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Abstract

We present numerous aspects of the evolution of the LP 890-9 (SPECULOOS-2/TOI-4306) planetary system,
focusing on the likelihood that planet ¢ can support life. We find that the host star reaches the main sequence in
1 Gyr and that planet c lies close to the inner boundary of the habitable zone. We find the magma ocean stage can
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last up to 50 Myr, remove eight Earth oceans of water, and leave up to 2000 bars of oxygen in the atmosphere.
However, if the planet forms with a hydrogen envelope as small as 0.1 Earth masses, no water will be lost during
the star's pre-main-sequence phase from thermal escape processes. We find that the planets are unlikely to be in a
3:1 mean motion resonance and that both planets tidally circularize within 0.5 Gyr when tidal dissipation is held
constant. However, if tidal dissipation is a function of mantle temperature and rheology, then we find that planet c's
orbit may require more than 7 Gyr to circularize, during which time tidal heating may reach hundreds of terawatts.
We thus conclude that the habitability of planet ¢ depends most strongly on the initial volatile content and internal
properties, but no data yet preclude the viability of an active biosphere on the planet.

Unified Astronomy Thesaurus concepts: Exoplanets (498)

1. Introduction

The LP 890-9 system consists of a 0.12M, star and two
approximately Earth-radius planets (L. Delrez et al. 2022), with
the outer planet in or near the circumstellar habitable zone (HZ;
S. H. Dole 1964; J. F. Kasting et al. 1993; R. K. Kopparapu
et al. 2013). The planetary system was discovered via transits
from both TESS and ground-based telescopes, but radial
velocity data failed to achieve a detection so the masses are
very poorly constrained. At a distance of 32 pc, planet c is in
the fourth closest system known to harbor at least one
potentially habitable planet that transits its host star, after
TRAPPIST-1 (M. Gillon et al. 2017), LHS 1140 (J. A. Dittm-
ann et al. 2017), and GI 12 (S. Dholakia et al. 2024; M. Kuz-
uhara et al. 2024). At this distance, both planets’ atmospheres
may be amenable to follow-up spectroscopy with the James
Webb Space Telescope JWST; L. Delrez et al. 2022). With
this possibility in mind, we have performed a set of simulations
that provide preliminary insight into the history and habitability
of the LP 890-9 system.

We cast a wide net in our investigations, considering
phenomena ranging from the geodynamo in the planetary cores
to the long-term evolution of the orbits. The observed and
derived properties relevant to this study, all taken from
L. Delrez et al. (2022), are presented in Tables 1 and 2. For
the nonlinear and high-dimensional problem of planetary
system evolution, these sets of parameters are insufficient to
accurately constrain any realistic model of planet c's habit-
ability (V. S. Meadows & R. K. Barnes 2018). We therefore
augment these sets of priors with numerous other assumptions
and simplifications, described and justified in Section 2, to
predict aspects of the orbital, rotational, atmospheric, surface,
and internal evolution of the star and planets.

In the next section, we describe the physical models we used
to simulate the system, as well as the initial conditions for our
simulations. In Section 3, we present the results for stellar
evolution (Section 3.1), atmospheric escape (Section 3.2),
orbital evolution (Section 3.3), magma ocean phase
(Section 3.4), and finally the postmagma ocean thermal and
magnetic evolution (Section 3.5). We then interpret the results
in Section 4 and conclude in Section 5. The code to generate
the figures is publicly available.*

2. Methods

To simulate this system, we used VPLanet,46 a multi-

purpose planetary evolution code that breaks down the physical
and chemical processes of planetary evolution into “modules”
that can often be coupled together to track feedbacks

* hutps: //github.com/RoryBarnes/LP890-9
46 Publicly available at https://github.com/VirtualPlanetaryLaboratory / VPLanet.

(R. Barnes et al. 2020). In this section, we first briefly review
the physics employed in this study and refer the reader to
R. Barnes et al. (2020) and VPLanet's online documentation
for detailed discussions of the modules and their implementa-
tion. We then describe the details of the individual experiments
we conducted.

2.1. Physical Model

The host star primarily evolves according to a bicubic
interpolation of the I. Baraffe et al. (2015) model grids. These
models predict (as a function of mass, age, and metallicity), the
radius, bolometric (total) luminosity Ly, effective temperature,
and mass concentration. The X-ray and ultraviolet (XUV)
luminosity follows the 1. Ribas et al. (2005) model, in which
the initial, or “saturated,” XUV luminosity (f;,) remains
constant for 0.1-8 Gyr, a duration called the saturation time
(tsa))- The XUV luminosity, Lxyy, then decays by a power law
described by a parameter we call Oxyy (see also S. Peacock
et al. 2020; C. P. Johnstone et al. 2021; T. Richey-Yowell et al.
2022). In other words,

fsat t < Tsat
- -5 (1)
t Pxuv
Lbol f;at( ) > tsab

Lsat

Lxuyv

Note that the position of the HZ is only a function of L, and
T (R. K. Kopparapu et al. 2013). LP 890-9 is a low-mass star,
and therefore early in its lifetime, its luminosity decreased
slowly over hundreds of Myr while its temperature remained
approximately constant (C. Hayashi 1961).

