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Terrestrial Planet Atmospheres are Connected to Their Interiors 

L. Schaefer; Stanford 

Volatiles like H, C, and N appear to be concentrated in the atmospheres and hydrospheres of terrestrial planets, 
but a surprising fraction of these elements can be found locked in different phases throughout the planet’s crust 
and interior. In the hydrosphere and crust, volatiles are found in liquid form, dissolved in solvents, and locked in 
low temperature minerals. Within the interior, these elements are found dissolved in solid and liquid silicate 
phases and may also be sequestered in metallic and sulfide phases in the planet’s core. Exchange of volatiles 
between these different reservoirs occurs throughout a planet’s evolution, from magma oceans during planet 
formation to deep volatile cycles throughout the planet’s geologic lifetime. Fluxes of volatiles into and out of the 
mantle play a key role in the stability of habitable conditions at the surface on geological timescales. In this talk, 
I will review atmosphere-interior volatile exchange on Earth, Venus, and Mars and applications to exoplanets. 

 
 
Degassing, Decarbonation, and Dehydration: Making Room for an Early Habitable Period in Venus’ 
Atmospheric Evolution 
A. Warren, E. Kite; University of Chicago 
 
Introduction:  
Venus today represents an uninhabitable terrestrial planet within the Solar System, with surface temperatures 
approaching 600K, no surface liquid water, and a thick, dry, CO2-dominated atmosphere. However, in recent 
years it has been suggested that early in its history, when the Sun was younger and dimmer, Venus might have 
had habitable conditions (e.g. Way et al., 2016; Kane et al., 2019; Way & Del Genio, 2020). Based on the models 
of Way & Del Genio (2020), early habitable climates on Venus likely required an atmosphere thinner than the 
present-day 93 bar atmosphere. A natural question resulting from this is where did the rest of Venus' 
atmosphere come from? The two possible major contributors to Venus' atmospheric CO2 are: 1) Volcanic 
degassing: Delivery of melt to Venus' crust and surface brings magmatic volatiles which are released into the 
atmosphere. 2) Metamorphic decarbonation: Any carbonates formed during the early habitable period are 
heated by a combination of burial and increasing surface temperatures until the point of thermal 
decomposition, releasing CO2 back into the atmosphere. 
In both cases, CO2 is not the only volatile introduced into the atmosphere. In volcanic degassing, unless Venus' 
mantle is desiccated/volatile depleted, water vapor, nitrogen, and sulphur species may degas during volcanic 
eruptions. In the case of metamorphic degassing, the formation of carbonates, and maintaining habitable 
conditions requires some amount of surface liquid water. In order to maintain surface liquid water, groundwater 
is necessary, otherwise, the surface water would simply infiltrate into the deep crust. Therefore, as 
temperatures on Venus rose due to the Sun's evolution and/or changes in atmospheric composition, at least the 
volume of water stored in the deep crust would have evaporated, entering Venus’ atmosphere. If Venus had an 
earlier, thinner atmosphere, sources of water to Venus' atmosphere during subsequent CO2 degassing are 
important because Venus' present-day atmosphere is very dry, with only 200-300 ppm water vapor (Johnson & 
Fegley, 2000). If water is added to Venus' atmosphere by degassing, evaporation of groundwater, or dehydration 
of hydrous minerals, it must since have been removed. Additionally, photodisocciation of water in Venus' upper 



atmosphere and preferential loss of the resulting H to space would have led to an accumulation of oxygen in 
Venus' atmosphere (Gillmann et al., 2020; Gillmann et al., 2016). This is not consistent with Venus’ observed 
atmospheric composition, so the combined loss rates of H and O over time can be used to constrain how much 
water could have been added to the Venus atmosphere since a potential early habitable period. 
Modelling Approach: 

 
Figure 1. Schematic illustration of the different processes determining the evolution of Venus' atmosphere since 
the end of a potential early habitable period. Each model begins at the end of the early habitable era, between 
0.1 and 3.8 Gyr after CAIs. Metamorphic decarbonation of any carbonates and evaporation of any groundwater 
are assumed to occur instantaneously, so the atmosphere begins with some initial CO2 and H2O inventory that is 
dependent upon the ratio of metamorphic to volcanic CO2 degassing, and the crustal heatflow during the early 
habitable period, both of which are left as free parameters. Subsequent volcanic degassing depends on the 
concentrations of CO2 and H2O in melts erupted on Venus. Chemical analyses of the surface at the Venera 14 
and VEGA 2 landing sites are consistent with tholeiitic basalts, so we consider a range of melt volatile 
concentrations based on those observed in terrestrial mid ocean ridge basalts (MORBs). We use the open-source 
degassing Python program VolcGasses (Wogan et al., 2020) to calculate the atmospheric pressure dependent 
H2O and CO2 solubility in basaltic melt as atmospheric pressure evolves throughout the model. This program 
closely reproduces the degassing trends in a more complex C-O-H-S-N system, with degassing at pressures up to 
around 10 bar dominated by water vapor, and degassing at higher pressures dominated by CO2 (Gaillard & 
Scaillet, 2014). Present day eruption rates on Venus are estimated to be 0.1-0.2 km3 yr-1, but the eruption 
history of Venus is unknown. We assume that the eruption rate has decreased exponentially since the end of the 
early habitable era, and leave the e-folding timescale of the eruption rate as a free parameter, keeping only the 
total erupted mass of CO2 constant. 
For volatile loss from Venus’ atmosphere, we assume that all H2O is photodissociated by UV photons, and that 
the resulting H undergoes hydrodynamic escape. At high H2O mixing ratios, this escape is limited by incoming 
solar XUV radiation, which varies over time (Ribas et al., 2005). At lower H2O mixing ratios, the escape is limited 



by the ability of H to diffuse through the surrounding mixture of heavier atmospheric species (Tian, 2015). 
Oxygen is lost from the atmosphere by early hydrodynamic escape, and on-going non-thermal escape through 
processes such as photochemical reactions, sputtering, and plasma instabilities. Modelling these processes 
explicitly is beyond the scope of our model, so we implement the loss rates of oxygen as a function of time 
calculated by Gillmann et al. (2020). Oxygen can also be lost through oxidation of volcanic products. Hematite is 
stable under present-day Venus conditions, and experimental studies suggest that exposed basaltic olivine and 
glasses should oxidise under present-day Venus conditions within weeks to months (e.g. Cutler et al., 2020; 
Berger et al., 2019). However, diffusion in basalt is slow, so oxidation of lava flows may only be in a thin surface 
rind, but explosive basaltic volcanism on Earth produces fine-grained ash and scoria which could fully oxidize 
more quickly. We use volumes of degassed CO2 and H2O at each timestep to calculate whether the gas:magma 
ratio exceeds 3:1, which is a potential predictor of whether explosive volcanism can occur (Sparks, 1978). When 
the gas:magma ratio exceeds 3:1, we assume complete oxidation of the basaltic volcanic products. 
Preliminary Results: 

 
Figure 2. Atmospheric pressure evolution for CO2 H2O, and O2 for pure volcanic degassing with melt H2O 
concentrations of a) 0.2 wt% and b) 1 wt%. 
In the end-member case where all the CO2 in Venus' present-day atmosphere is volcanically derived, only 
atmospheres resulting from low melt H2O concentrations (below 0.5 wt%) are able to lose all of their oxygen. 
High water concentrations lead to rapid accumulation of a thick, water vapor-rich atmosphere. As H is lost to 
space, more O accumulates in the atmosphere than can be lost to space or oxidized, even by explosive volcanic 
products such as ash. In the end-member case where all the CO2 is from metamorphic degassing, the early 
habitable era must end before 0.2 Gyr after CAIs. This is because evaporation of groundwater adds of order 102 
m global equivalent layer (GEL) of H2O to the atmosphere, which requires the high O and H loss rates early in 
Venus' history to get rid of by 4.5 Gyr after CAIs. 
Further work & Implications: 
There are many unknowns in Venus' atmospheric history, including the ratio of metamorphic:volcanic 
atmospheric CO2, the intrusive:extrusive ratio of volcanism on Venus, and the end time of any potential early 
habitable period. We will take a probabilistic approach to find the combination(s) of parameters most consistent 
with an early habitable period on Venus while still meeting present-day constraints on atmospheric O2 and H2O. 
Constraining the likelihood of this early habitable period may be useful for determining whether young exo-
Venuses are good potential targets in the search for habitable worlds beyond our Solar System. 
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A New Method to Measure the Chemical Compositions of Extrasolar Planets 
S. Xu; Gemini Observatory/NSF's NOIRLab 
 
The chemical composition of an extrasolar planet is a fundamental property with few observational constraints. 
Spectroscopic observations of polluted white dwarfs have proven to be a successful pathway to measure the 
compositions of disrupted planetesimals, but this approach has its own limitations. Here, we present results 
from a new method to measure the compositions of extrasolar planets by modeling the gas debris around 
polluted white dwarfs. These disks are fresh extrasolar planetary material in a transient stage, right after tidal 
disruption and before being completely accreted onto the white dwarf. Recent increases in the sample size of 
white dwarf debris disks combined with timely advancement in disk modeling efforts have made this new 
exploration feasible. 
 
