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Abstract. Measurements of exoplanetary masses and 
radii show that ~20% of known rocky exoplanets have 
higher density than that expected from the galactic abun-
dance of rock-forming elements [e.g., 1]. These dense 
“super-Mercury” planets have iron contents of ~70% by 
mass [2]. Like planet Mercury [2], super-Mercuries 
could be remnants of planets whose mantles were 
eroded by giant impacts [e.g., 3]. However, it is un-
known whether giant impacts sufficiently energetic to 
erode the mantle of super-Earths are likely to occur. 
Here we report simulations of observed compact super-
Earth systems with orbital periods < 100 days undergo-
ing orbital instabilities that lead to formation of super-
Mercuries through giant impacts. We postulate that, af-
ter formation of the precursor planets in these systems, 
they enter a metastable state that eventually transitions 
into a period of unstable orbits leading to giant impacts. 
Provided that such an instability occurs, we find that the 
probability that a compact super-Earth system trans-
forms into a single super-Mercury planet is 4-17% (95% 
confidence level), consistent with the exoplanetary ob-
servations that ~7% of super-Earths are super-Mercuries 
without detected companions.  

Introduction. Dense bodies like planet Mer-
cury and asteroid (16) Psyche may be the cores of pro-
toplanets whose mantle was stripped by giant impacts 
[e.g., 4]. Giant impacts between super-Earths may also 
erode mantle materials if the impact energies are suffi-
ciently high, forming super-Mercuries [e.g., 3]. After 
gas disk dispersal, models of both in-situ formation and 
formation followed by inward migration predict a final 
phase of giant impacts; however, these events are mainly 
accretionary and do not form super-Mercuries [5, 6, 7]. 
Planets may also experience giant impacts billions of 
years after formation if their orbits become unstable. 
Multi-planet systems with orbital periods smaller than 
100 days (which occur at a rate of ~30-50% of the FGK 
spectral-type stars [8]) are thought to lie close to insta-
bility [9]. Dynamical instabilities are expected to occur 
at a significant rate in such systems, leading to giant im-
pacts at velocities ≤ 3.3 times the mutual escape veloc-
ity, vesc, of the colliding bodies [10]. This led to the pro-
posal that Mercury in our solar system may be the rem-
nant of a super-Earths system that went unstable [10]. 

Hypothesis and methodology. We build upon 
the work by [10] to test the hypothesis that super-Mer-
curies form during late orbital instabilities of tightly-
packed super-Earth systems. This hypothesis is sup-
ported by computational models of giant impacts (e.g., 
[3]) showing, for example, that a head-on collision at 3.3 

vesc transforms a 4-M⊕ planet with Earth-like composi-
tion into a super-Mercury by eroding its mantle. To sim-
ulate the effect of off-axis collisions and collision 
chains, we developed a model that statistically evolves 
an observed system of super-Earths through giant im-
pacts given the observed planetary radii and semi-major 
axis values and the mass of the central star as input. For 
the planets, we assume an initial core-mass fraction of 
30% (corresponding to an iron-to-magnesium weight ra-
tio close to the galactic value [11]) and use the model by 
[12] to convert planetary radii from transit data into 
planetary mass. At each step of a collision chain, two 
planets are randomly sampled from the population of 
planets in the system and undergo a giant impact. The 
post-collision remnants are modeled as one planet in the 
case of accretion/erosion and two planets in the case of 
hit-and-run collisions. We predict the planetary masses 
and core-mass fractions of the remnants using a ma-
chine-learning model trained to mimic the outcome of 
expensive, high-resolution hydrodynamic simulations 
of giant impacts as in [13]. We use additional machine-
learning algorithms to predict the orbital semimajor axes 
and eccentricities of the remnants and the masses of two 
smaller-scale remnants representing the debris. The in-
put of the machine-learning models are the masses and 
core-mass fraction of the colliding bodies, and the colli-
sion angle and velocity. The angle is randomly sampled 
from the expected dP ~ sin(2θ) dθ distribution. The rel-
ative collision velocity is randomly sampled from a dis-
tribution of velocities adapted from that of [10], who 
modeled instability of tightly-packed systems using N-
body simulations. Collisions involving bodies with mass 
less than 10-4 M⊕ with impactor-to-target mass ratio less 
than 0.05 are assumed to be perfect mergers. Ejection 
from the system is assessed by tracking the evolution of 
the bodies’ eccentricity. 