We explore different starting times (5-20 Myr) of each
simulation to account for variations in the timescale for planet
formation (see, for example, S. N. Raymond et al. 2007;
M. Lambrechts et al. 2019; M. S. Clement et al. 2022;
S. N. Raymond & A. Morbidelli 2022). In practice, this
uncertainty is manifested in the starting time in the I. Baraffe
et al. grids. We don't begin any simulation earlier than 5 Myr
into these grids in order to avoid any complications due to the
initial physics of infall as well as instabilities in the bicubic
interpolation method, which relies on numerous data points in
both the time and mass dimensions. Thus, the “times” reported
below are 5-20 Myr less than the values reported in the
I. Baraffe et al. grids. More information about the STELLAR
module can be found in R. Barnes et al. (2020), Appendix J.

The planetary orbits are influenced by both tidal interaction
with the host star and the exchange of angular momentum
between the planets due to gravitational interactions. For the long-
term orbital evolution of the system, we use a constant-time-lag
version of the equilibrium tide model (G. H. Darwin 1880;
P. Goldreich & S. Soter 1966; S. Ferraz-Mello et al. 2008;


http://astrothesaurus.org/uat/498
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Table 1
Observed and Adopted Properties of LP 890-9
Parameter Value Description
Luot (107°Ly) 1.44 + 0.04 Total luminosity
Terr (K) 2850 £ 75 Effective temperature
Py (days) <100 Rotation period
log(Lya/Loot) —4.6 0.1 Normalized Ho luminosity
[Fe/H] (dex) —0.03 £+ 0.09 Metallicity
M, (M) 0.118 £ 0.002 Stellar Mass
R, (Rw) 0.1556 + 0.0086 Stellar Radius
Age (Gyr) 72132 Age
Lxuv/Lvol 5+2) %x107° Adopted XUV luminosity
Table 2
Observed and Adopted Properties of the LP 890-9 Planets
Parameter b c Description
my, (Mg,) <13.2 <253 RV upper limits
m, (M) 23447 2518 Adopted mass
1y (Ra) 132015953 13675903 Planetary radius
Porp (days) 27299025 + 3 x 10°¢ 84575 £3 x 1074 Orbital period
I (deg) 89.67703 89.28710:0%8 Inclination w.r.t. sky plane

J. Leconte et al. 2010), which reduces the tidal effects to two
parameters: the tidal time lag 7 (which is analogous to the tidal Q)
and the Love number k,. In general, tidal effects will tend to
decrease the eccentricity e and semimajor axis a (R. Barnes 2017).
The details of the EqTide module can be found in R. Barnes
et al. (2020), Appendix E.

For the planet—planet interactions, we employ two different
models depending on the goal. To examine the possibility that
the planets are in a mean motion resonance (MMR), we use an
N-body model, the SpiNBody module of VPLanet, that
calculates the forces directly between the star and two planets.
A complete description of the SpiNBody module can be
found in R. Barnes et al. (2020), Appendix L.

The ratio of the orbital periods between planets ¢ and b is
3.1, suggesting the planets are near, but not in, a 3:1 MMR.
Recent work has shown that for first-order MMRs, e.g., 2:1, a
separatrix exists at period ratios about 0.6% wider than perfect
resonance (M. Goldberg & K. Batygin 2023), but no previous
work has yet explored second-order resonances. As such an
analysis is beyond the scope of the current study, we instead
examine the likelihood of resonance the classical way: by
searching for librations of the resonant arguments. For this
system, three eccentricity-type resonance arguments, 6, exist:

efficient than direct calculations, but its accuracy fades as the
eccentricity and relative inclination become larger than 0.3 and
25°, respectively. The interplanetary gravitational forces will
tend to drive oscillations in e and i, where i is the inclination
relative to a reference plane. In this study, we set the reference
plane to be the invariable (or fundamental) plane, i.e., the plane
perpendicular to the total angular momentum vector. The
DistOrb module is described in detail in R. Barnes et al.
(2020), Appendix C.

The long-term orbital evolution of the system depends on
one conservative and one dissipative model. This interplay
results in many parameters evolving like damped-driven
harmonic oscillators (C. D. Murray & S. F. Dermott 1999).
One (or more) frequency's amplitude effectively damps to zero
and the system reaches an equilibrium state. For planetary
systems, the equilibrium state is typically planets with fixed
nonzero eccentricities and major axes that precess in unison
(Y. Wu & P. Goldreich 2002).