 
Identifying Biosignatures Depends on the Whole Planetary Context 
Joshua Krissansen-Totton; University of California, Santa Cruz 
  
Life is a thermodynamically open system that contains the instructions for its own self-replication (Schrödinger, 
1944, “What is Life?”). How might we search for other instances of this controlled thermodynamic process 
beyond Earth? Within the solar system, it may be possible to identify such dissipative systems directly and 
unambiguously. However, for distant exoplanets, the unequivocal thermodynamic structures and Darwinian 
processes that characterize life are probably not accessible to us. Instead, it will be necessary to infer the 
presence of a biosphere via its impact on the observable planetary environment. Assessing exoplanet 
biosignatures is therefore inextricably linked to understanding the whole planetary context. Specifically, 
inferring the presence of life will require an appreciation of both the ways in which universal evolutionary 
imperatives drive adaptation and environmental modification, and a thorough understanding of the 
astrophysical, geochemical, and geophysical processes that control planetary evolution on lifeless worlds. Here, 
we explore the ways in which understanding planetary context is critical to interpreting all ostensible 



biosignatures. The focus will be on well-known gaseous biosignatures such as molecular oxygen and methane, 
but a similar framework can be applied to alternative and agnostic biosignatures, as well as to surface or 
temporal biosignatures. Ultimately, a probabilistic approach will be necessary to draw conclusions with limited 
data and an incomplete understanding of planetary processes. However, there are reasons to be optimistic. Life 
on Earth has massively modified its planetary environment in ways that were likely observable across interstellar 
distances for most of Earth history. If life is common in the universe, then identifying the biological modification 
of planetary atmospheres with high confidence may be feasible with next-generation telescopes. 
 
 
Biosignature Gas Pairs: Detectability and Implications for Future Observing Strategies 
J. Crouse1,2, S. Bastelberger1,3, G. N. Arney1, S. Domagal-Goldman1, Virtual Planetary Laboratory (VPL), Sellers 
Exoplanet Environments Collaboration (SEEC);  
1 Planetary Systems Laboratory (693), NASA Goddard Space Flight Center, Greenbelt, MD,  
2 CRESST II SURA, Greenbelt, MD,  
3 University of Maryland College Park, Greenbelt, MD. 
 
In this study, we explore a critical next step for understanding the detectability of life on nearby exoplanets: the 
detectability of disequilibrium biosignature gas pairings O2+CH4 and CH4+CO2. We do this for the different 
inhabited Eons of Earth history: Phanerozoic, Proterozoic, and Archean, and study each for a variety of stellar 
types. These gas pairings can suggest the presence of life on a planet because when simultaneously detected, 
they indicate gas production rates too rapid to be plausibly explained by abiotic processes. Previous analyses 
(Arney 2019; Segura et al. 2005) suggest that the O2+CH4 gas pair may be more detectable around M- and K-type 
stars than G-type stars such as the Sun. This increased detectability is due to changes in photochemistry, driven 
by differences in the UV fluxes from the respective star types. Our updated analysis will establish the parameter 
space in which biological fluxes of O2+CH4 and CH4+CO2 are detectable for planets orbiting FGKM stars to 
evaluate which star-planet pairings offer the best outlook for increasing confidence in future exoplanet 
interpretations. This includes specific considerations for ruling out biosignature false-positives. We use a 1D 
atmospheric model to calculate self-consistent gas concentrations and temperature profiles, for a range of 
abiotic and biotic flux rates. This will help determine what gas pairs will be good candidates for biosignatures on 
exoplanets analogous to Earth. Preliminary results are in hand for the O2+CH4 atmospheres and are consistent 
previous results (Arney 2019; Segura et al. 2005). These initial findings suggest F, K, and M-type stars all exhibit 
higher CH4 concentrations when compared to G-type stars, with M-dwarfs exhibiting the highest amount of CH4 
overall. For the K-dwarf (Arney 2019) and M-dwarf (Segura et al. 2005), this is because they photolyze ozone less 
readily than a G-type star (like the Sun) would. This creates a planetary environment in which fewer methane-
destroying oxygen radicals are created, thereby allowing methane to build up without being rapidly destroyed as 
quickly. Thus, the O2+CH4 disequilibrium pair may be more readily detectable around these other types of stars. 
Planetary atmospheres simulated around F- and K-type stars exhibit similar trends to what we expect to see for 
G-type stars for methane concentrations in a Modern Earth setting. The F-type star case also shows slightly 
higher CH4 concentrations than the G-type star case. Our preliminary hypothesis is that the F-type star generates 
sufficient O3 to shield lower-atmospheric CH4 and H2O from photolysis, thereby slowing CH4 destruction rates 
and increasing CH4 concentrations. Simulations for a planet orbiting an M-type star suggest that, for a given CH4 

flux, CH4 concentration increases with increasing O2 concentration. We believe this is due to the same shielding 
hypothesized for the F-type star. For the K star scenario, our preliminary analysis used a K2.5V star; once our 
analysis is complete for a later K dwarf (K6V) we anticipate seeing more atmospheric CH4 for that star. These 
simulations will establish a statistical population to create quantitative parameters for the detectability of 
disequilibrium biosignature pairs. Comparisons will be drawn on previous analyses of disequilibrium 
biosignature pairs (e.g. Arney 2019; Krissansen-Totton et al. 2018). The results of the simulations, in addition to 
being useful for biosignature/false-positive discrimination, are also useful for "decision trees" for future 



telescope mission concepts. The goal of such decision trees is to conduct as few “observations” as possible, to 
sort observed planets into three categories: (1) inhabited worlds, (2) worlds without global surface biospheres, 
and (3) ambiguous cases. This study represents the next step forward in understanding the probability of 
detecting the presence of life on nearby exoplanets from remote observations. 
 
 
Prospects for Life on Sub Neptune-Sized Exoplanets 
S. Seager1, J. Petkowski1, M. Guenther1, W. Bains1, T. Evans1, D. Deming2;  
1 Massachusetts Institute of Technology, Cambridge, MA,  
2 University of Maryland, College Park, MD 
 
The search for atmospheric biosignature gases as signs of life on exoplanets is gaining momentum. So far, 
however, there are only a handful of rocky exoplanets suitable for atmosphere study with next-generation 
telescopes. To broaden prospects, we describe the possibilities for life on sub Neptune-sized temperate 
exoplanets (those receiving Earth-like irradiation from their host stars). Sub Neptune exoplanets are both 
common and favorable for discovery and observational characterization. Compared to their super-Earth 
counterparts they have larger radii and their lower atmospheric mean molecular mass means their atmospheres 
are more extensive. Yet, sub Neptunes with extensive atmospheres or gas envelopes lack any solid surface as we 
know it. This has motivated us to evaluate the possibility of an aerial biosphere. We also consider temperate sub 
Neptunes with cold enough interiors to have a liquid water ocean beneath the atmosphere and atop layers of 
supercritical water and high-pressure solid ice. We describe prospects for life and signs of life on sub Neptune 
exoplanets, life both in the clouds and in a water ocean. 
 
 
Observing Planets at Interstellar Distances is Not the Same as Observing Them From a Few AU or Less 
B. Scott Gaudi; Ohio State University 
  
Due to their diminutive physical properties, particularly with respect to their host stars, and the large distances 
from the earth for even the closest systems, it is not possible to obtain the  detailed level of information about 
exoplanets that is possible for bodies in the solar system.  Nevertheless, it is possible to determine a (perhaps 
surprisingly) large amount of information about exoplanets and exoplanetary systems.  Furthermore, because of 
the large diversity in their properties, it is possible to determine the global context of planet formation, 
evolution, properties, and habitability by studying exoplanetary systems, something that is not possible from 
studying the single example of our solar system.  This is particularly important as it is becoming increasingly clear 
that our solar system is an atypical planetary system. I will review the techniques and tools at our disposal for 
detecting and characterizing exoplanets, including tools that have yet to be fully developed or utilized, but are 
expected to be available in the near future.  Studies of the solar system bodies and exoplanetary systems are 
complementary, and a comprehensive understanding of habitability will require coordination and 
communication between both disciplines.  
 
