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Abstract

Circumbinary gas disks are often observed to be misaligned with the binary orbit, suggesting that planet formation
may proceed in a misaligned disk. With n-body simulations, we consider the formation of circumbinary terrestrial
planets from a particle disk that is initially misaligned. We find that if terrestrial planets form in this way, in the
absence of gas, they can only form close to coplanar or close to polar to the binary orbit. Planets around a circular
binary form coplanar while planets around an eccentric binary can form coplanar or polar depending on the initial
disk misalignment and the binary eccentricity. The more massive a terrestrial planet is, the more aligned it is (to
coplanar or polar) because it has undergone more mergers that lead on average to smaller misalignment angles.
Nodal precession of particle disks with very large initial inclinations lead to high mutual inclinations between the
particles. This produces high relative velocities between particles that lead to mass ejections that can completely
inhibit planet formation. Misaligned terrestrial circumbinary planets may be able to form in the presence of a
misaligned circumbinary gas disk that may help to nodally align the particle orbits and maintain the inclination of
the planets during their formation.

Unified Astronomy Thesaurus concepts: Binary stars (154); Extrasolar rocky planets (511); Planet formation

(1241); Exoplanet formation (492)

1. Introduction

Circumbinary gas disks around young stars are commonly
observed to be misaligned with the binary orbital plane. The
degree of misalignment often increases with binary separation
and eccentricity (Czekala et al. 2019). Misalignments in the
range 25°—60° have been observed around GG Tau A
(Kohler 2011; Andrews et al. 2014), KH 15D (Chiang &
Murray-Clay 2004; Winn et al. 2004; Fang et al. 2019), IRS 43
(Brinch et al. 2016), and L1551 NE (Takakuwa et al. 2017)
while the gas disk around HD 98800 B and the debris disk
around 99 Herculis are misaligned by almost 90° (Kennedy
et al. 2012, 2019; Smallwood et al. 2020). A disk (or planet)
that is misaligned by 90° with an angular momentum vector
that is parallel to the binary eccentricity vector is referred to as
being polar aligned, and this is a stable configuration (Martin &
Lubow 2017; Lubow & Martin 2018; Zanazzi & Lai 2018;
Cuello & Giuppone 2019; Chen et al. 2020).

The chaotic gravitational collapse of a molecular cloud to
form a binary star system and a subsequent circumbinary disk
may result in misalignment. Misalignment may occur as a
result of turbulence in the molecular gas cloud (Offner et al.
2010; Bate 2012; Tokuda et al. 2014), later accretion of
material by the young binary (Bate et al. 2010; Bate 2018),
warping by a tertiary companion or stellar flyby (Thies et al.
2011; Nealon et al. 2020), or if the binary forms from a cloud
whose elongated axis is misaligned to its rotation axis (Bonnell
& Bastien 1992).

Circumbinary planet (CBP) transit-timing variations are
much larger than the duration of the transit, due to the motion
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of the binary, which makes CBPs difficult to detect. As a result,
most CBP transits are detected by eye, which has a strong
observational bias against small planets with small transit
depths. While algorithms for the automated detection of
coplanar CBPs have been presented, terrestrial CBPs have
yet to be observed (Windemuth et al. 2019; Martin &
Fabrycky 2021). The difficulty of transit detection for CBPs
increases with planet misalignment (Schneider 1994; Martin &
Triaud 2014; Martin 2017). The number of transits per epoch
for misaligned planets is atypical, thus enhancing the difficulty
of photometric detection (Chen & Kipping 2021).

All the so-far observed CBPs are nearly coplanar. The most
highly misaligned CBPs that have been observed are Kepler-413b
and Kepler-453b, and they have modest inclinations of about 2.5°
to the binary orbital plane (Kostov et al. 2014; Welsh et al. 2015).
While Armstrong et al. (2014) presented occurrence rates for
CBPs by assuming that CBPs either preferentially form coplanar
or there is an isotropic distribution of misaligned CBPs, Li et al.
(2016) argued that the lack of observed misaligned planets is
representative of nature. In support of this view, the BEBOP
radial-velocity survey for circumbinary planets has constrained the
distribution of CBP inclinations to be <10° (Martin et al. 2019).
However, misaligned planets may be more likely around wider
binaries with orbital periods ranging from 30-10° days (Czekala
et al. 2019).