Moving on to the planets themselves, we will consider two
types of atmospheres: hydrogen-rich worlds, which we will call
“mini-Neptunes,” and hydrogen-free worlds, which we will call
“super-Earths” (R. Barnes et al. 2009). For the mini-Neptune
case, we assume the planet can lose hydrogen via Roche-lobe

01 =3Xc — Ap — 2wp, ) overflow (J. E. Owen & Y. Wu 2017), radiation/recombina-

0, =3X. — \p — 2w, 3) tion-limited escape (R. A. Murray-Clay et al. 2009), or energy-

and limited escape (A. J. Watson et al. 1981; N. V. Erkaev et al.
2007; R. Luger et al. 2015). We calculate the method of loss

03 =3Ac — Ap — @ — @, “) based on instantaneous conditions, i.e., as the XUV radiation

where A is the mean longitude and w is the longitude of evolves, the manner in which the hydrogen is lost is
periastron. automatically adjusted during the integration (L. N. R. do

For long-term (Gyr) integrations, we use VPLanet's fourth-
order “secular model” (DistOxrb) that assumes the long-term
orbital evolution is well-modeled by torques between elliptical
rings of matter (K. M. Ellis & C. D. Murray 2000; R. Deitrick
et al. 2018). This method is much more computationally

Amaral et al. 2022). We employ VPLanet's AtmEsc module
to perform these calculations, which is described in R. Barnes
et al. (2020), Appendix A. Note that this model does not
include any effects of molecular hydrogen on the climates of
these planets (R. Pierrehumbert & E. Gaidos 2011).
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We assume super-Earths possess large initial abundances of
water that erode away due to photolysis followed by H escape
(A. J. Watson et al. 1981; E. Chassefiére 1996; R. Luger &
R. Barnes 2015). Our model assumes loss is initially energy-
limited, but if a sufficient amount of liberated oxygen
accumulates in the atmosphere, the escape becomes diffu-
sion-limited. We assume the efficiency of the transformation of
photon energy to the kinetic energy of escaping protons scales
with the incident XUV flux (E. Bolmont et al. 2017) and is
generally around 10%. We further assume that water is only
photolyzed after all of a primordial hydrogen envelope has
escaped in our model and when the planet is interior to the HZ.

Water photolysis also releases free oxygen atoms. We
consider two possibilities for the fate of this liberated oxygen:
(1) it accumulates in the atmosphere, where it may be dragged
to space by escaping hydrogen atoms when the XUV flux is
large enough (D. M. Hunten et al. 1987; R. Luger &
R. Barnes 2015), or (2) it all reacts with the surface and enters
the mantle. Thus, in some cases, we expect oxygen to
permanently accumulate in the atmosphere.

For this study, we assume the planetary compositions are
Earth-like, which may or may not be the case. We make this
choice because of the relatively poor constraints on the material
properties of other abundance patterns, such as larger
abundances of magnesium or calcium (see, e.g., J. C. Bond
et al. 2010). Moreover, VPLanet's postmagma ocean interior
model is only calibrated to Earth and Venus, so we limit our
scope to their composition.

We consider the possibility that the planets formed very hot
with a fully molten mantle, as is likely for Earth right after the
Moon-forming impact (D. J. Stevenson 1987). During this
“magma ocean” phase, the volatile gases are partitioned
between the interior and atmosphere in a pseudoequilibrium
(Y. Abe 1997; L. Elkins-Tanton 2008; L. Schaefer et al. 2016;
the escaping atmosphere and secular cooling of the planet
prevent actual equilibrium). Oxygen can bond with iron in the
mantle to form the solid Fe,03;, effectively removing O from
the atmosphere. As the mantle solidifies from the core/mantle
boundary to the surface, water can become trapped in the
mantle. To simulate the magma ocean phase, we primarily rely
on VPLanet's MagmOc module, which is described in
P. Barth et al. (2021).

Once the mantle's melt fraction drops to a sufficiently low
value, the viscosity decreases and the equilibrium between the
interior and atmosphere breaks (P. Barth et al. 2021). This
transition marks the end of the magma ocean phase and the
beginning of either a plate tectonics or stagnant lid thermal/
volatile/magnetic evolution (P. Driscoll & D. Bercovici
2013, 2014), which may still be affected by tidal heating
(B. Jackson et al. 2008a, 2008b; W. G. Henning et al. 2009;
R. Barnes et al. 2013; P. E. Driscoll & R. Barnes 2015). We
evaluate the postmagma ocean evolution of the planets with
VPLanet's ThermInt module, which is described in
R. Barnes et al. (2020), Appendix K. Specifically, we assume
the planets evolve in a plate tectonics mode that cools the
interior more rapidly than a stagnant lid planet. This choice
should increase the temperature difference between the core
and mantle, promoting core convection and a geodynamo. We
also note that, following P. Driscoll & D. Bercovici (2013), we
assume a modest amount of potassium heating in the core,
which can resolve the so-called new core paradox and thermal
catastrophes implied by thermal models that do not include

Barnes et al.

deep heating or an insulating layer (J. Korenaga 2006;
S. Labrosse & C. Jaupart 2007).

The above set of models provides preliminary insight into
multiple aspects of the planetary system's evolution. Next, we
describe the parameter spaces we explored.