 
The Feasibility of Detecting Biosignatures in the TRAPPIST-1 Planetary System with JWST 
V. Meadows1, A. Lincowski2, J. Lustig-Yaeger3, D. Crisp4;  
1 Astronomy, University of Washington, Seattle, Seattle, WA,  
2 University of Washington, Seattle, WA,  
3 Johns Hopkins University - Applied Physics Laboratory, Laurel, MD,  
4 Caltech/Jet Propulsion Laboratory, Pasadena, CA 



 
The James Webb Space Telescope (JWST) will likely provide the first opportunity to detect gases in the the 
atmospheres of M dwarf terrestrial planets. Due to the nature of the host star's UV spectrum, biosignature gases 
may build-up in the atmosphere of M dwarfs to higher abundances than for planets orbiting G dwarfs. However, 
whether JWST will have the sensitivity to detect and interpret atmospheric biosignatures remains an open 
question. Here we use coupled 1-D climate-photochemical models with the TRAPPIST-1 stellar spectrum as input 
to generate a suite of synthetic inhabited planetary environments for TRAPPIST-1 d and e, which are within the 
star's optimistic habitable zone and favorable targets for atmospheric characterization with transmission 
spectroscopy. We simulate Archean-Earth-like environments with either a dominant sulfur- or methane-
producing biosphere for clear, cloudy and hazy cases, as well as modern Earth-like environments with 
photosynthetic oxygen-producing biospheres for clear and cloudy cases. We generate transmission spectra of 
these environments, and use instrument simulators to assess the likely detectability of different biosignatures 
with JWST. Our simulations for TRAPPIST-1 d went into runaway and became uninhabitable. For TRAPPIST-1 e, 
we find that CH4 and CO2 disequilibrium pair may be robustly detectable in ~14 transits for both the 
methanogen-dominated Archean-like and modern Earth environments that we considered. Biosignatures for the 
early Earth sulfur biosphere, such as ethane and dimethyl sulfide, produce relatively strong features in our mid-
infrared transmission spectra, but the anticipated sensitivity of JWST in this wavelength range is not sufficient to 
detect these species in a reasonable number of transits. For oxygenic photosynthetic biospheres, biogenically-
generated O2 and its photosynthetic byproduct O3 are likely extremely difficult to detect, even after coaddition 
of all available transits in the nominal JWST mission lifetime. We explored the viability of CH3Cl as an alternative 
indicator for a photosynthetic biosphere, although global surface fluxes orders of magnitude higher than Earth-
like would be needed to detect it. Given the apparent challenge to observing an oxygenic photosynthetic 
biosphere in transmission, we conclude that the combination of CO2 in the presence of methanogenically-
generated CH4 previously proposed for the Archean, may still serve as the most detectable biosignature for a 
modern Earth-like planet. The CO2/CH4 disequilibrium biosignature therefore has the potential to reveal the 
presence of a methanogenic biosphere even in the presence of oxygenic photosynthesis, providing a relatively 
detectable biosignature that may persist over long geological timespans. 
 
 
Bioverse: A Simulation Framework to Assess the Statistical Power of Future Biosignature Surveys 
A. Bixel1, D. Apai1,2;  
1 Steward Observatory, University of Arizona, Tucson, AZ,  
2 Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 
 
Next-generation space observatories will conduct the first systematic search for life beyond the Solar System. 
Through statistical analyses of a large enough sample of exoplanets, such surveys could answer questions about 
what makes planets habitable and how terrestrial planets evolve. We describe our code, Bioverse, which 
assesses the potential of future exoplanet observatories to test specific statistical hypotheses as a function of 
their design, survey strategy, and statistical sources of noise. In two examples of its usage, we explore the 
requirements for conceptual next-generation observatories to (i) test the habitable zone concept and (ii) study 
the oxygen evolution of inhabited planets. Our analysis factors in realistic simulations of direct imaging and 
transit spectra (including the effects of cloud cover) and considers a range of values for yet-unknown 
astrophysical parameters (such as the frequency of habitable and inhabited worlds). These results - representing 
two of the many potential cases which Bioverse can address - will help to maximize the scientific output of 
future flagship missions 



 
Figure 1. A dataset from a simulated Bioverse direct imaging survey of terrestrial planets, indicating which 
planets possess atmospheric H2O as a function of distance from their host stars (aeff normalized by stellar 
luminosity). Such planets appear to be more common within a finite range of distances (gray), suggesting the 
existence of a habitable zone with a higher abundance of ocean worlds. Using Bioverse, we determine the 
statistical significance of this result as a function of observatory design and astrophysical parameters. Adapted 
from Bixel & Apai (under review). 
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Eruptive events in active stars: Lessons from numerical simulations 
J. Alvarado Gomez1, J. J. Drake2, F. Fraschetti3, O. Cohen4, K. Poppenhaeger1, C. Garraffo5, S. Moschou6, C. 
Vocks7, R. Yadav8, W. Manchester9;  
1 Stellar Physics and Exoplanets, Leibniz Institute for Astrophysics Potsdam (AIP), Potsdam, GERMANY,  
2 Smithsonian Astrophysical Observatory, Cambridge, MA,  
3 University of Arizona, Tucson, AZ,  
4 University of Massachusetts at Lowell, Lowell, MA,  
5 Institute for Applied Computational Science, Harvard University, Cambridge, MA,  
6 Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA,  
7 Leibniz Institute for Astrophysics Potsdam (AIP), Potsdam, GERMANY,  
8 Harvard University, Cambridge, MA,  
9 University of Michigan, Ann Arbor, MI 
 
Flares and coronal mass ejections (CMEs) are more energetic than any other class of solar phenomena. These 
events involve the rapid release of up to 1033 erg of magnetic energy in the form of particle acceleration, 
heating, radiation, and bulk plasma motion. Displaying much larger energies, their stellar counterparts are 
expected to play a fundamental role in shaping the evolution of activity and rotation, as well as the 
environmental conditions around low-mass stars. While flares are now routinely detected in multi-wavelength 
observations across all spectral types and ages, direct evidence for stellar CMEs is almost non-existent. In this 
context, numerical simulations provide a valuable pathway to shed some light on the eruptive behavior in the 
stellar regime. In this talk, I will review recent results obtained from realistic modeling of CMEs in active stars. 
Emphasis will be given to M dwarfs, focusing on possible observable coronal signatures of these events using 
next-generation X-ray missions. Furthermore, an explanation for the lack of Type II radio bursts from CMEs in 
active M dwarfs despite their frequent flaring will be discussed. Finally, the implications and relevance of these 
numerical results will be considered in the context of future characterization of host star-exoplanet systems. 
 
 
On the Effects of M-Dwarf UV Variability on Detecting and Interpreting Biosignatures 
C. Davis1, V. Meadows2, A. Lincowski2, E. Shkolnik3, S. Peacock4, T. Barman3;  
1 Department of Astronomy, University of Washington, Seattle, WA,  
2 University of Washington, Seattle, WA,  
3 Arizona State University, Tempe, AZ,  
4 Goddard Space Flight Center, Greenbelt, MD 
 
In the coming decades, telescopes like JWST, LUVOIR, HabEx, and the ground-based extremely large telescopes 
will be capable of capturing spectra of transiting and non-transiting exoplanets. M-dwarf stars, arguably the best 
candidates for detecting resident terrestrial exoplanets, exhibit substantially different ultraviolet activity 
compared to stars like our Sun. These differences occur in multiple dimensions including spectral class, stellar 
age, flare activity, broadband UV flux, and the Lyman Alpha emission line. We use a suite of photochemical, 
climate, and stellar models along with two atmospheric archetypes, the Pre-Industrial and Archean Earths, to 
analyze how differences in UV radiation impact these atmospheres, the spectra they produce, and the presence 
or absence of biosignatures (and false positives) in those spectra. We find that some dimensions of this UV 



space have little impact on the chemistry of our atmospheres below 60km. However, two of the most promising 
biosignature gases, methane (CH4) and ozone (O3), can exhibit order-of-magnitude changes in abundance and 
potentially significant changes in transit and reflectance spectra when orbiting stars of varying spectral classes, 
ages, and UV broadband flux levels. Most notably, in our stellar age tests with the Archean Earth orbiting an 
early type M-dwarf, ozone’s abundance and spectral signatures rival those seen in the Pre-Industrial Earth. The 
ozone in our tests, which is primarily a product of carbon dioxide (CO2) photolysis, mimics the ozone that is a 
byproduct of oxygenic photosynthesis, and constitutes a false positive biosignature. Therefore, an 
understanding of a host star’s age, activity levels, and spectral class is critical for the interpretation of 
ozone/methane biosignature. 
 