The standard model of the late stage of terrestrial-planet
formation refers to in situ planet growth in a gas-free
environment via core accretion (Artymowicz 1987; Lissauer
1993; Pollack et al. 1996). It is still debated whether planets
form in the presence of gas and experience inward migration to
their observed orbital periods or if planets form in situ
(Bromley & Kenyon 2015; Penzlin et al. 2021). Each scenario
has its own barriers. If coplanar CBPs form in the presence of
gas, they may migrate through a series of unstable resonant
locations that are likely to lead to the ejection of small planets
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in highly turbulent disks (Martin & Fitzmaurice 2022). The
resonance strength decreases with inclination relative to the
binary (Lubow & Martin 2018). Previous studies have shown
that in the absence of gas, CBPs may form in situ from a
coplanar particle disk (Quintana & Lissauer 2006; Childs &
Martin 2021a) or from a polar particle disk (Childs &
Martin 2021b). However, there remain uncertainties over
how planetesimals are able to form in situ.

In this letter, for the first time, we investigate the late stage of
in situ terrestrial-planet formation in a disk that is highly
misaligned to one of these two stationary states. Zhang et al.
(2018) found that terrestrial planets in an initially misaligned
particle disk around one component of a binary can form
preferentially coplanar, depending on the binary separation. We
use n-body simulations to model the late stage of terrestrial-
planet formation around circular and eccentric binaries in an
initially highly misaligned circumbinary disk. In Section 2 we
discuss the setup of our simulations. In Section 3 we present
our results, and in Section 4 we conclude with a summary of
our findings.

2. Simulations

In this section we describe our simulations of the late stage
of terrestrial CBP formation around a misaligned binary star.
We use the n-body code REBOUND and high-precision
integrator TAS15 (Rein & Liu 2012; Rein & Spiegel 2015).

2.1. Initial Particle Disk

The binary stars have equal masses M| = M, = 0.5 M, where
the total mass is M=10M,. The semimajor axis is
ap = 0.5 au, and we consider two different binary eccentricities
of e, = 0.0 and e, = 0.8. Initially we incline the binary orbital
plane relative to the particle disk by inclination angle iy. We
consider two different initial inclinations for the circular orbit
binary of iyo=230° (C30) and i,,=060° (C60) and one
inclination for the eccentric binary of iy = 60° (P60).

The particle disk begins with 260 Moon-sized planetesimals
and 26 Mars-sized embryos on nearly circular and coplanar
orbits, which mark the onset of the late stage of terrestrial-
planet formation (Weidenschilling 1977; Rafikov 2003). This
mass distribution is successful at reproducing the masses of the
solar system terrestrial planets, and so it is commonly used in
n-body simulations of terrestrial-planet formation (Kokubo &
Ida 1996; Chambers 2001; Quintana & Lissauer 2014; Childs
et al. 2019). Circumbinary disks may have difficulty growing
planetesimals in the inner regions due to tidal forces from the
binary, which inhibit pebble accretion and in situ planetesimal
formation (Moriwaki & Nakagawa 2004; Scholl et al. 2007;
Marzari et al. 2013; Rafikov & Silsbee 2015; Paardekooper
et al. 2012). Planetesimals experience high relative velocities in
the inner disk and are more likely to fragment than accrete one
another. However, if fragmentation is accounted for, second-
generation planetesimals may be able to grow from the
fragments and kilometer-sized planetesimals may grow by
two orders of magnitude in size (Paardekooper & Leinhardt
2010). These problems may not be so severe in a misaligned or
polar disk where the tidal forces are weaker (Lubow &
Martin 2018). If the barriers to planetesimal formation are able
to be overcome, we expect that the early mass distributions for
terrestrial-planet formation will be similar to the circumstel-
lar case.
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All particle eccentricities are uniformly distributed in the
range (0.0, 0.01) and begin on nearly coplanar orbits with
inclinations uniformly distributed between (0°, 1°). The
longitude of ascending node, argument of pericenter, and true
anomaly are uniformly distributed between 0° and 360°. All of
the particles are spherical and are given an initial density of
3gem .