2.2. Initial Conditions

We performed 1000 simulations of the stellar evolution with
each individual system's initial conditions sampled as a
Gaussian according to the values in Table 1. Furthermore, we
simulated each system to a current age that is sampled from the
Gaussian distribution within uncertainties listed in Table 1. In
practice, this latter choice does not affect the results. For the
XUV evolution, we assumed the following initial distributions
of parameters: —3.5 < logf, < —2.5; 1 Gyr <t,< 10 Gyr;
and —2<( < 0 based on previous results for low-mass M
dwarfs (E. Magaudda et al. 2020; S. Peacock et al. 2020;
J. Birky et al. 2021; C. P. Johnstone et al. 2021). These
simulations start at 5 Myr of stellar evolution, which planet
formation models suggest is about the minimum for how long it
would take for these planets to fully form (S. N. Raymond et al.
2007; M. Lambrechts et al. 2019; M. S. Clement et al. 2022).

We assume that the planet is fully covered by water, and in
some cases, possess a primordial envelope made of hydrogen.
We considered three different values of initial surface water of
1, 3, and 10 TO,*” and initial primordial hydrogen envelope
masses of 0.001, 0.01, and 0.1 M.

Moving on to the orbital evolution, we performed a suite of
N-body simulations designed to evaluate the possibility that the
planets are in the 3:1 resonance. Each case was integrated for
10-1000 yr, or about 400—40,000 orbits of the outer planet. We
found this duration was sufficient to identify librating resonant
arguments. We varied both planets’ mean anomalies between
0° and 360° in increments of 60°, both planets’ eccentricities
between 0.05 and 0.3 in increments of 0.05, and the outer
planet's longitude of pericenter between 0° and 360° in
increments of 60°. Note that 0.3 is the maximum eccentricity
that does not cause orbit crossing at the current semimajor axes.

To model the long-term evolution of the orbital elements, the
initial eccentricities of each planet were sampled uniformly
over [0, 0.3]. The initial longitudes of the ascending node and
periastron were sampled uniformly in the range [0°, 360°). In
this parameter space, we find that the planets circularize in
~100 Myr (see Section 3.3), so we do not simulate for longer
timescales.

For the magma ocean phase, we explored solely the
evolution of LP 890-9c because VPLanet's MagmOc model
is currently only validated for planets in the HZ of their host
star. We considered the 1o lower and upper limit of the planet
mass, respectively, and investigated initial water masses
between 1 and 100 TO with 20 simulations and logarithmic
scaling.

To assess the importance of long-term radiogenic and tidal
heating, we ran a suite of integrations with a range of initial
physical parameters. We chose planet masses within the lo
estimate given in L. Delrez et al. (2022), with initial
eccentricities ranging between 0 and 0.5 for each planet and
mantle viscosity activation energies between 2.75 x 10° and
3.5 x 10°, corresponding to tidal Qs between 10 and 200. For

47 A “terrestrial ocean,” the mass of water in modern Earth's oceans, equal to
1.39 x 10*' kg.
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Figure 1. Evolution of some of LP 890-9’s stellar properties. Note that the “Time” in each panel is offset by 5 Myr from the 1. Baraffe et al. (2015) model grids that
form the foundation for the stellar evolution model, see Section 2.1. Each panel includes 10% of 1000 trials sampled within the ranges described in the main text. The
red lines and shading represent the best fit and 1o uncertainties of each parameter, if available. Top left: bolometric luminosity. Top right: XUV luminosity. The blue
curve is the best-fit history of the star. Bottom left: effective temperature. Bottom right: radius.

comparison, Earth's mantle viscosity activation energy
A, = 3 x 10°. The grid spanned eight values in each
dimension, for a total of 512 integrations. In all cases, we
assumed Earth's abundances of the radiogenic isotopes “°K,
232Tp 2357 and 28U,

3. Results
3.1. Stellar Evolution

In Figure 1 we show the evolution of the star's bolometric
luminosity, XUV luminosity, effective temperature, and radius.
While the 1. Baraffe et al. tracks reproduce the observed
luminosity quite well, they tend to be displaced by about 2
standard deviations from the best-fit values of T, and radius. This
result is consistent with previous analyses that found that M dwarf
radii are systematically larger than theoretical predictions (e.g.,
S. Morrell & T. Naylor 2019). However, for the purposes of our
investigation, this offset is acceptable since the HZ is only weakly
dependent on effective temperature, and the tidal evolution of the
planets will be dominated by dissipation in the planets
(R. A. Mardling & D. N. C. Lin 2002).

Figure 2 shows the evolution of the HZ for the range of
plausible stellar masses. The limits are taken from R. K. Kopp-
arapu et al. (2013). While planet b is always well interior to the
HZ, planet c is within the “optimistic” HZ for all plausible
stellar masses and could be in the “conservative” HZ. Thus,
planet c probably spent between 100 and 600 Myr interior to
the HZ.

—— Recent Venus

Runaway Greenhouse

—— Maximum Greenhouse

—— Early Mars

[)Lm(‘l [+

-2

planet b

10° 107 108 10°
Time [yr]

Figure 2. Evolution of LP 890-9’s HZ for 10% of the 1000 trials. The pale blue
curves correspond to the “early Mars” limit, dark blue to “maximum
greenhouse,” orange to “runaway greenhouse,” and red to “recent Venus”
(R. K. Kopparapu et al. 2013). Thin curves represent individual trials, while the
thick line is the average. The current orbits of planets b and c, assuming the
best-fit stellar mass, are shown with dashed black lines.