Case study. Here we investigate whether 
super-Mercuries without detected companions, which 
we estimate to occur at a rate of ηobs ~ 7% (Table 1), 
formed as a result of orbital instabilities of tightly-
packed super-Earth systems. We run the aforementioned 
collisional model for 10 tightly-packed super-Earth 
systems in the catalog of [14] until a single planet 
survives. The planets in the systems have mutual orbital 
spacings less than 10 mutual Hill radii (the lower 
boundary for instability found by [15]) and are expected 
to have negligible gaseous envelopes (planets with 
radius < 1.6 R⊕	 [1], for which our machine-learning 
giant-impact model is the most applicable [13]). For 
each of the 10 systems, we run the collisional evolution 
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model 1,000 times to get the range of plausible 
outcomes from the model for the mass and density of the 
final single planet. We compute the occurrence rate of 
super-Mercuries, ηSM, as the number of final planets 
whose bulk density is above the upper limit of planetary 
bulk density expected from galactic abundances of rock-
forming elements ([1]; Figure 1). The metric of success 
is that ηSM matches ηobs within uncertainties.  

Our preliminary results (Figure 1) show that 
the probability that single super-Mercuries form is ηSM 
= 4 – 17 % (95% confidence level). This was computed 
by bootstrapping the 1000 values of ηSM for each of the 
10 planetary systems with a 20% leave-out rate. This 
range of ηSM is  consistent with ηobs = 7% (Table 1), 
supporting the hypothesis that super-Mercuries may be 
the collisional remnants of orbital instabilities of tightly-
packed systems of super-Earths. Future work will focus 
on testing the robustness of this result to model 
assumptions, exploring its applicability to systems in 
which super-Mercuries have planetary companions, and 
running N-body simulations for some systems assuming 
initial eccentricities and inclinations. 

Discussion. The link between dynamical 
excitation of a planetary population and formation of 
iron-rich planetary bodies may be a general process of 
planet formation. Ref. [16] proposed that giant-planet 
migration produced a relatively short-lived spike in 
impact velocities lasting ~0.5 Myr, linking this to the 
formation of the CB (Bencubbin-like) metal-rich 
carbonaceous chondrites in an impact vapor-melt 
plume. Asteroid (16) Psyche — the target of a future 
NASA mission — may be the core of a planetesimal that 
lost its mantle in giant impacts [4], but mantle stripping 
requires vcoll >> vesc at typical impact angles θ ~ 45°. Such 
collisional velocities are rare during the end stage of 
terrestrial planet formation [17], but N-body simulations 
indicate that many planetary systems are metastable and 
can experience later periods of instabilities [10]. If the 
link between orbital instability and iron-rich bodies is 
verified, then we can use the occurrence rates, masses, 
radii, and orbits of super-Mercuries to constrain whether 
observed planetary systems experienced orbital 
instabilities and study the physics of such processes.  
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Single 
planet 

Radius  
(R⊕) 

Mass 
(M⊕) 

Density 
(g/cm3) 

Kepler-78 1.12 ± 0.11 1.97 ± 0.54 7.7 ± 3.1 
L168-9 1.39 ± 0.09 4.60 ± 0.56 9.4 ± 2.2 
K2-131 1.50 ± 0.07 6.30 ± 1.40 10.3 ± 2.7 
Kepler-99 1.48 ± 0.08 6.15 ± 1.30 10.5 ± 2.8 
GJ 367 0.72 ± 0.05 0.55 ± 0.08 8.1 ± 2.2 
HD137496 1.31 ± 0.06 4.04 ± 0.55 9.9 ± 1.9 

 

Table 1. Parameters and their 1-sigma uncertainties for 
the 6 super-Mercury planets that do not have compan-
ions,  ~35% of the 17 super-Mercuries identified by [1]. 
⊕ = Earth. Based on this limited sample, we estimate 
that the occurrence rate of single super-Mercuries is ηobs 

~ 7% by multiplying 35% times 20%, where 20% is the 
abundance of super-Mercuries among super-Earths [1], 
caveat that observed single super-Mercuries may share 
the system with undetected companions.  

Figure 1. Density, ρ, versus radius, R, of the final plan-
ets resulting from the collisional evolution of three sam-
ple super-Earth systems. Each colored point is only for 
simulations ending in one planet. The super-Mercury 
threshold in ρ-R coordinates from [1] is plotted as a 
dashed curve. The normalized marginal distributions are 
for ρ (right) and R (top). The single detected super-Mer-
curies are from Table 1 (crosses denoting 1-sigma un-
certainties). The hatched area is the forbidden region 
where a planet would have iron content > 100%.  
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