 
Constraints on Post-Superflare Exo-Auroral Emission with SOAR and the Evryscope Fast Transient Engine 
A. Glazier, N. Law, H. Corbett, W. Howard, A. Vasquez Soto, R. Gonzalez, N. Galliher, J. Ratzloff; Department of 
Physics and Astronomy, The University of North Carolina at Chapel Hill, Chapel Hill, NC 
 
Many habitable-zone rocky planets are hosted by M-dwarf stars, which are known for their small sizes, tepid 
temperatures, and frequent flaring. An Earthlike planet impacted by a superflare--a flare with energy of 1033 erg 
or greater--could expect a combination of high-energy photon and particle flux sufficient to destroy atmospheric 
ozone in extreme cases. A superflare's effect on an Earthlike atmosphere can also include auroral excitation, 
making possible the direct detection of the planet's atmosphere. Prior work has demonstrated that Earthlike 
atmospheres can produce excess emission in M-dwarf spectra, with the star/planet contrast ratio increasing by 
orders of magnitude in the green 5577-Å auroral line as well as others in the ultraviolet, to levels potentially 
detectable by future surveys. The key to placing limits on auroral emission from impacted planets is real-time 
spectroscopic observation, which requires identifying superflares in their early stages. The Evryscopes are 
gigapixel-scale telescope arrays at Mount Laguna Observatory and Cerro-Tololo Inter-American Observatory; 
coupled with the Evryscope Fast Transient Engine (EFTE), which scans Evryscope images in real time for transient 
phenomena, the systems have the unprecedented ability to identify superflares across the entire sky as they 
begin and flag them for immediate spectroscopic observation. With the Evryscopes' all-sky coverage, far more--
and far brighter--flares are observable than in surveys that focus on individual targets. Using the Goodman 
spectrograph on the 4.1-m SOAR telescope, we follow the spectroscopic evolution of M-dwarf superflares as 
they happen, and build a pathfinder survey to constrain upper limits on possible auroral emission from impacted 
planets. We present our survey and initial findings here. 
 
 
Diversity in Terrestrial Worlds: Analysis of Multi-Dimensional Factors that Shape their Evolution 
R. Estrela1, M. Swain1, C. Sotin1,3, A. Gupta4, A. Valio5, G. Roudier1, R. Zellem1;  
1 Jet Propulsion Laboratory, California Institute of Technology, PASADENA, CA,  
3 Université de Nantes, Nantes, FRANCE,  
4 University of california los angeles, Los Angeles, CA,  
5 Center for Radioastronomy and Astrophysics Mackenzie, Sao Paulo, BRAZIL 
 
The observational detection of a localized reduction in the small planet occurrence rate, sometimes termed a 
'gap', is an exciting discovery because of the implications for planet evolutionary history. We examined the 
trends of a real sample of observed small close-in planets in the three-dimensional radius-insolation-density 
space and found that the terrestrial planets divide into two distinct families based on insolation. The lower 
insolation family merges with terrestrial planets and small bodies in the solar system, suggesting a common 
formation mechanism. The higher insolation terrestrial planet family forms a bulk-density continuum with the 
sub-Neptunes, and is thus likely to be composed of remnant cores produced by photoevaporation. We 



investigate the transition between sub-Neptunes and super-Earths by applying envelope evolution models of the 
H/He envelope together with the mass-radius diagram and a photoevaporation model. Our analysis also shows 
that Sub-neptunes are found to have more massive cores, and lost on average 30% of their envelope, while 
super-Earths lost on average 100%, shrinking their radii significantly. 
 
 
Keeping M-Earths Habitable in the Face of Atmospheric Loss from a 1-D Atmosphere by Sequestering Water in 
the Mantle 
K. Moore1, N. B. Cowan2;  
1 Earth & Planetary Sciences, McGill University, Montreal, QC, CANADA,  
2 Physics and Earth & Planetary Sciences, McGill University, Montreal, QC, CANADA. 
 
M dwarfs are the most common stars in the Galaxy, and many are host to temperate Earth-like planets, which 
we refer to as "M-Earths". On Earth, planetary water is partitioned between surface and interior reservoirs -- the 
oceans and mantle, respectively. Water is exchanged between reservoirs on geological timescales through plate-
tectonics-driven regassing from surface to mantle by subduction of hydrated oceanic crust, and degassing from 
mantle to surface by mid-ocean ridge volcanism. However, water on the surface of M-Earths is susceptible to be 
lost to space due to the substantial XUV irradiation from their host M dwarfs, which is most significant early in 
the system's lifetime. The XUV radiation can photodissociate water molecules high in the atmosphere and drive 
substantial loss to space, critically impacting the planetary climate and potentially leading to a desiccated 
surface absent of oceans. We couple a model of the terrestrial deep-water cycle with a 1-D atmosphere to 
calculate the loss rate of water to space, and to determine surface water content over time. The results of this 
new model complement our previous model -- in which we found that water sequestered within an M-Earth's 
mantle can be degassed to rehydrate a desiccated surface when loss to space is parameterized as a decreasing 
exponential -- and compare our new model results. Since our previous model was a simple two-box model with 
water being lost directly from the surface, we expect that our new model -- in which water is now present 
throughout the vertical 1-D atmosphere and can be lost above the exobase -- should limit the total water lost to 
space, and be less likely to lead to complete surface desiccation. 
 
 
Observational Evidence of the Compositional Link Between Rocky Planets and their Hosts 
V. Adibekyan; Instituto de Astrofísica E Ciências do Espaço (IA), Porto, PORTUGAL. 
 
Because of their common origin, it is expected (or assumed) that the composition of planet building blocks 
should (to a first order) correlate with stellar atmospheric composition, especially for refractory elements. In 
fact, information on the relative abundance of refractory and major rock-forming elements such as Fe, Mg, Si 
are commonly used to improve interior estimates for terrestrial planets (e.g. Dorn et al. 2015; Unterborn et al. 
2016) and has even been used to estimate planet composition in different galactic populations (Santos et al. 
2017). However, there is no direct observational evidence for the aforementioned expectation/assumption and 
was even recently questioned by Plotnykov & Valencia (2020). By using the largest possible sample of precisely 
characterized low-mass planets and their host stars, we show that the composition of the planet building blocks 
indeed correlates with the properties of the rocky planets. We also find that on average the iron-mass fraction 
of planets is higher than that of the primordial values, owing to the disk-chemistry and planet formation 
processes. This result can bring important implications for the future modelling of exoplanet composition. 
 
 
 



Combining Stellar Abundances and the Biogeosciences to Take a Critical Step Toward Detecting Life on 
Exoplanets 
N. Hinkel1, H. Hartnett2;  
1 Southwest Research Institute, San Antonio, TX,  
2 Arizona State University, Tempe, AZ 
 
Biogeosciences as a branch of the Earth and Life Sciences integrates theory from geology, chemistry, biology and 
physics to address questions across spatial and temporal scales including the very large and the very long. The 
biogeosciences evolved from studies of the modern Earth, but they are relevant for Earth’s deep past and even 
for exoplanets. Thus, we can now also consider astrophysics, and the study of exoplanets, to lie within the 
context of the biogeosciences. Exoplanets may provide the ultimate test of our understanding of biogeochemical 
cycles, especially those that are rocky and Earth-like. Planets around other stars may be habitable, but our 
challenge for detecting life on these planets will be to distinguish the BIOgeochemical rates and fluxes of a living 
planet, from the strictly geochemical and physical processes. As an example, phosphorous (P) and nitrogen (N) 
on Earth are key limiting nutrients for metabolism. Both elements are both required for DNA and RNA and 
without them there would be no biological production of oxygen, methane, or any other biogenic gas. This 
ecological stoichiometry is ultimately driven by the Earth’s geochemistry and the reactions those conditions (e.g. 
P, T, X) permit (Shock & Boyd 2015). 
However, our knowledge of the ratios of biogeochemically relevant elements available on exoplanets is very 
limited, and hinders our ability to predict planetary-scale biogeochemical processes. And while it is not yet 
possible to directly determine the elemental ratios for exoplanetary ecosystems, we generally assume that 
planets have similar compositions to their host stars (Thiabaud et al. 2015). 
Here we compare the ratios of bioessential and rock-forming elements (e.g., C, N, P, Si) for living systems, for 
our Solar System, and for nearby stars. The range that we observe in the molar ratios of these elements result 
from differences in stellar composition, planet formation and differentiation processes, and possibly the 
presence of life. In other words, when going from stars to exoplanets -- geophysics, and geobiology are the next 
step after planet formation. Future work to detect life on exoplanets will require a coordinated effort over the 
coming years, where the biogeosciences provide a crucial theoretical framework that informs data collection 
and modelling from astrophysics and planetary science. In addition, the details of these interdisciplinary fields 
need to be made accessible, such that observations and trends about elements that have been here-to-fore 
difficult to measure or underappreciated can be preferentially targeted in future observations and missions. 
 