3.2. Atmospheric Evolution

Figure 3 presents the atmospheric escape results for an initial
water mass of 1, 3, and 10 terrestrial oceans (TO) under various
initial hydrogen envelope masses. The results show that both
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Figure 3. Evolution of the atmospheric parameters for LP 890-9 b (red) and ¢ (blue), with an initial surface water content of 1 TO (left panels), 3 TO (middle panels),
and 10 TO (right panels). First row: surface water content. The solid, dashed, and dotted curves represent an initial envelope mass of 0, 0.01, and 0.1 M., respectively.
Curves with high and low opacity represent the cases when the oxygen does or does not react with the surface, respectively. Second row: O, in the mantle. Third row:
O, accumulated in the atmosphere Fourth row: crossover mass. The horizontal light blue line represents the limit where the oxygen can be dragged along the hydrogen
background out of the atmosphere.

planets could lose up to 9.9 TO in the first 370 Myr if they did atmosphere can reach 1900 bars. In the early stage of evolution,
not possess a primordial hydrogen envelope. In these scenarios, during the first 1Gyr, a small hydrogen envelope of
when the initial amount of water is 10 TO, the oxygen in the 0.01-0.1 M., is sufficient to prevent water escape.
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Another feature that helps keep the water on the surface is the kinetic energy of the hydrogen atoms. If we compare all the
the presence of oxygen in the atmosphere. Since oxygen can be panels in the first row from Figure 3, we can notice that for the
dragged into space by the hydrogen, less energy is available for same age, the planets lose more water if the oxygen is absorbed
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Figure 5. Example of the coupled tidal + orbital evolution of the LP 890-9 planetary system over 100 Myr. Dashed lines represent the best-fit values and the shaded

gray regions demarcate the 1o credible intervals from L. Delrez et al. (2022).

by the surface, compared to when the oxygen remains in the
atmosphere.

These figures reveal that envelope masses of 0.1M. and
larger cannot be fully stripped during the pre-main-sequence
phase of the host star. These envelopes inflate the radius of
the planet beyond the observed value and are therefore
disfavored. However, after 7.5 Gyr of evolution, the results
shown in the middle panel of Figure 4 indicate that these
planets could have started with a H/He inventory in between
0.01 and 0.1 M.

The results also show that the incoming XUV flux is initially
hundreds of Wm™2 but drops quickly (bottom panel of
Figure 4). Due to this high XUV flux, the crossover mass at the
beginning of the evolution is larger than 16 amu (fourth panel
of Figure 3), which means that the hydrogen can drag the
oxygen to space. But as the XUV flux drops, the crossover
mass drops below 16 amu and there is no longer a flux of O
atoms to space. The panels of the second row show the amount
of oxygen that is absorbed by the surface. Planet b loses up to
67 bars and planet c loses up to 41 bars of oxygen to space
when the planets begin with an initial surface water content of
10 TO. However, not all scenarios present extreme scenarios,
such as total desiccation. Simulations with an initial hydrogen
envelope mass of > 0.01Mg, can keep all the surface water,
regardless of the initial amount of water on the surface.

3.3. Orbital Evolution

Next, we turn to the orbital evolution of the system. We
begin by examining the likelihood that the planets are in a 3:1
MMR. Of our 13,824 simulations, we found only 6 cases for
which the resonance arguments librated, see Equations (2)—(4).
Even then, the amplitudes were nearly 360°, suggesting that the
resonant effects are still very weak. We therefore conclude that
we can safely ignore the 3:1 MMR and simulate the system
with a secular orbital evolution model.

Figure 5 shows an example of the tidal-secular orbital
evolution of the system, specifically the semimajor axes a,
eccentricities e, and the difference between their longitudes of
periastron Acwo. This simulation reproduces the observed
semimajor axes within observational uncertainties (L. Delrez
et al. 2022) after 100 Myr, but is very likely not the true
trajectory because the magnitude and frequency dependence of
the tidal dissipation model are poorly approximated by
equilibrium  tide theory (see, e.g., J. Touma &
J. Wisdom 1993; M. Efroimsky & V. V. Makarov 2013;
R. Greenberg 2009).

Tidal effects drive both eccentricities to  <0.01 after
~100 Myr, while the perturbations between the planets drive
sinusoidal oscillations. The result is effectively a damped-
driven harmonic oscillator that ultimately circularizes both
planets’ orbits. Once the orbits have circularized, the tidal
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Figure 6. Left: magma ocean solidification time of LP 890-9 c vs. initial water content in TO for different planetary masses and for disk dissipation times #(0) of
20 Myr (solid lines) and 6 Myr (dashed lines), respectively. (We note that the solid orange line lies underneath the solid green line.) Right: abiotic oxygen build-up
(partial pressures of O, in bar) in LP 890-9c during the magma ocean stage as a function of initial water mass.

evolution of the semimajor axes can only proceed via
dissipation in the star (R. A. Mardling & D. N. C. Lin 2002;
S. N. Raymond et al. 2008).

