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Introduction:  How massive are rocky-exoplanet 

atmospheres? For how long do they persist? These ques-
tions are compelling in part because an atmosphere is 
necessary for surface life. Magma oceans on rocky ex-
oplanets are significant reservoirs of volatiles, and could 
potentially assist a planet in maintaining its secondary 
atmosphere [1,2].  

We are modeling the atmospheric evolution of R ≲ 
2 REarth exoplanets by combining a magma ocean source 
model with hydrodynamic escape. This work will go be-
yond [2] as we consider generalized volatile outgassing, 
various starting planetary models (varying distance 
from the star, and the mass of initial “primary” atmos-
phere accreted from the nebula), atmospheric condi-
tions, and magma ocean conditions, as well as incorpo-
rating solid rock outgassing after magma ocean solidifi-
cation.  

 Through this, we aim to predict the mass and lon-
gevity of secondary atmospheres for various sized rocky 
exoplanets around different stellar type stars and a range 
of orbital periods. We also aim to identify which planet 
sizes, orbital separations, and stellar host star types are 
most conducive to maintaining a planet’s secondary at-
mosphere. Such a model could be tested with the James 
Webb Space Telescope. 

Multiple studies have investigated the importance of 
maintaining an early water based atmosphere to the ex-
tension of cooling time of the magma ocean, as well as 
to the eventual formation of a liquid water ocean on the 
planetary surface [1,2,3,4,5]. 

These secondary atmospheres are susceptible to de-
pletion by hydrodynamic escape [6,7]. In order to accu-
rately determine the magnitude of the secondary atmos-
phere remaining after magma ocean degassing, one 
must track atmospheric loss. Various studies have cre-
ated and analyzed models which study the effect of hy-
drodynamic escape on long-term atmospheric evolu-
tion, both for exoplanets [8,9,10] and for solar system 
protoplanets [11]. These studies do not couple this at-
mospheric loss with magma ocean or solid rock outgas-
sing, both of which would extend the longevity of a 
planet’s secondary atmosphere.   

Methods:  We combine basic models of magma 
ocean degassing [1,5] and hydrodynamic escape of at-
mospheres [7,8,9] to study the transition from primary 
to secondary atmospheres on rocky exoplanets. The 
model flow through of volatile outgassing and 

hydrodynamic escape is illustrated below in Figure 1.   

 
Figure 1: Key processes of our magma ocean and hydrody-
namic escape model are shown above. The green circles 
marked with a V indicate volatiles that are outgassed from the 
solidifying magma and accumulate in the atmosphere. These 
volatiles are lost from the exoplanet’s atmosphere through hy-
drodynamic escape aided by outflow of hydrogen, which is de-
rived from the nebula. The purple arrow denotes our model 
assumption of rapid magma ocean to atmosphere equilibra-
tion during degassing. Results from this model flow-through 
are currently being gathered. 

For the magma ocean outgassing component, we 
calculate the rate of solidification and emissivity of the 
atmosphere, following Ref. [5]. Magma oceans overlain 
by massive atmospheres cool slowly [12]. 

In our model, we set an initial depth of the magma 
ocean and an initial volatile inventory that is contained 
within the magma. Each time step, the rate of solidifica-
tion is calculated (taking into account the emissivity of 
the atmosphere as well as the luminosity of the host 
star), and the mass of the remaining liquid magma is de-
termined. Using the mass of the remaining liquid 
magma, we interpolate over two corresponding pressure 
and total volatile mass arrays to determine which atmos-
pheric pressure fits the total volatile mass in our model. 
We then convert that pressure into atmospheric mass of 
the volatile. From that, we use wt#$%&'(%)[in	wt%] =
	100(m#$%&'(%)	5&65&)/(m#$%&'(%)	5&65& + m5&65& ) 
where m#$%&'(%)	5&65& = (m'$'&%	#$%&'(%) −
m&'5$;<=)>(?	#$%&'(%)). 

For the hydrodynamic escape component, we calcu-
late the escape fluxes of hydrogen and various heavier 
molecular species (for the results shown below, the 
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heavier molecular species in question is O) following 
[9]. In this hydrodynamic escape component, we con-
sider the atmospheric column to be well mixed, full mo-
lecular dissociation to occur at the homopause, and for 
hydrodynamic escape to occur from the homopause. 

We calculate the 𝐹ABC value at each timestep by us-
ing an equation that was interpolated from the graphical 
results from research surveying the UV and X-ray activ-
ity of M dwarfs within 10 pc of our Sun [13]. The re-
sulting interpolated equation is as follows:  
logGH(𝐿ABC[𝑒𝑟𝑔𝑠]) =
	−1.1[logGH(𝑒𝑟𝑔𝑠	𝐺𝑦𝑟QG)](logGH(𝑡	[𝐺𝑦𝑟])) +
27.6	[logGH(𝑒𝑟𝑔𝑠)]). 

A net build up rate of OW for models containing HWO 
is also considered at each time step, and is represented 
by the equation 𝑚ZW	[\]^_\`[𝑔	𝑐𝑚QW𝑠QG]	= ((𝐹b[ 
𝑐𝑚QW𝑠QG]-2𝐹Z[𝑐𝑚QW𝑠QG])𝑚ZW[𝑔])/4. After these val-
ues are determined, the resulting net mass loss values 
are subtracted from the atmospheric pressure generated 
from the magma ocean degassing to calculate the atmos-
pheric pressure values for the next time-step.  

Anticipated Results:  For our rocky exoplanet mod-
els, we will consider a range of planet masses, initial 
magma ocean depths, initial magma volatile invento-
ries, and initial atmospheric pressures. We will also con-
sider a range of host star stellar types and orbital sepa-
rations, which strongly effect the strength of hydrody-
namic escape. The magma ocean solidification portion 
of the model will run until solidification is complete, 
and atmospheric evolution will continue until all atmos-
pheric mass is depleted (or 10 Gyr – whichever is 
sooner).  

Through our two component model, we will use the 
results of variety of planet starting conditions to deter-
mine which range of starting parameters produce the 
longest maintained secondary atmosphere. Once this 
correct range of parameters is established, further mod-
eling will be done to find which parameters have the 
largest effect on atmospheric retention. 

Future Work: To follow up on our initial results, 
we will expand our model to include volatile storage in 
solid rock and long term outgassing (Figure 2), using a 
parameterized approach to mantle convection (e.g. 
[14]). In the results above, we assume all volatiles are 
outgassed from the solid rock upon full solidification. 
This approximation captures the behavior of most of the 
volatiles, but outgassing of even a small fraction of the 
volatiles late in a planet’s history could build up an at-
mosphere that would be detectable by JWST.  In order 
to correctly model the planets' atmospheric evolution, 
we must consider the extension in longevity of the 

planet's atmosphere that can occur due to this residual 
outgassing. 

 

 
Figure 2: The intended model flow-through for volcanic de-
gassing is shown above. When the magma ocean is solidified, 
volcanic outgassing can continue (e.g., [14]). We intend to use 
a parameterized approach to mantle convection [14] to model 
this continued outgassing. During this process, hydrodynamic 
escape may continue, and we model the atmospheric evolution 
until the atmosphere is depleted or 10 Gyr is reached. 

Additionally, we seek to include the significant ef-
fect of the outgassed atmosphere's greenhouse effect on 
the surface of the planet during magma ocean cooling. 
This feedback from the gases released from the solidi-
fying magma ocean in turn delays solidification, which 
extends the duration of volatile outgassing [3,15,16].  
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