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Introduction:  In this work we seek to use present 
day observations along with planet formation models 
to constrain the compositions of potentially habitable 
super-Earths. We have two main goals:

- Estimate the role of gas accretion vs outgassing.  
An accreted atmosphere would be hydrogen-rich, and 
affect  the  biomarkers,  detectability,  and  location  of 
the  habitable-zone  relative  to  a  planet  with  an  out-
gassed atmosphere [1].

-  Estimate  the  planet's  water  budget. If  super-
Earths form primarily beyond the snow line, then the 
vast amount of water could form a high-pressure ice 
that  shuts down the carbon-silicate cycle responsible 
for the stability of Earth's climate [2].

Observational constraints:  We use  a sample of 
Kepler  exoplanets  with  masses  measured  by  transit 
timing variations (TTVs;Daniel Jontof-Hutter, private 
comm.).  A  key  insight  is  that  the  ratios of  TTV 
masses  are  often  much  better  constrained  than  the 
planet masses themselves [3]. Likewise, for transiting 
planets the primary source of uncertainty in planetary 
radii is the uncertainty in the stellar radius. Therefore,  
the  ratios of the planet  radii  and densities  are  more 
precise  and  robust  than  the  radii  or  densities  of 
individual planets. In this work we use the mass and 
density  ratios  of  neighboring  planets  measured  by 
TTVs as our primary observational constraint.

Planet formation:  We are conducting computer 
simulations of planet formation. Our runs begin with a 
series of isolation-mass protoplanets [5] embedded in 
an evolving protoplanetary disk model [6] where the 
planet  experiences  disk  migration,  accretion,  and 
atmosphere loss resulting from giant impacts [4] both 
during  and  after  the  disk  phase.  The  result  of  each 
simulation is a planetary system where we track each 
planet's  core  mass,  atmosphere  mass,  and  water 
abundance. In a post-processing step, we compute the 
atmosphere scale height [7] to obtain the planet radii.

Preliminary  results:  Figure  1  shows the  mass 
and density ratios for our sample of TTV planet pairs. 
We conducted 5,000 bootstrap re-samplings to obtain 
a distribution of best-fit lines,  y  m x  b= + , where  
x   log M= ( out/Min) and  y   log= (ρout/ρin).  Figure  2 
shows  the  68%  and  95%  confidence  intervals  for 
m b( , ),  and  the  m b  ( , ) values  from  two  example 

simulations.  The take-away is that  we can  use mass 
and  density  ratios  to  discard  some  models  at  high 
confidence. We are now conducting new simulations 
with more sophisticated models, and we will present 
those results at the Habitable Worlds workshop.

Figure 1: Mass and density ratios of neighboring 
planets  with TTV masses,  along with  best-fit  linear 
models for 5,000 re-samplings.

Figure 2: Confidence intervals for the best-fit lines 
in Fig 1 (green contours). The red and blue crosses are 
the best-fit lines for two planet formation models.

The difference between the models in Fig 2 is that 
one  (blue)  starts  with  lower-mass  protoplanets.  The 
fact  that  we  can  discern  between  these  models  is 
important because it links to the water budget: Lower-
mass  seeds  imply  lower  isolation  masses.  The 
isolation  mass  is  determined  by  the  disk  surface 
density,  which  is  tied  to  the  location  of  the  water  
snowline.  For example,  at a time when the isolation 
mass at 1 AU is 0.2 M⨁, the snowline is at ~6.3 AU, 
and when the  isolation  mass drops to  0.03 M⨁,  the 
snowline is at ~4.1 AU. In our newest runs we make 
the explicit  connection between initial  masses,  stage 
of disk evolution, and location of the snowline.
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