
    Table 1 

Adopted planetary characteristics of TRAPPIST-1 planets for climate simulations.



	Parameter
	Tb
	Tc
	Td
	Te
	Tf
	Tg
	Th
	Unit





	Rp
	1.09a
	1.06a
	0.77a
	0.92a
	1.05a
	1.13a
	0.75b
	R⊕



	Mp
	0.85a
	1.38a
	0.41a
	0.62a
	0.68a
	1.34a
	0.38 (arb.)
	M⊕



	gp
	7.07
	12.14
	6.75
	7.22
	6.11
	10.34
	6.6 (arb.)
	m s−2



	Semi-major axis
	0.011a
	0.015a
	0.021a
	0.028a
	0.037a
	0.045a
	0.060b
	au



	Sp
	4.25a
	2.27a
	1.143a
	0.662a
	0.382a
	0.258a
	0.165b
	S⊕



	Sp
	5806
	3101
	1561
	904
	522
	352
	225
	W m−2



	Spin-orbit resonance
				1:1
			


	Period
	1.51a
	2.42a
	4.05a
	6.10a
	9.21a
	12.35a
	18.76b
	Earth days



	Ωp
	4.82
	3.00
	1.80
	1.19
	0.790
	0.589
	0.388
	10−5 rad s−1



	Obliquity
				0
				°



	Eccentricity
				0
				





Notes. Most of the values derive from Gillon et al. (2017)(a) and Luger et al. (2017)(b). Note that mass estimates are all compatible (at less than 1σ) with the TTV analysis of Wang et al. (2017) that included both Spitzer (Gillon et al. 2017) and K2 (Luger et al. 2017) transits.





  
    
      Fig. 1 
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Eccentricity (top panels) and tidal heat flux (bottom panels) for the three inner planets of TRAPPIST-1 for different tidal dissipation factors (different colors): from 0.1 to ten times the Earth’s value (taken from Neron de Surgy & Laskar 1997). Stars indicate the mean values.


    

  
    
      Fig. 2 
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Same as Fig. 1 but for the four outer planets.


    

  
    Table 2 

Mean eccentricities and tidal heat fluxes for TRAPPIST-1 planets coming from dynamical simulations of the system, for different tidal dissipation factors: from 0.1 to ten times the Earth’s value (taken from Neron de Surgy & Laskar 1997).



	Parameter
	T1-b
	T1-c
	T1-d
	T1-e
	T1-f
	T1-g
	T1-h
	Unit





	σp = 0.1σ⊕



	




	ecc mean ( × 10−3)
	0.70
	0.50
	1.8
	2.5
	3.2
	1.5
	1.3
	


	Φtidmean
	0.73
	0.020
	5.3 × 10−3
	3.0 × 10−3
	<10−3
	<10−5
	<10−6
	W m−2



	




	σp = 1σ⊕



	




	ecc mean ( × 10−3)
	0.56
	0.37
	1.8
	2.3
	3.0
	1.4
	1.3
	


	Φtidmean
	4.0
	0.085
	0.040
	0.019
	2.0 × 10−3
	<10−4
	<10−5
	W m−2



	




	σp = 10σ⊕



	




	ecc mean ( × 10−3)
	0.56
	0.37
	1.7
	2.3
	3.0
	1.4
	1.2
	


	




	Φtidmean
	40.
	0.80
	0.34
	0.12
	0.020
	<10−3
	<10−4
	W m−2






  
    
      Fig. 3 
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Tidal heat flux map (in W m−2) as a function of semi-major axis (X axis) and eccentricity (Y axis) for planets with the Earth mass and radius. The dissipation efficiency is assumed to be one tenth of the Earth one to account for the dissipation in the mantle only. The tidal flux scales linearly with this parameter. This value can, however, easily change by orders of magnitude with the internal structure of each planet. This map should thus serve as a rough guide only.


    

  
    
      Fig. 5 
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Maps of surface temperatures (averaged over 50 Earth days) for TRAPPIST-1f, g and h, assuming initially cold, water ice covered frozen planets, endowed with a pure N2 atmosphere (with H2O as a variable gas) at three different surface pressure (10 millibars, 100 millibars, 1 bar). Blue colored label indicates the mininum temperature reached by the coldest point of the planet throughout the entire simulation. As a reminder, for partial pressures of 10 millibars (100 millibars and 1 bar), N2 is expected to collapse at 53 K (62 K and 79 K), CO at 56 K (66 K and 83 K), and O2 at 61 K (72 K and 87 K). The geothermal heat flux is not taken into account, but the coldest temperatures found in these cases a posteriori show that it can be neglected.