 
Atmospheric Escape Processes and Planetary Atmospheric Evolution: From Misconceptions to Challenges 
G. Gronoff1, P. Arras2, S. Baraka3, J. Bell4, G. Cessateur5, O. Cohen6, S. Curry7, J. Drake8, M. Elrod4, J. Erwin5, K. 
Garcia-Sage4, C. Garraffo9, A. Glocer4, N. Heavens10, K. Lovato11, R. Maggiolo5, C. Parkinson12, C. Simon 
Wedlund13, D. R. Weimer3, W. B. Moore3;  
1 SSAI /NASA LaRC, Hampton, VA,  
2 University of Virginia, Charlottesville, VA,  
3 NIA, Hampton, VA,  
4 NASA GSFC, Greenbelt, MD,  
5 BIRA/IASB, Brussels, BELGIUM,  
6 University of Massachussetts, Lowell, ME,  
7 Space Science Laboratory, Berkeley, CA,  
8 Center for Astrophysics, Cambridge, ME,  
9 Center for Astrophysics, cambridge, MD,  
10 Space Science Institute, Boulder, CO,  
11 Hampton University, Hampton, VA,  



12 Space Science Institute, boulder, CO,  
13 IWF, Graz, AUSTRIA. 
 
The recent discoveries of telluric exoplanets in the habitable zone of different stars have led to questioning the 
nature of their atmosphere, which is required to determine their habitability. Atmospheric escape is one of the 
challenging problems to be solved: simply adapting what is currently observed in the solar system is doomed to 
fail due to the large variations in the conditions encountered around other stars. A better strategy is to review 
the different processes that shaped planetary atmosphere and to evaluate their importance depending upon the 
stellar conditions. This approach allowed to show that processes like ion-pickup were a more important way to 
lose atmosphere at Mars in the past. 
We reviewed the different escape mechanisms and their magnitude in function of the different conditions. This 
led us to discover discrepancies in the current literature concerning problems such as the Xenon paradox or the 
importance of a magnetic field in protecting an atmosphere. 
This shows that one should be very careful before claiming the presence of an atmosphere on planets in the 
habitable zone of their M-dwarfs: new criterion such as the Alfven surface location with respect to the planet 
should be taken into account a-priori. 
Overall, the habitability of a planet should not be claimed only on by its location in the habitable zone but also 
after careful analysis of the interaction between its atmosphere and its parent star [Gronoff et al. 2020]. 
 
Gronoff, G., Arras, P., Baraka, S., Bell, J. M., Cessateur, G., Cohen, O., et al. (2020). Atmospheric Escape Processes and 
Planetary Atmospheric Evolution. Journal of Geophysical Research: Space Physics, 125, e2019JA027639.  

 



Analytic Estimates of the Achievable Precision of the Properties of Transiting Exoplanets  
R. Rodríguez-Martínez1, B. Gaudi1, W. Panero1, J. Wang1, J. Johnson1, J. Schulze1, D. Stevens2;  
1 Astronomy, Ohio State University, Columbus, OH,  
2 Astronomy, Pennsylvania State University, University Park, PA. 
 
The structure and composition of low-mass exoplanets play a fundamental role in their capacity to harbor life as 
we know it. However, unambiguous determination of the structure of such small planets remain a challenge 
both because of their immense compositional diversity and because detailed characterization of their masses 
through Doppler spectroscopy is difficult, and resources are limited. Although the planet’s mass and radius are 
perhaps the most important parameters in determining its habitability, surface gravity is also a key parameter. 
The surface gravity dictates the atmospheric scale height and the ability of a planet to retain a secondary 
atmosphere. Moreover, surface gravity may drive or hinder plate tectonics, the latter which helps regulate the 
planet’s climate as well as certain geological processes, at least on Earth. It is therefore vital to understand the 
achievable precision with which the surface gravity and other fundamental properties will be measured, and 
which observable parameters contribute the most to the uncertainty in those properties. We show that if we 
express a planet’s mass, density, radius and surface gravity in terms of only radial velocity and transit observable 
parameters (such as the transit depth, orbital period, transit duration, and radial velocity semi-amplitude), along 
with an external measurement of the host star radius from its spectral energy distribution and a precise parallax, 
there is a hierarchy in the precision with which each parameter can be measured for a given system. Namely, 
the surface gravity is generally better constrained than the density, which is in turn better constrained than the 
mass. The surface gravity is generally better constrained than density or mass because it does not explicitly 
depend on an external constraint on the host star’s radius. In addition, we demonstrate that the planet’s surface 
gravity and radius may be a better proxy for the core/mantle fraction of a terrestrial planet than mean density 
as calculated from mass and radius. The core mass fraction (CMF) is strongly linked to a planet’s internal 
structure and bulk composition, both critical factors for habitability at the surface. Furthermore, a more precise 
constraint on a planet’s CMF relative to the CMF as predicted by the chemical composition of its host star yields 
insights into planetary formation processes, and evolution. Potential explanations for planets that have a core 
that is smaller than predicted by the composition of the host star include the oxidation of a planet’s iron, and 
extensive incorporation of oxygen and water into a planet’s interior. These both control the nature of gasses 
that form a planet’s secondary atmosphere, including the development of water worlds and planets with 
substantial volatile envelopes. 
 
 
Effects of Spin-Orbit Resonances and Tidal Heating on the Inner Edge of the Habitable Zone  
C. Colose1, J. Haqq-Misra2, E. Wolf3,4, A. Del Genio5,6, R. Barnes7, M. Way6,8, R. Ruedy1;  
1 SciSpace LLC, NASA Goddard Institute for Space Studies, New York, NY,  
2 Blue Marble Space Institute of Science, Seattle, WA,  
3 NASA NExSS Virtual Planetary Laboratory, Seattle, WA,  
4 University of Colorado, Boulder, CO,  
5 Department of Applied Physics and Applied Mathematics, New York, NY,  
6 NASA Goddard Institute for Space Studies, New York, NY,  
7 Astronomy Department, University of Washington, Seattle, WA,  
8 Department of Physics and Astronomy, Uppsala University, Uppsala, SWEDEN. 
 
Much attention has been given to the climate dynamics and habitable boundaries of synchronously rotating 
planets around low mass stars. However, other rotational states are possible, particularly when higher 
eccentricity orbits can be maintained in a system, including spin-orbit resonant configurations such as the 3:2 
state of Mercury. Additionally, the oscillating strain on the planet as it moves from periastron to apoastron 



results in friction and the generation of tidal heating, which can be an important energy source around low mass 
stars. Here, we simulate the climate of ocean-covered planets near the inner edge of the habitable zone around 
M to solar stars with ROCKE-3D, and leverage the planetary evolution software package, VPLanet, to calculate 
tidal heating rates for Earth-sized planets orbiting 2600 K and 3000 K stars. This study is the first to use a 3-D 
General Circulation Model that implements tidal heating to investigate the habitable zone boundaries for 
multiple resonant states. We find that in the absence of tidal heating, the resonant state has little impact on the 
inner edge of the habitable zone, because for a given stellar flux, higher-order states tend to be warmer than 
synchronous rotators, but for a given temperature, have drier upper atmospheres. However, for the sampled 
planets where tidal heating can be strong, the rotational component of the heating implies a strong dependence 
of habitable conditions on the system evolution and rotational state of a planet. The dependence of tidal 
heating on distance from the stellar host implies heating increasing rapidly as incident stellar flux increases, 
resulting in a narrow habitable zone for the lowest mass star that is maintained at low values of stellar heating. 
We summarize these results and also compare ROCKE-3D to previously published simulations of the inner edge 
that used a modified version of the NCAR CAM4 model. 
 
 
Studying Stars to Understand Planets  
C. Garraffo1,2, O. Cohen3, J. Alvarado-Gomez4, J. Drake2, S. Moschou2, F. Fraschetti5,2, L. Harbach6;  
1 Harvard University, Cambridge, MA,  
2 Smithsonian Astrophysical Observatory, Cambridge, MA,  
3 University of Massachusetts, Lowell, MA,  
4 AIP, Postdam, GERMANY,  
5 University of Arizona, Tuscon, AZ,  
6 Imperial College, London, UNITED KINGDOM. 
 
The vast majority of detected exoplanets are orbiting cool stars. Moreover, most rocky exoplanets detected in 
the "habitable zone" are in close-in orbits around very low-mass stars. Low-mass stars are typically very active 
and these close-in planets will be exposed to much stronger magnetic effects than those we experience on 
Earth. It is now recognized that energetic stellar photon and particle radiation evaporates and erodes planetary 
atmospheres and controls upper atmospheric chemistry. 
Using a realistic 3D non-ideal MHD model, that has been validated for the Sun, we have simulated the space 
weather conditions of a number of exoplanetary systems. In this talk I will discuss how their conditions depend 
on the magnetic activity of the star and the orbital distance of the planet. 
The secular evolution of magnetic activity is also key to understanding the space weather of exoplanets. In that 
context, I will discuss how magnetic activity scales with rotation and, therefore, with age, and the resulting 
integrated energetic particle and photon irradiation doses and its effects on exoplanetary environments. 
 