3.4. Magma Ocean Evolution

We find that the duration of the magma ocean phase depends
on the initial water content and also on the assumed disk
dissipation time that determines the start of our magma ocean
evolution, #0). Assuming a disk dissipation time of 6 Myr
results in solidification times of 51 Myr for large initial water
content (>9 TO). If the disk dissipates later, that is at 20 Myr,
the maximum solidification is lowered to 36 Myr. This
tendency is a consequence of the changes in cooling rate that
are determined by the difference between the outgoing long
wave radiation (OLR) of a steam-dominated atmosphere and
the irradiance of the host star. The OLR is always 282 W m >
(e.g., C. Goldblatt 2015; P. Barth et al. 2021), but the irradiance
from the host star is lower at an age of 20 Myr compared to
6 Myr, resulting in faster magma ocean solidification for
#(0) = 20 Myr (Figure 6, left).

For low water content (<6 TO), the opposite is true. The
solidification time is shorter when assuming fast disk
dissipation (6 Myr) compared to slow dissipation scenarios
(20 Myr). Here the magma ocean solidifies as the atmosphere
desiccates via XUV photolysis of H,O. Since the host star
emits more XUV at 6 Myr compared to 20 Myr, desiccation,
and thus solidification, occurs faster. The more efficient erosion
for a younger host star is also evidenced by complete
desiccation occurring for only up to 6 TO initial water with
#(0) = 20 Myr and up to 9 TO with #(0) = 6 Myr. Generally, we
find that the simulated LP 890-9 ¢ magma ocean evolution
resembles that of TRAPPIST-1 e as outlined in P. Barth et al.
(2021), which is also close to the inner edge of the HZ of its
host star.

Water loss leads to the abiotic build-up of oxygen in the
atmosphere once the iron buffer in the mantle has been fully
exhausted or when the mantle fully solidifies (Figure 6, right).
We find that the oxygen surface pressures can range from 400
bars (3.3Mg,) to 2000 bars (5.7Mg,) for disk dissipation
times of 6 Myr. Longer dissipation times result in a moderate

reduction of O, build-up by less than 1 order of magnitude due
to reduced overall water erosion at this later stellar evolution
stage. For the lowest planetary mass, 2.2Mg,.u, 0Xygen build-
up is suppressed for all disk dissipation scenarios as we find
that the majority of the oxygen produced by photolysis of HO
is lost to space. Figure 7 shows the abundances of water and
oxygen in the various reservoirs over time for an initial water
mass of 5 TO.

3.5. Thermal and Magnetic Evolution

A fiducial case of the thermal and magnetic evolution of
planets b and c¢ is shown in Figure 8. While the exact
parameters at 7.2 Gyr will change depending on the initial
parameters in mass, eccentricity, and mantle viscosity activa-
tion energy, the general evolution will be similar to that shown
in Figure 8. From this fiducial run, we can see that, despite
having similar planetary masses, the differing levels of tidal
heating between the two planets result in significant differences
in their thermal evolution.

For LP 890-9 b, the orbit circularizes quickly (bottom left
panel), resulting in almost no contribution to the internal heat
budget from tidal heating (top right panel). In contrast, LP 890-
9 c experiences tidal heating that reaches 1 TW at 10 Myr, and
~100 TW at 10 Gyr (Earth's internal power is 40 TW). The
impact of this powerful heating drives sustained higher mantle
temperatures of ~2500K for planet c. Planet b, in contrast,
continues to cool to 7,, ~ 2200 K by the end of the integration.
In the top middle panel, we see the mantle temperatures begin
to diverge significantly at ~0.1 Gyr, reaching a maximum
difference between the two planets of about 300 K at ~5 Gyr.

This relatively small difference in volumed-averaged mantle
temperature creates a qualitative difference in the core
temperature evolutions. In the top left panel, we see that up
to 0.05 Gyr, the volumed-averaged core temperatures are nearly
equal and constant, but that afterward, b's core temperature
decreases while c's increases by about 30 K before both rapidly
falling off at about 1-2 Gyr. This divergence is due to the
competing effects of a hotter mantle and radiogenic heating
from potassium (half-life = 1.8 Gyr) in the core. Initially, the
cores are in thermodynamic equilibrium with the mantles as
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Figure 8. An example of the thermal and magnetic evolution of LP 890-9 b and ¢ from the EqTide, ThermInt, and RadHeat modules. Both fiducial integrations
are representative cases from the larger integration set presented in Figure 9, with the viscosity activation energies of A, ;, = 2.9 - 10° and A,.=3.1-10° chosen so
that both planets have approximately equal initial tidal Q = 30. Both planets have initial eccentricities of e ~ 0.1, and masses of m;, = 2.3M, and m. = 2.9M,. The
interior structures of both planets are otherwise assumed to be Earth-like. Throughout the integration, LP 890-9 ¢ has a consistently higher volumed-averaged core
temperature and generally has a higher volumed-averaged mantle temperature than LP 890-9 b. In the upper right panel, we see that LP 890-9 b's internal heat budget
is driven by radiogenic heating for the full integration lifetime, while LP 890-9 c has a significant contribution from tidal heating, which increases in total power as its
orbital eccentricity begins to decay by the end of the integration (bottom left panel). The tidal heating drives mantle heating, leading to higher sustained volume-
averaged mantle temperatures for LP-890c. Both planets have nonzero magnetic moments for the majority of the integration, and experience declining eruption rates

as the planets age.

core cooling into the mantle is approximately offset by
radiogenic heating. As planet c's mantle power increases due
to tidal heating, the temperature difference decreases, resulting
in slower core cooling. Thus, the core heats up by about 30 K.
After 1-2 Gyr, potassium heating fades and the mantles
continue to cool, both of which increase core cooling and
instigate the steeper temperature drop in the core seen in the top
left panel of Figure 8.