    

  
    
      Fig. 6 
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Maximum nightside thickness of various types of ice (N2, CO, O2, CH4 and CO2) – assumingthat it is limited by basal melting – as a function of the geothermal heat flux. It is assumed here that the entire atmosphere has collapsed at the cold points of the planet and that the surface temperature at the top of the glacier is controlled by the geothermal heat flux. As a reference, vertical dashed lines indicate the average surface tidal heat flux on TRAPPIST-1 planets derived from Table 2, for a tidal dissipation equal to that of the Earth. We also added (vertical solid gray line) the average geothermal heat flux on Earth, to give the reader a rough sense of the amplitude of the radiogenic heating on TRAPPIST-1 planets. These quantities can be numerically converted in term of global equivalent surface pressure when multiplied by a factor
[image: equation]. The thermodynamical and rheological properties of the ices were taken from https://encyclopedia.airliquide.com; http://webbook.nist.gov; Roder (1978); Schmitt et al. (1997); Fray & Schmitt (2009); Trowbridge et al. (2016), and Umurhan et al. (2017). Missing rheological data were mimicked on N2.


    

  
    
      Fig. 7 
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Climate regimes reached as a function of the partial pressures of N2 and CO2. For each set of (pN2, pCO2 ), it is indicated if the atmosphere is stable (red) or not (blue) to the atmospheric condensation/collapse of CO2. The black arrows indicate how planets that have an unstable atmosphere would evolve on this diagram. Temperatures (in green) correspond to the rough estimate of the temperature of the cold point, at the stable lower boundary (blue is up; red is down). Simulations were performed assuming a surface albedo of 0.2 (corresponding both to a water ice surface around TRAPPIST-1, or a rocky surface). Water vapor is not included in these simulations. On TRAPPIST-1e, the inclusion of water vapor might substantially increase the temperature of the cold points through transport of latent heat from substellar to anti-substellar regions, and through the greenhouse effect of water vapor. On colder planets, the effect should be marginal.


    

  
    
      Fig. 8 
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Maps of CO2 ice condensation(+)/sublimation(–) mean day rates (averaged over 50 Earth days) for TRAPPIST-1g and h. Wind vectors at 5 km are presented as black arrows (see the 50 m s−1 arrow for the normalization). The black line contour indicates the horizontal extent of the CO2 ice clouds (at the 1 g m−2 level). It is assumed here that the planets are endowed with a pure CO2 atmosphere and have with a surface that is entirely covered with CO2 ice. CO2 ice albedo is arbitrarily fixed at 0.5. We remind the reader that the radiative effect of CO2 ice clouds is not included here.


    

  
    
      Fig. 10 
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Mean surface temperatures of TRAPPIST-1 outer planets, assuming atmospheres made of N2 and CH4 only. Each simulation was performed with the 3D LMD generic global climate model, for 1 bar of N2, and various CH4 partial pressures (from 10 Pa to 10 bars). The four regions filled in colors show the range of surface temperatures reached by the four outer planets (red, yellow, green and blue for TRAPPIST-1e, f, g, and h, respectively). Solid, dashed, and dash-dotted lines depict the mean, maximum and minimum surface temperatures reached in the simulations, respectively. We note that the highest surface temperature for TRAPPIST-1f, g and h is almost always lower than 273 K (e.g., the melting point of water). The black line indicates the CH4 equilibrium vapor pressure. Dashed red lines show the equilibrium vapor temperature of ethane (C2 H6) for various partial pressures (10−2, 10−4; and 1 bar).The melting point of water is indicated by the black horizontal dashed line. As a reminder, equilibrium temperatures of TRAPPIST-1e, f, g, and h planets are (for a Titan-like bond albedo of 0.3) respectively 230, 198, 182, and 157 K.


    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
Four-year average surface temperature maps of TRAPPIST-1e endowed with atmospheres made of N2 and 376 ppm of CO2, and for various atmospheric pressures (10 mbar, 0.1 bar, 1 bar, 4 bars, and 10 bars). Solid line contours correspond to the delimitation between surface liquid water and sea water ice. The figure in the bottom right panel indicates in blue, black and red the minimum, mean, and maximum surface temperatures, respectively. We note that the planets were assumed to be initially cold (T = 210 K everywhere) and completely covered by water ice.
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