The particles are initially distributed between semimajor
axes of a, = 1-4 au. The surface density profiles () we use for
each particle disk setup are motivated by smooth particle
hydrodynamic (SPH) gas-disk simulations around an equal-
mass binary. The SPH data and analytic fits used for ¥ may be
seen in Figure2 in Childs & Martin (2021b). The surface
density profiles are for a steady-state gas disk around a circular
coplanar (CC) and an eccentric polar (EP) binary. If solid
bodies grow quickly in a gas disk, planet—disk interactions can
alter the distribution of the solid bodies. If the bodies do not
grow substantially large in the gas disk and the gas disk
dissipates quickly, the gas profile is representative of the
starting distributions for the late stage of terrestrial-planet
formation. The gas-disk dissipation timescale may be as short
as 100 Kyr in circumstellar disks where photoevaporation is
efficient (Clarke et al. 2001). Circumbinary disks are expected
to have a similarly short dissipation timescale (Alexander 2012;
Owen et al. 2012).

Table 1 lists the binary parameters and the associated model
name for each setup. To understand the effects of giant planets
on terrestrial-planet formation in misaligned disks, we add
Jupiter and Saturn at their current mass and orbit in half of our
simulations. Runs that include Jupiter and Saturn have a “JS” in
the model name. Each model has 50 runs where the random
seed number, for assigning the randomly chosen orbital
elements of the particles, is changed in each run. We integrate
each run for a total time of 7 Myr.

2.2. Analysis of the Particle Orbits

We analyze the orbits of the bodies in the frame of the
binary. We define r, as the instantaneous position vector of the
binary, ey, as the instantaneous eccentricity vector of the binary,
I, as the instantaneous angular momentum vector of the binary,
and [, as the instantaneous angular momentum vector of the
particle relative to the binary.

For a circular orbit binary (models C30 and C60), the
misalignment is the inclination of the particle orbit relative to
the binary angular momentum vector given by

i = cos (b - 1), )

where ~ denotes a unit vector, and the nodal phase angle of the
particle is calculated with
I- @ x 7
B = tanl[—p G - b)) + g )

lp * Fy
For the systems around an eccentric binary (P60), we calculate

the misalignment as the inclination of a particle orbit relative to
the binary eccentricity vector with

ie = cos™'(&y - 1), (3)



Table 1
Each Row Describes the Model Name, Binary Eccentricity (ep,), Initial Inclination (i), and Initial Particle Surface Density Fit (¥) (from Figure 2 in Childs & Martin 2021b)
M,/Mz > 0.1 M,/Mg > 1.0
Model e i pY # M,/M,, ap/au e % # M,/M,, a,/au e iopb M./Mq
C30 0.0 30.0 CcC 48+13 09+0.8 2.6+0.8 0.07 £ 0.06 12.6 £ 8.1 1.9+£05 1.8 £0.5 22403 0.06 £+ 0.03 69+29 0.06 £+ 0.02
C60 0.0 60.0 CcC 1.5+09 03+0.2 24+£0.7 0.16 £0.10 515+£55 0.02 £0.13 1.1 £0.0 1.5+£0.0 0.02+£0.0 44.7+£0.0 0.84 £ 0.07
P60 0.8 60.0 EP 37+£1.0 1.1£09 25+£0.7 0.07 £ 0.04 134 £8.6 1.8+0.5 1.9+0.5 23104 0.06 £ 0.04 7.0+£33 0.13 £0.05
C30ys 0.0 30.0 CcC 20+0.7 1.5+1.0 20+0.5 0.08 £ 0.06 9.0£538 1.2+04 22+0.6 20+£0.2 0.07 £ 0.05 69+34 0.38 £0.09
C60ys 0.0 60.0 CcC 03+0.5 02+0.2 25+34 0.15+£0.09 534+£76 0.0£0.0 0.96 £ 0.03
P60ys 0.8 60.0 EP 1.1 £0.8 1.1 £0.6 20+£0.3 0.08 £ 0.04 11.1 £ 6.6 0.7+£0.5 1.6 £0.3 1.9+0.1 0.08 £ 0.04 8.8 +4.6 0.73 £0.16

Note. Columns 5-14 show the average values and standard deviations for the terrestrial-planet multiplicity (#), planet mass (M,,), semimajor axis (a,), eccentricity (e), and misalignment (i, for C30 and C60 and i, for
P60) after 7 Myr of integration time. The two sets of statistics consider bodies with a mass M, > 0.1 M, and bodies with mass M}, > 1.0 M. The last column shows the total mass ejected (M.) normalized by the initial
disk mass (My).
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and the nodal phase angle of the particle with

4 = tanl(lp .A(lb X eb)) n g @

I, &
(Chen et al. 2019).

