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Summary: The two most common types of known ex-
oplanet are the sub-Neptunes (planet radius R = 2 - 3 R⊕, 
planet density ρ ≲ 3 g/cc) and the rocky super-Earths (R 
< 1.6 R⊕, ρ > 4 g/cc) (e.g. [1]). Strong indirect evidence 
implies that sub-Neptunes have massive magma oceans 
blanketed by thick hydrogen-dominated atmospheres 
(e.g., [2]). A substantial fraction of planets that are born 
with >10 kbar H2-dominated primary atmospheres lose 
those atmospheres and shrink in radius to become super-
Earths [3]. It is plausible that most of the known rocky 
exoplanets were born as sub-Neptunes, but sub-Neptunes 
have no solar system analog. Therefore, we used models 
to study sub-Neptunes’ size, chemistry, and legacy. We 
focus on the interaction between the magma ocean and 
the hydrogen-dominated atmosphere. Results include:  
 

(1) Dissolution of the atmosphere into the magma ex-
plains the drop-off in exoplanet abundance at 3 R⊕ [4]. 
This radius cliff is the major feature in the exoplanet ra-
dius distribution (Fig. 2). 
 

(2) If magma and atmosphere equilibrate, then magma-
atmosphere interactions are key to sub-Neptune atmos-
phere chemistry, and may contribute to the paucity of 
exoplanets with R = 1.5-2 R⊕ (Fig. 3). 
 

(3) Transition from a sub-Neptune to a super-Earth with 
a high mean-molecular-weight atmosphere (high-µatm) 
exsolved from the magma ocean is unlikely (considering 
initial CO2 and H2O contents similar to that of present-
day Earth) (Fig. 4).  
 

Why are sub-Neptunes common but Neptune-sized 
exoplanets rare? We propose that the drop-off in ex-
oplanet abundance at 3 R⊕	 is so abrupt because at 
R ∼3 R⊕ base-of-atmosphere pressure is high enough for 
the atmosphere to readily dissolve into magma, and this 

sequestration acts as a strong brake 
on further growth [4]. As the base-
of-atmosphere pressure nears 
10 GPa (∼3R⊕), more and more of 
the H2 goes into the magma (due to 
non-ideal fugacity effects), so the 
radius does not increase much (Fig. 
2). 
 

What sets the chemistry of sub-
Neptune atmospheres? That H2 
dissolution in magma can explain 
the radius cliff suggests magma-
atmosphere equilibration on sub-
Neptunes. We studied Fe + H2 ßà 
FeO + H2O reaction (e.g. [5]) in the 
context of the sub-Neptune magma-

atmosphere interface (Fig. 3). Assuming magma-
atmosphere equilibration, we find: (i) Most volatiles are 
stored in the magma. (ii) Turning a sub-Neptune into a 
Super-Earth requires more H loss than is usually as-
sumed. The extra demand on H loss may stress-test H 
loss models. (iii) For low volatile doses, much of the H2 
is converted to H2O, which is readily soluble in the 
magma – a redox-enabled solubility pump. (iv) Combin-
ing these effects, a smooth distribution of gas supplied 
from the nebula yields a bimodal planet radius histogram. 
The first mode has µatm ≈ 2 and atmospheres ~104 km 
thick. The second mode corresponds to worlds with most 
volatiles stored as dissolved “H2O”, atmospheres ~103 
km thick, and µatm = 3 - 7 Da. These  cryptic sub-
Neptunes are separated from classic sub-Neptunes by a 
radius valley (which is made deeper by atmospheric 
loss). Cryptic sub-Neptunes may be distinguishable from 
super-Earths with TESS + TFOP data. The extent of 
magma-atmosphere equilibration depends on the timing 
of core assembly vs. atmosphere accretion, plus the char-
acteristic size of impacts. Equilibration need not be com-
plete, because a little bit of magma goes a long way. 
 

The small planet evolution sequence explains the con-
ditions under which rocky worlds that initially have 
thick primary atmospheres can evolve into super-
Earths with secondary atmospheres. Can super-Earths 
have secondary atmospheres Gyr after primary-
atmosphere loss? When the atmosphere contains both H2 
and a soluble high-μ constituent, H2 is less protected by 
sequestration within the magma, so H2 takes the brunt of 
atmosphere loss processes that might otherwise remove 
the high-μ species. On the other hand, the escaping H2 
can entrain high-μ species. To track these (and other) 
competing processes, we modeled the small planet evolu-

 
Fig. 1. Cartoon of the small exoplanet evolution sequence. 
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tion sequence (Fig. 1). Our key assumption is that the 
high-μ volatiles are delivered in a mass fraction similar 
to the present-day H+C mass fraction of bulk silicate 
Earth, at a time when the H2 atmosphere is ~50 kbar. 
 

 
Fig. 2. Histograms of planet abundance. Colored bands 
are the true planet histogram (with error) according to [6] 
(light gray) and according to [7] (dark gray). Lines show 
model output for the impermeable planet case (black 
line); linear (Henry’s Law) dissolution of H2 in magma 
(blue line); and the fugacity crisis case (red line). Trian-
gles correspond to the bare-core radii for {4,6} M⊕. See 
[4] for details. 
 

Neglecting diffusive separation within the atmosphere 
(which we justify a posteriori) the output is time-
independent. Thus we calculate time-independent small 
exoplanet evolution sequences (quantitative versions of 
Fig. 1) and then map them on to the time-dependent spe-
cifics of atmosphere loss for a given planet’s environ-
ment. To make the curves shown in Fig. 4, we adopt an 
energy-limited escape flux at μ = 2.3 with the LXUV/Lbol 
of [8], XUV heating efficiency ε = 0.15, and the planet 
radii of [9]; transitioning to the pure-CO2 escape flux of 
[10] at high μ. 
 

We find that, for most worlds that are born as sub-
Neptunes, exsolution of high-µ constituents from the 
magma ocean is usually not enough to overcome dilution 
by nebular gas. As a result, the atmosphere stays H-
dominated and the high-µ constituents are entrained to 
space. Exceptions occur (e.g. Fig. 4). For super-Earths 
that are born as sub-Neptunes, volcanic outgassing driven 
by solid-state mantle convection should continue for Gyr 
(e.g., [11]). However, silicates are depleted in volatiles 
during the sub-Neptune to super-Earth conversion pro-
cess. Overall, for currently known Super-Earths, which 
typically orbit Solar-mass stars, volcanic atmospheres are 
plausible at high insolations. For planets around ~0.3 M☉ 
stars, secondary atmospheres at >4 L⊕	are unlikely unless 
the planet includes a major contribution of solids from 
beyond the H2O ice line (waterworld).  

 
Fig. 3. Adding H2 to a magma ocean of 3.3 M⊕ with a 
temperature at the magma-atmosphere interface of 
3000 K. Simplified Fe-Mg-Si-O-H model. For H2-free 
magma oxidation state near the upper end of the range 
found from white dwarf analysis [12]. 

 
Fig. 4. Planet evolution tracks, varying distance from 1 
M☉ star. Exsolution of highly-soluble-in-magma 
secondary-atmosphere constituent leads to high µatm 
(color change) as atmosphere shrinks. However, in most 
cases, the XUV flux is so high at this point that the high-
µatm atmosphere is short-lived. Fine-tuning is needed to 
produce a long-lived high-µatm state (rightmost tracks). 
Planets far from star stay as sub-Neptunes (uppermost 
track).    
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