  



Abstracts for Habitable Worlds 2021 Workshop 
 

Wednesday, February 24 
Planetary Atmospheres 

 
Progress Toward Self-Consistent Modeling of a Diverse Set of Rocky Exoplanets  
E. Kempton; Department of Astronomy, University of Maryland, College Park, MD 
 
One of the main challenges of modeling terrestrial exoplanets is that their atmospheric properties are expected 
to be much more diverse than the solar system planets. It is therefore necessary to develop exoplanet 
atmosphere models that are readily adaptable to a wide range of conditions (e.g. different levels of irradiation, 
bulk compositions, atmospheric thicknesses, and cloud and haze properties). I will present recent progress 
toward the goal of developing flexible and self-consistent models of rocky exoplanets. In particular, I will focus 
on the difficult problem of treating the feedback between chemistry, thermal structures, and aerosols, as well as 
the surface-atmosphere boundary. 1-D calculations will be the focus of this talk, but I will briefly touch on 3-D 
effects. I will conclude by presenting models of rocky exoplanet observables aimed at identifying the unique 
spectral identifiers of rocky exoplanet surface and atmospheric properties, in the face of potential degeneracies. 
 
 
ExoCAM: A Community Climate Modeling Tool 
E. Wolf; LASP, University of Colorado, Boulder 
 
In this presentation, I will briefly review the ExoCAM modeling tool. ExoCAM is an extension to the NCAR 
Community Earth System Model (CESM) version 1.2.1, that facilitates three-dimensional climate simulations of 
planetary atmospheres. Previously, ExoCAM has been used to study a wide variety of problems including paleo-
Earth climates, moist greenhouse climates, the climates of TRAPPIST-1 d, e, and f, the climate of TOI-700 d, 
climate sensitivities of tidally locked planets to a variety of parameters, and for predicting theoretical thermal 
emission phase curves and transmission spectra for terrestrial M-dwarf planets. Notably, ExoCAM has recently 
undergone significant upgrades, including an overhaul of the radiative transfer code, the inclusion of CO_2 
condensation routines for surface ice and clouds, and a coupling to the CAM5 convection and cloud physics 
routines. ExoCAM and its accompanying radiative transfer code, ExoRT, are available on GitHub for all to use. 
Currently, ExoCAM is used by at least 4 independent exoclimate research teams, resulting in 28 papers, by 14 
unique first authors by last count. 
 
 
Effects of Rotation Rate on the Habitability of Earth-like Planets using NASA's ROCKE-3D GCM 
T. Jansen; Astronomy, Columbia University 
 
Planetary rotation rate has a significant effect on atmospheric circulation, where the strength of the Coriolis 
effect in part determines the efficiency of latitudinal heat transport, altering cloud distributions, surface 
temperatures, and precipitation patterns. In this study, we use the ROCKE-3D dynamic ocean general circulation 
model to study the effects of slow rotations and increased insolations on the “fractional habitability” and silicate 
weathering rate of an Earth-like world. Defining the fractional habitability f<sub>h</sub> to be the percentage 
of a planet’s surface that falls in the 0 ≤ T ≤ 100 °C temperature regime, we find a moderate increase in 
f<sub>h</sub> with a 10% and 20% increase in insolation and a possible maximum in f<sub>h</sub> at sidereal 
day lengths between 8 and 32 times that of the modern Earth. By tracking precipitation and runoff, we further 
determine that there is a rotational regime centered on a 4 day period in which the silicate weathering rate is 



maximized and is particularly strongly peaked at higher overall insolations. Because of weathering’s integral role 
in the long-term carbonate-silicate cycle, we suggest that climate stability may be strongly affected by the 
anticipated rotational evolution of temperate terrestrial-type worlds and should be considered a major factor in 
their study. In light of our results, we argue that planetary rotation period is an important factor to consider 
when determining the habitability of terrestrial worlds. 
 
 
Seasonal Changes in Titan's Atmosphere From the Cassini Mission 
A. Coustenis1, D. Jennings2, R. Achterberg3, P. Lavvas4, C. Nixon5, G. Bampasidis6, F. Flasar5;  
1 LESIA, Paris Observatory, Meudon, FRANCE,  
2 Planetary Systems Laboratory, Goddard Space Flight Center, Greenbelt, MD,  
3 Department of Astronomy, University of Maryland, College Park, MD,  
4 GSMA, Reims Champagne-Ardenne Univ., Reims, FRANCE,  
5 Goddard Space Flight Center, Greenbelt, MD,  
6 National & Kapodistrian University of Athens, Athens, GREECE. 
 
In our recent publication [1] we reported new results concerning the seasonal atmospheric evolution near 
Titan’s poles and equator in terms of temperature and composition using nadir spectra acquired by the Cassini 
Composite Infrared Spectrometer (CIRS) at high spectral resolution during the last year of the Cassini mission in 
2017 complementing previous investigations covering almost two Titan seasons. In previous papers [2,3], we 
reported on monitoring of Titan’s stratosphere near the poles after the mid-2009 northern spring equinox. In 
particular we have reported on the observed strong temperature decrease and compositional enhancement 
above Titan’s southern polar latitudes since 2012 and until 2014 of several trace species, such as complex 
hydrocarbons and nitriles, which were previously observed only at high northern latitudes. This effect 
accompanied the transition of Titan’s seasons from northern winter in 2002 to northern summer in 2017, while 
at that latter time, the southern hemisphere was entering winter. Our new data, acquired in 2017 and analyzed 
here, are important because they are the only ones recorded since 2014 close to the south pole in the mid-
infrared nadir mode at high resolution. A large temperature increase in the southern polar stratosphere (by 10-
50 K in the 0.1 to 0.01 mbar pressure range) is found associated with a change in the temperature profile’s 
shape. The 2017 observations also show a related significant decrease in most of the southern abundances 
which must have started sometime between 2014 and 2017 [1]. For the north, the spectra indicate a 
continuation of the decrease of the abundances which we first reported to have started in 2015 and small 
temperature variations [1]. We discuss comparisons with other results and with current photochemical and 
dynamical models which could be updated and improved by the new constraints set by the findings presented 
here. 
 
References:  
[1] Coustenis, A., Jennings, D., Achterberg, R., Lavvas, P., Bampasidis, G., Nixon, C.A., Flasar, F.M., 2020. Titan’s neutral 
atmosphere seasonal variations up to the end of the Cassini mission. Icarus 344, 113413. 
https://doi.org/10.1016/j.icarus.2019.113413 ; [ 
2] Nixon, C. A., Ansty, T.M., Lombardo, N.A., Bjoraker, G.L., Achterberg, R.K., Annex, A., Rice, M., Romani, P. N., 
Jennings, D. E., Coustenis, A., et al., 2019. Cassini Composite Infrared Spectrometer (CIRS) Observations of Titan 2004-
2017. Astroph. J. Supp. Series 244, Issue 1, article id. 14, 47 pp.;  
[3] Coustenis et al., 2016, Icarus 270, 409-420;  
[4] Coustenis et al., 2018, Astroph. J. Lett. 854, no2. 
 
 
 



Earth-as-an-Exoplanet: Comparing Earthshine Observations to Models of an Exo-Earth 
K. Gordon1, T. Karalidi1, P. A. Miles-Páez2, D. M. Stam3, K. M. Bott4, W. Mulder5;  
1 Department of Physics, Planetary Sciences Group, University of Central Florida, Orlando, FL,  
2 European Southern Observatory, Garching, GERMANY,  
3 Delft University of Technology, Delft, NETHERLANDS,  
4 University of California, Riverside, Riverside, CA,  
5 Leiden University, Leiden, NETHERLANDS. 
 
Traditional methods of exoplanet characterization that only make use of emitted or reflected flux lack the ability 
to fully distinguish between different physical features of the target, such as cloud layers, hazes, or surface 
features. Polarimetry, however, is a powerful, more sensitive technique that has this ability, as it measures light 
as a vector (by the orientation of the electric field) rather than a scalar intensity. It is therefore extremely sensitive 
to the composition and structure of the planetary atmosphere and surface, being affected by properties such as 
the mixing ratios of atmospheric absorbing gases, cloud optical thickness, cloud top pressure, cloud particle size, 
and surface albedo. Various groups have theoretically studied the optical linear polarimetric signals of Earth-like 
exoplanets as functions of both orbital phase and wavelength. With this project we assess the accuracy of these 
theoretical models against observations of the Earthshine, the only known observations of an Earth-like planet 
thus far. Using data of the atmosphere and surface taken by the MODIS instrument aboard the Terra and Aqua 
satellites, as well as surface reflectance spectra from the JPL EcoStress Spectral Library, we created a gridded 
model of the Earth. Then, using this model data as input for three separate radiative transfer algorithms, we 
generate the flux and linear polarization spectra for the model exoplanet-Earth across the optical to near-infrared 
wavelengths. We compare the results from all three codes to each other and to the observational linear 
spectropolarimetric data of the Earthshine obtained by a member of our group. We identify similarities and 
potential pitfalls between the codes, and make necessary adjustments to them, in an effort to improve our future 
characterizations of terrestrial exoplanets. 
 