2.3. Nodal Precession

A test particle that is coplanar (i, = 0°) to a binary orbit or
polar to an eccentric orbit binary (i, =90° and ¢.=90° or
alternatively i, =0°) is in a stationary orbit (Farago &
Laskar 2010; Chen et al. 2019). A particle that is at any other
inclination is misaligned and undergoes nodal precession due
to the gravitational torque from the binary.

The nodal precession of a circumbinary particle undergoes
either circulation or libration (Doolin & Blundell 2011). In a
circulating orbit, the angular momentum vector of the particle
precesses around the binary angular momentum vector, and the
ascending node circulates over 360°. Around a circular orbit
binary, the particle always circulates. In a librating orbit, the
angular momentum vector of the particle precesses about the
binary eccentricity vector, and the ascending node oscillates
over only a limited range of angles. Around an eccentric
binary, a particle can librate or circulate depending on its initial
inclination and the eccentricity of the binary. The critical
inclination that separates the librating and circulating orbits for
test particles is

oy = sin—! | L=¢ (5)
ent = 1+ 4e?

(Farago & Laskar 2010). The critical inclination for a binary
with e, =0.8 is i = 18%5. The initial misalignment we
consider around the eccentric binary is above this critical angle,
and therefore, the particles are all in librating orbits initially in
model P60.

The nodal precession frequency for a particle at radius aj, is
given by

3 MM an)’’
w= 2224 o (6)
4 M?* \a,

where the angular frequency of the binary is

Qp = \/g %

If the particle is close to a polar alignment, it precesses about
the binary eccentricity vector with

k=3J5epy1 + 4e? ®

(Farago & Laskar 2010; Lubow & Martin 2018). If the particle
is close to coplanar, it precesses about the binary angular
momentum vector with

k=14 3¢ — de 9)

(Smallwood et al. 2019). The precession period associated with
each nodal precession frequency is

p=2T (10)
w
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The precession period at the outer edge of our particle disk,
r=4au, is ~0.8 Kyr around the eccentric binary (for P60) and
~2.7 Kyr around the circular binary (for C30 and C60).

2.4. Expansion Factor

We use the nonsymplectic integrator IAS15 in order to
accurately simulate the motion of the binary and its effects on
the circumbinary disk. This integrator utilizes an adaptive time
step that is highly precise but comes at a large CPU cost. In
order to reduce the computation time, we make use of an
expansion factor (Kokubo & Ida 1996, 2002). After an initial
relaxation time of 100Kyr (well in excess of the nodal
precession timescales for all particles), we artificially inflate the
radii of the particles by a factor f=25. Doing so decreases the
collision time, which, when collisions are modeled as only
perfect mergers, quickly decreases the number of bodies in the
system and reduces the computation time. Although a large
expansion factor may lead to somewhat different system
architectures, the general planet formation trends that emerge
are similar to those found in simulations with lower values of f
(Childs & Martin 2021a; Childs & Steffen 2022).

Figure 1 displays the particle inclinations and nodal phase
angles at a time of 100 Kyr for all systems without giant
planets. We find similar distributions in our systems with giant
planets at 100 Kyr although some of the particles close to the
giant planets are already ejected. At this time, the particles have
become randomized in their nodal phase angle with inclinations
that remain mostly unchanged from their initial values. The
bodies remain highly inclined because they have not yet
interacted with one another. The particles around the circular
orbit binary are in circulating orbits, and so their nodal phase
angles range from 0° to 360° while the particles around the
eccentric binary are in librating orbits and so their nodal phase
angles have a limited range of values centered on ¢, = 90°.
There is little evolution of the particle semimajor axes and
inclinations within the first 100 Kyr. As a result, there is only
one collision in the C60 system where a planetesimal merged
with an embryo. Besides this one embryo, the particle masses
have not changed from their original masses within this time.

