-like composition91, a pure rocky composition, an Earth-like core with 10% and 50% of the planet’s mass composed of a water envelope at Teq=400K10 (dashed blue curves), as well as an Earth-like core with 0.01%, 0.5%, 1%, 2% and 5% of the planet’s mass in a H2/He envelope9 (dashed green curves). A best match to the mass and radius of LP 791-18c is obtained for Earth-like core with approximately 2% of the planet’s mass in a H2 envelope or, alternatively, approximately 50% of the planet’s mass in water. LP 791-18d’s composition is consistent with a rocky, potentially Earth-like composition. The TRAPPIST-1 planets and K2-18b are labeled for comparison to LP 791-18d and LP 791-18c, respectively.


Extended Data Fig. 6 Mass-loss timescale ratio between LP 791-18c and LP 791-18d under a, the model of photoevaporation16 and b, the model of core-powered mass loss16.
Black curves indicate the posterior probability distributions of the mass-loss timescales ratio tloss,c/tloss,d based on simplified scaling laws12,16, accounting for the observational uncertainties on planet bulk and orbital parameters. The mass-loss timescale of the sub-Neptune LP 791-18c is greater than the mass-loss timescale of the Earth-sized LP 791-18d for all planet masses, radii, and semi-major axes consistent with our observations, indicating that the planet pair is consistent with both the model of photoevaporation and the model of core-powered mass loss.


Extended Data Table 1 Transit observations of LP 791-18 cFull size table


Extended Data Table 2 Transit observations of LP 791-18 dFull size table


Extended Data Table 3 Stellar parameters of LP 791-18Full size table


Extended Data Table 4 Planet parametersFull size table





Source data
Source Data Extended Data Table 1

Source Data Extended Data Table 2
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