 
Constraining Chemical Disequilibrium Biosignatures for an Earth-like Exoplanet Using Retrieval Analysis 
Techniques  
A. Young1, T. Robinson1, J. Krissansen-Totton2;  
1 Northern Arizona University, Flagstaff, AZ,  
2 University of California Santa Cruz, Santa Cruz, CA. 
 
Exoplanet direct imaging is a rapidly progressing area of study and a key driver of proposed space-based mission 
concepts, such as HabEx and LUVOIR. This search for life on directly imaged worlds will depend on our ability to 
remotely detect atmospheric tracers for life (i.e. biosignatures). In this work, we focus on the detectability of 
chemical disequilibrium biosignatures. We adopt the available Gibbs free energy as a metric to quantify chemical 
disequilibrium for an atmospheric system. Critically, the Gibbs free energy can be rapidly calculated using 
thermodynamic modeling tools. Using simulated remote observations and retrieval analysis techniques coupled 
with a Bayesian Markov chain Monte Carlo tool, we retrieve key atmospheric parameters from a simulated Earth-
like exoplanet. We take our statistical constraints on atmospheric state parameters and couple them to a 
thermodynamic Gibbs free energy model to understand potential constraints on chemical disequilibrium. 
Additionally, we explore the sensitivity to planetary properties that are unlikely to be constrained via 
spectroscopic observations (e.g., ocean volume). Through this process, we assess, the remote detectability of the 
Gibbs free energy for an Earth-like exoplanet atmosphere-ocean system. 
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Vertically Resolved Magma Ocean-Protoatmosphere Evolution with Varying Primary Absorbers 
 
T. Lichtenberg1, D. J. Bower2, M. Hammond3, R. Boukrouche1, P. Sanan4, S. Tsai1, R. T. Pierrehumbert1;  
1 Atmospheric, Oceanic and Planetary Physics, University of Oxford, Oxford, UNITED KINGDOM,  
2 Center for Space and Habitability, University of Bern, Bern, SWITZERLAND,  
3 Department of the Geophysical Sciences, University of Chicago, Chicago, IL,  
4 Institute of Geophysics, ETH Zurich, Zurich, SWITZERLAND. 
 
The earliest atmospheres of rocky planets originate from extensive volatile release during magma ocean epochs 
that occur during assembly of the planet. These establish the initial distribution of the major volatile elements 
between different chemical reservoirs that subsequently evolve via geological cycles. Current theoretical 
techniques are limited in exploring the anticipated range of compositional and thermal scenarios of early 
planetary evolution, even though these are of prime importance to aid astronomical inferences on the 
environmental context and geological history of extrasolar planets. Here, we present a coupled numerical 
framework that links an evolutionary, vertically-resolved model of the planetary silicate mantle with a radiative-
convective model of the atmosphere. Using this method we investigate the early evolution of idealized Earth-sized 
rocky planets with end-member, clear-sky atmospheres dominated by either H2, H2O, CO2, CH4, CO, N2 or O2. We 
find central metrics of early planetary evolution, such as energy gradient, sequence of mantle solidification, 
surface pressure, or vertical stratification of the atmosphere, to be intimately controlled by the dominant volatile 
and outgassing history of the planet. Thermal sequences fall into three general classes with increasing cooling 
timescale: CO, N2, and O2 with minimal effect, H2O, CO2, and CH4 with intermediate influence, and H2 with several 
orders of magnitude increase in solidification time and atmosphere vertical stratification. Our numerical 
experiments exemplify the capabilities of the presented modeling framework and link the interior and 
atmospheric evolution of rocky exoplanets with multi-wavelength astronomical observations. 
 
 
The Chemistry of Planet Formation: The Organic Content of Planet Forming Disks as Observed with ALMA 
C. Walsh, and the MAPS consortium; School of Physics and Astronomy, University of Leeds, Leeds, UNITED 
KINGDOM. 
 
The chemical composition of planets and comets is inherited from that of the parent protoplanetary disk. 
Precursors to larger, biologically-relevant organic molecules are detected throughout interstellar space, but 
determining the presence and properties of these molecules during the process of planet formation requires high 
angular resolution and sensitivity observations. We present observations of organic molecules in five 
protoplanetary disks observed within the ‘Molecules with ALMA at Planet-Forming Scales’ (MAPS) ALMA Large 
Program. These molecules are precursors to larger, prebiotic molecules with hydrocarbon and nitrile functional 
groups. We robustly detect all targeted species in four of the protoplanetary disks (along with generally weaker 
emission or marginal detections only in IM Lup). We find a range of morphologies - central peaks, single or double 
rings - with no clear pattern between molecule and/or disk. Emission is generally compact and on scales 
comparable with the millimetre continuum, indicative of a relationship with dust grains (and therefore the 
location of the midplane ice reservoir). Our analysis of this high resolution and sensitivity data reveals reveals 5-
10 times more column of material in the inner (<100 au) of the disks when compared with previous studies. We 



find good agreement between the ratio of small-to-large nitriles in the disks and remote observations of comets. 
Our results indicate that the protoplanetary disks studied here possess significant reservoirs of organic material 
that has obtained a similar level of chemical complexity to that in our own solar system. 
 
 
The Potential for Delayed Planetesimal Bombardment to Deliver Volatiles and Reconstitute Atmospheres on 
Potentially Habitable, M-dwarf-Hosted Planets  
M. Clement1, E. Quintana2, B. Quarles3;  
1 Earth and Planets Laboratory, Carnegie Institution of Washington, Washington, DC,  
2 NASA Goddard Space Flight Center, Greenbelt, MD,  
3 Center for Relativistic Astrophysics, School of Physics, Georgia Institute of Technology, Atlanta, GA. 
 
In recent years a paradigm shift has occurred in exoplanet science, wherein M-Dwarf systems are increasingly 
viewed as a foundational pillar of the search for potentially habitable worlds in the solar neighborhood. However, 
the processes that led to the formation of this rapidly accumulating sample of planet systems are still poorly 
understood. Moreover, it is unclear whether tenuous primordial atmospheres around these Earth-analogs could 
have survived the intense epoch of heightened stellar activity that is typical for low-mass stars. While delayed 
cometary delivery has the potential to reconstitute these atmospheres, the process is rather stochastic, and the 
typical high impact velocities can often result in net volatile depletion. However, it is well established that the tail-
end (within a few hundred Myr after the planets formed) of planetesimal bombardment on the Earth has the 
potential to erode, enhance, or radically reshape its primordial atmosphere. We present new simulations of in-
situ planet formation across the M-dwarf mass spectrum. From the left-over planetesimal and collisional fragment 
populations we infer the orbital structure of the remnant debris fields, and utilize high-resolution GPU-accelerated 
models of real M-dwarf-hosted systems to derive late mass delivery rates. While bombardment decays swiftly at 
small radial distances, we find that significant planetesimal fluxes persist in the habitable zone for some time. 
 
 
Radiogenic Heating and its Influence on Rocky Planet Dynamos and Habitability 
F. Nimmo, J. Primack, S. Faber, E. Ramirez-Ruiz, M. Safarzadeh; University of California, Santa Cruz, Santa Cruz, 
CA,  
 
The thermal evolution of rocky planets on geological timescales (Gyr) depends on the heat input from the long-
lived radiogenic elements potassium, thorium, and uranium. Concentrations of the latter two in rocky planet 
mantles are likely to vary by up to an order of magnitude between different planetary systems because Th and U, 
like other heavy r-process elements, are produced by rare stellar processes. Here we discuss the effects of these 
variations on the thermal evolution of an Earth-size planet, using a 1D parameterized convection model. Assuming 
Th and U abundances consistent with geochemical models of the Bulk Silicate Earth based on chondritic 
meteorites, we find that Earth had just enough radiogenic heating to maintain a persistent dynamo. According to 
this model, Earth-like planets of stars with higher abundances of heavy r-process elements, indicated by the 
relative abundance of europium in their spectra, are likely to have lacked a dynamo for a significant fraction of 
their lifetimes, with potentially negative consequences for hosting a biosphere. Because the qualitative outcomes 
of our 1D model are strongly dependent on the treatment of viscosity, further investigations using fully 3D 
convection models are desirable. 
 