The different core and mantle thermal evolutions are also
reflected in the magnetic field strengths. With a shallower
temperature gradient between planet c's core and mantle, we

10

would expect its liquid core to experience less vigorous
convection and hence generate a weaker dynamo, which is
confirmed in the bottom middle panel. In VPLanet’s 1D
model, the dynamo is independent of 7;., so the brief period in
which the core warms does not affect dynamo generation. The
discontinuity both magnetic moments show at later times is due
to inner core nucleation, which provides additional core heating
in the form of latent heat.

Although this thermal evolutionary model does not strictly
include a magma ocean phase, the effects of a high mantle
temperature are visible in Figure 8. As the temperature drops,
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Figure 9. The results of a parameter sweep over the mass, orbital eccentricity,
and viscosity activation energy for each planet. Individual trials are plotted as
thin solid curves. The evolution of the fiducial case is overlaid in the left panel
with thick curves. The distribution of the fraction of the total internal heat
generated by radiogenic heating at the present day (a stellar age of 7.2 Gyr) is
plotted as a histogram for each planet in the right panel. The orbit of the inner
planet, LP 890-9 b, always circularizes by the end of the integration, leaving
the primary source of internal heating to be radiogenic heating in all
integrations. The outer planet, LP 890-9 ¢, has a much more varied range of
heating ratios at the end of the integration so that the primary internal heat
source at present day cannot be securely determined.

the melt fraction also drops and after 1 Myr the mantle
viscosity increases dramatically as a result. Convection in the
stiffer mantle slows cooling, and as a result, the mantle
temperature becomes approximately constant. We emphasize,
though, that these simulations did not include the full
geochemical evolution of the magma ocean, and so evolution
during the first million years is only shown for context.

The top right panel of Figure 8 shows the relative importance
of two major internal heat sources: radiogenic heating and tidal
heating. Radiogenic heating is supplied by radioactive isotopes
present in the planetary interior, and the rate of heating depends
only on the abundance of those isotopes. In contrast, tidal
heating occurs due to tidal strain dissipated in the planetary
interior and is a function of e and rotation period. For the
fiducial case given in Figure 8, the orbit of the inner planet LP
890-9 b circularizes well before the present day, resulting in the
internal heat budget being fully provided by radiogenic heating.
In contrast, the outer planet LP 890-9c still maintains
significant planetary eccentricity by a stellar age of 7.2 Gyr,
meaning that the internal heat budget comes from multiple
sources.

We ran integrations of the system's interior evolution over
these bounds, and in Figure 9 we plot the ratio of the radiogenic
heating to the total heating (when the total includes contribu-
tions from radiogenic and tidal heating). The two planets have
different bounds of potential evolution: LP 890-9 b shows
evidence of some contribution from tidal heating at early times,
but by 7.2 Gyr all system realizations approach a ratio of 1; in
contrast, LP 890-9 c allows a larger range of values of the ratio,
with the most likely value at 7.2 Gyr being 0. From these
parameter sweeps, we can conclude that LP 890-9 b's internal
heat budget is supplied solely by radiogenic heating today. In
contrast, LP 890-9 c's heat budget can be supplied by solely
radiogenic heating, predominantly tidal heating, or by a
combination of the two.
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4. Discussion

The results presented here reveal numerous possibilities for
the evolution of the LP 890-9 system and the potential
habitability of planet c. Crucially, we find no reason to
conclude at this time that LP 890-9 ¢ cannot support life. Of
course, there are many reasons to still be cautious about that
possibility, and the research presented herein illuminates many
of those reasons, as well as valuable directions for future
research that could resolve the ambiguities.

Starting with the star, the lack of knowledge of the current
XUV luminosity is a major missing piece for assessing
habitability. As the incident XUV flux is a primary driver of
water destruction (A. J. Watson et al. 1981; N. V. Erkaev et al.
2007; R. Luger & R. Barnes 2015), observations of this
parameter are probably the most important for assessing
habitability. The XUV evolution could potentially be further
constrained if the stellar rotation rate were measured, which can
provide constraints on the stellar convective Rossby number,
which is tightly correlated with activity and high energy
radiation (e.g., S. A. Barnes 2003; C. Garraffo et al. 2018;
C. P. Johnstone et al. 2021; S. G. Engle 2024). Combining a
model of stellar rotation evolution with the observed XUV
luminosity could provide much stronger constraints on the
XUV saturation time and fraction, as well as the subsequent
XUV luminosity decay.

Moving onto the planet itself, the biggest missing piece is the
planetary mass. Without the mass, we cannot estimate the
gravitational acceleration at the surface, which is a key
controller of atmospheric escape. If future radial velocity or
transit timing variations (E. Agol et al. 2005; M. J. Holman &
N. W. Murray 2005) could weigh the planets and add that
constraint to the models presented here, then they would be
significantly more accurate.

Measuring the planetary mass could also provide clues to
planetary composition. Here we have assumed an Earth-like
composition, which influences processes such as internal
temperature, viscosity, magnetic field strength, and tidal
effects. While a comprehensive understanding of how
composition affects the full range of planetary processes is
not yet available, knowledge of the composition could
nonetheless help constrain the thermal and volatile evolution
of the planets.

We find that planet ¢ could lose 10 TO of water due to
thermal escape, consistent with other results for planets orbiting
low-mass stars (R. Luger & R. Barnes 2015; E. Bolmont et al.
2017; L. N. R. do Amaral et al. 2022). The water loss process
could result in hundreds of bars of oxygen in the atmosphere or
chemically absorbed by the surface. Alternatively, just
0.001M,, of primordial hydrogen could protect the planet's
water and allow the planet to emerge as a “habitable evaporated
core” after the hydrogen envelope is completely lost (R. Luger
et al. 2015; L. N. R. do Amaral et al. 2022). We caution,
however, that our models are relatively simple and future work
could use more sophisticated models to further refine water loss
predictions (O. Cohen et al. 2015; D. A. Brain et al. 2016;
C. Dong et al. 2018; V. S. Airapetian et al. 2020).

We find that orbital evolution is probably not a major
influence on the potential habitability of planet c. Although we
could not determine if the planets are in a 3:1 MMR, its effects
are likely to be weak because the period ratio is significantly
different from the exact commensurability. The long-term
tidal/orbital evolution is not likely to result in significant
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semimajor axis evolution, at least for initial eccentricities below
0.2. Previous work has shown that the planetary spins are likely
to synchronize within a few tens of kyr (R. Barnes 2017), and
the obliquities damp to equilibrium values that are well below
1° (A. R. Dobrovolskis 2009; R. Heller et al. 2011), and hence
the planets are likely only illuminated on one hemisphere.

5. Conclusions

The LP 890-9 system offers an enticing opportunity to study
planetary evolution and habitability around low-mass stars. The
presence of an Earth-sized planet in the HZ is sufficient to
warrant further scrutiny, and our analysis has provided more
reasons to turn large space-borne telescopes toward this system.
Regardless of habitability, the planetary atmospheres could
provide clues to the atmospheric, internal, and orbital evolution
of any terrestrial planet orbiting a low-mass star.

The most serious threats to habitability are a persistent or
transient runaway greenhouse, which ultimately results in the
destruction of water. The early pre-main-sequence brightness
of the star could desiccate planet c before it ever reaches the HZ
(R. Luger & R. Barnes 2015), or a more recent “tidal
greenhouse” (R. Barnes et al. 2013; P. E. Driscoll &
R. Barnes 2015) could permanently destroy habitability at
later times. While these threats are real, our analysis cannot
confirm that they occurred, hence the ability of LP 890-9 c to
support life remains an open question. However, the LP 890-9
system adds to the limited sample of objects available for
investigating demographic imprints of the inner boundary of
the HZ (M. Turbet et al. 2019; M. Schlecker et al. 2024).

Our investigation has confirmed that future research should
focus on measuring the current XUV luminosity of the star and
the planetary masses. XUV measurements could be made that
are similar to TRAPPIST-1 (J. Becker et al. 2020), while transit
timing variations could reveal their masses (see, e.g., E. Agol
et al. 2021). Furthermore, if the composition of the star could
be measured and/or the processes that formed these worlds be
determined, then the composition of the planets could be
constrained (J. C. Bond et al. 2010).

Future research should also improve upon the modeling efforts
described above. While our study has examined many aspects of
planetary evolution, it is still deficient in many areas. In particular,
the role of carbon dioxide in the interior and atmosphere must be
addressed (see, e.g., J. Krissansen-Totton & J. J. Fortney 2022). As
CO, is a heavy molecule and a powerful greenhouse gas, it could
accumulate in the atmosphere for Gyr and help heat the surface into
a runaway greenhouse. Ultimately, a model that connects the
magma ocean, stagnant lid/plate tectonics geochemistry to orbital
evolution and improved XUV histories will provide better insight
into planet c's habitability prior to direct atmospheric characteriza-
tion. VPLanet possesses many of the pieces of such a model, but
significant effort will be required to properly couple and validate
the physics and chemistry.

As one of just a few potentially habitable planets that transit
a star in the solar neighborhood, LP 890-9 c is a very valuable
target in the search for life beyond the solar system. While our
research cannot provide many definitive statements about the
history and habitability of the LP 890-9 system, it has revealed
numerous intriguing possibilities and clarified directions of
future research. Our investigations provide a starting point for
further characterizing this system, and perhaps the first
discovery of active biology on an exoplanet.
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