 
 
 
 



Core Formation Sets the Thickness, Composition and Surface Evolution of Rocky Planet Crust 
B. Dyck1, J. Wade2, R. Palin2;  
1 Earth Sciences, Simon Fraser University, Burnaby, BC, CANADA,  
2 Earth Sciences, University of Oxford, Oxford, UNITED KINGDOM. 
 
The search for habitable worlds outside of our solar system requires constraining the geological characteristics of 
rocky planets, such as their bulk chemistry and degree of internal differentiation. Evidence from our solar system 
indicates that the amount of iron that enters a planet’s core directly affects the bulk composition of the 
surrounding silicate mantle, which in turn defines the petrophysical properties of derivative crusts. To explore 
how the extent of core formation influences the thickness and chemical make-up of a planet’s crust, we used a 
Gibbs free energy minimisation procedure that simulated adiabatic mantle decompression melting and crust 
production in chondritic planets with core mass fractions between 0.34 and 0.16. We found that the core mass 
fraction that develops during planetary accretion and differentiation exerts a first-order control on the thickness 
and mineralogy of juvenile oceanic crust, which affects the planet’s surface geodynamic behaviour. Planets with 
large core mass fractions (≥0.32) and iron-poor mantles (about 0-4 wt. % FeO; cf. Mercury) generate a thin, 
feldspar-rich crust that can carry relatively little water during burial or subduction into the planet’s interior. By 
contrast, rocky planets with smaller core mass fractions (≤0.24) and iron-rich mantles (up to 25 wt. % FeO; cf. 
Mars) develop olivine- and pyroxene-rich crusts that are thick and vertically stratified. These minerals readily 
weather at planetary surfaces to incorporate volatiles and stabilise hydrous minerals during metamorphism that 
can effectively transport water from the hydrosphere to mantle depths. Additionally, the thicker crust and deeper 
underlying melt-depleted mantle generated on these planets would result in a more buoyant lithosphere that is 
more difficult to subduct, and hence cannot undergo the densification necessary to sustain plate tectonics. As a 
planet ages and cools, the influence of core mass fraction on both crust thickness and hydration capacity become 
more pronounced, underscoring the sustained role of core formation in setting the surface evolution of rocky 
planets. Future exploration for terrestrial exoplanets should therefore consider core mass fraction and bulk-
mantle chemistry as a primary control on potential habitability. 
 
 
How Seafloor Weathering affects Planetary Habitability 
J. Chambers; Carnegie Institution for Science, Washington, DC. 
 
A habitable planet is usually defined as one that can support liquid water on its surface. The surface temperature 
depends on the insolation and the greenhouse effect, caused mainly by CO2 and water vapor. The CO2 level is 
increased by volcanic outgassing, and decreased by continental and seafloor weathering. Here, I look at the 
climate evolution of Earth-like planets using a globally averaged climate model with both weathering types. 
Climate is sensitive to the relative strength of continental and seafloor weathering, and also the dependence of 
seafloor weathering on the CO2 partial pressure. Earth-like planets have two equilibrium climate states: (i) an ice-
free state where outgassing is balanced by both weathering types, and (ii) an ice-covered state where outgassing 
is balanced by seafloor weathering only. The second of these has not been explored in detail before. For some 
planets, both equilibria exist, and the climate depends on the initial conditions. Insolation increases with time due 
to stellar evolution, so a planet usually encounters the ice-covered equilibrium first. Such a planet should remain 
ice-covered, even if the ice-free state appears subsequently. The ice-covered equilibrium state covers a large 
fraction of phase space for Earth-like planets, which implies that many planets in the conventional habitable zone 
may uninhabitable as a result. 
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Suggested Practices for Effective Interdisciplinary Science Communication 
J. Noviello; Arizona State University, Tempe, AZ  
 
One of the biggest obstacles to formal interdisciplinary research is successfully communicating complex ideas to 
an audience of varying scientific backgrounds [1,2]. As scientists, we are immersed in jargon [3], fundamental 
ideas, and modes of thinking [4], that are not well-known outside of our individual fields, and while this knowledge 
is mandatory for an individual researcher, it can also be an impediment to new collaborations. Fortunately, these 
problems can be overcome through active community effort and a focus on a shared common goal [5]. 
Recognizing that each scientist has a different level of comfort and practice with science communication, I have 
developed a list of guidelines so that we all may have the same basic framework. These are techniques that I 
personally have found to be very effective since I started doing science communication work seven years ago, 
though I admit that these are anecdotes rather than quantified data. Note that these tips, while useful in many 
cases outside of interdisciplinary research, apply mainly to communicating science to other scientists and not to 
a non-scientific audience. 

1. Tell a story with your work. The best way to get someone to listen to you is to tell a compelling story. 
In interdisciplinary research, this is especially important, as the inherent value of your work may not be 
immediately apparent to someone who isn’t in your field. They will listen to you more closely if you can show the 
“plotline” of your research by being open about what inspired this particular project, where the struggles were, 
the resolutions (if any), and where the story goes next. 

2. Avoid acronyms, but if you need to use some, make sure you explain them well. A classic example of 
acronyms gone wrong is CMB. To astronomers it is the Cosmic Microwave Background, but to a petrologist or 
seismologist, it is the Core-Mantle Boundary. Avoid using acronyms where possible to minimize confusion. When 
in doubt, write the words out. 

3. Be careful with equations. This may be controversial, but I think equations can be helpful if used 
effectively and sparingly (no more than one complicated equation or two simple ones per presentation). For 
interdisciplinary presentations, especially oral presentations, there is no need to explain every single term in an 
equation, and it may be overwhelming to someone who has never seen it before to do so. Explaining the equation 
in large pieces (e.g., “This part of the equation handles the angular momentum of a system”) can still convey the 
necessary information without being overly- detailed. 

4. Remove jargon from your work or make time to explain what it means. Jargon is the set of words that 
are specific to a field or a technique [3]. Some examples are things like “adiabatic,” “collisional family,” and 
“photoevaporation.” These words are important, but require an extra level of definition or background in the 
audience before they can be used in a presentation. It is the speaker’s job to provide that. There will be times 
when jargon is necessary, but if it is well-defined, then there will be minimal confusion for the audience. Take care 
not to have too many of those words, and if you can explain a concept using words that most everyone knows, do 
that instead. 

5. Remember who your audience is. The people in the audience are people who are knowledgeable and 
experienced, but not necessarily in the same things as you. Geologists do not have the same scientific instincts as 
astrophysicists and vice versa, but giving by examples of what typically happens in a particular scenario and why, 
we can help each other develop that sense. When speaking, avoid simply showing a figure or equation and then 
saying phrases like “this is simple/easy/straightforward to understand”. When I hear these words, I am less 
inclined to ask questions that might help me understand the work more, and it also makes me less interested in 



listening. Take care to use inclusive language as well [6-8]. Your job as a speaker is to bring your audience along 
with you to the conclusion. Don’t push anyone away. 

6. Be explicit about the significance of your work. It is worth spending more time on the question of “why” 
you did this work rather than “how” in a presentation because “The Why” is the key to connecting your work to 
everyone else’s. This will open up the space for further discussion from people outside of your field. You can do 
this by asking a very general question (e.g., “Is there life on exoplanets?”) and explaining how the questions 
become more and more specific until it reaches the question(s) that your project addresses. This is a beneficial 
technique for a researcher in general, as this practice can remind you of how your work connects back to a “big 
picture” question and provide necessary perspective in moments of doubt. 

7. Spend time explaining figures, even if you think they’ve heard it before. Hearing the same thing multiple 
times or hearing a concept explained in different ways can help the audience understand something better [9]. I 
will never get tired of hearing the ternary diagram explained, for instance, because I understand it better each 
time. One technique for figure explanation is to make sample figures of idealized situations to illustrate 
expectations of your work and “train” the audience in how to look at a figure type. That way, they can follow the 
relationships more easily when you show them the plots of the real data and will listen to you instead of focusing 
on the figure. 

8. Be yourself. A presentation is just a small piece of a larger conversation, and all you’re doing is inviting 
more people to join in with your new piece of information. If you are someone who naturally uses humor in their 
speech, then include it in your talk. If you frequently use analogies, use them here! We are building a strong 
community through open communication. How will we do that if you don’t show who you are? 
This is by no means an exhaustive list, but I hope that these suggestions give our teams a place to start talking to 
each other, especially as we consider the challenges of a virtual conference. A fundamental part of the Habitable 
Worlds 2 conference is that we are here to learn from people to whom we might not otherwise talk. We will only 
accomplish that by making concentrated efforts to be clearer, more engaging communicators. By being proactive 
in expanding our communications, we will work more effectively with those with whom we do not share similar 
scientific backgrounds, and create the foundation for future interdisciplinary collaborations. 
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