We note that our initial condition of a flat but tilted particle disk
with no gas is somewhat idealized. The particles may be aligned
to the gas disk while it is massive, but as it dissipates, particles
may evolve separately from the gas. Given that very few
collisions have occurred in the first 100 Kyr of evolution with
f=1, we see that the collision timescale for the particles is much
longer than the gas-disk dissipation timescale. Therefore, even if
different parts of the disk disperse at different times, we do not
expect this to change our results significantly because there will be
very few collisions during the period of time where there is a
partial gas disk. Understanding the effects of the partial gas disk
on the solid bodies is outside of the scope of this paper, but these
effects are likely secondary to gravitational interactions, and we
do not expect it to significantly affect the final planetary system.

Figure 2 shows the particle and binary orbits for an example
simulation in the C30 and P60 cases. The left panels show the
initially flat but tilted particle disk. The binary eccentricity vector
is in the x-direction. The middle panels show the disk at a time of
100 Kyr after evolution with f= 1. The particle disk forms a thick
annulus as the nodal phase angles have become randomly
distributed but the inclinations remain constant. After this initial
phase of evolution, we then employ an expansion factor of f= 25
of the particle radii and continue integrating the systems for 7 Myr
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Figure 1. Particle misalignments (left) and nodal phase angles (right) as a function of the semimajor axis at a time of 100 Kyr of integration time with no expansion
factor in the systems without Jupiter and Saturn. The size and color of the points are correlated to the body mass. There is not much change to the body masses (which
begin at either ~0.1 M, or ~0.01 M) or inclinations at this time.

C30,t=0 €30, t = 100 Kyr C30,t =7 Myr
*—* ——r—r
2 au 2 au 2 au
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*ox
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Figure 2. Particle and binary orbits of C30 (upper panels, circular orbit binary with iy = 30°) and P60 (lower panels, eccentric orbit binary with #,o = 60°) at three
different times: ¢ = 0, 100 Kyr, and 7 Myr. The binary is shown with black stars, and its orbit is shown edge on.

total of simulation time. We describe the outcomes of these eccentricity (e), and inclination (io). We consider two mass ranges;

simulations in the next section and show an example of the final the first is for bodies with M, > 0.1 M., The second is for bodies

systems in the rightmost panels of Figure 2. with M, >1.0M,. The error bars represent the standard

deviation. The last column shows the mass ejected from the

3. Results system (M) normalized by the initial particle disk mass (My).

In columns 5-16 in Table 1, we list the results of the Figure 3 shows the misalignment versus semimajor axis on the

simulations at time ¢ =7 Myr. We list the average values for the left and eccentricity versus semimajor axis on the right, for all
planet multiplicity (#), planet mass (M), semimajor axis (a,), bodies, across all 50 runs, at 7 Myr in a given system.
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Figure 3. Misalignment (left panels, i, for C30 and C60 and i, for P60) and eccentricity (right panels) vs. semimajor axis for all the remaining bodies at time

t =7 Myr. The size and color of the points are correlated with the body mass.

The C30 and P60 systems are both initially misaligned by
30° to a stationary alignment and they form very similar
planetary systems with a relatively small fraction of the mass
ejected. The average inclination of the planets that form is
<10° from coplanar (C30) or polar (P60). Therefore, planets
that form from a misaligned circumbinary disk preferentially
form either close to coplanar or close to polar.

The more massive a terrestrial planet is, the more mergers
that have taken place during its formation and the less
misaligned it is on average. This is because collisions between
bodies with random nodal phase angles lead to a decrease in the
average inclination of the bodies. Figure 3 shows that in C30
and P60, the misalignment increases with separation while the
planet size first increases then decreases. The planets close in
remain small because of the low surface density there. Farther
out, the particles are more widely spaced, and the collision
timescale is longer. There has not been enough time yet for
these outer bodies to merge into planets. The most misaligned
bodies left in these systems are the planetesimals and embryos

that did not interact with the other bodies and remain at their
initial inclination.

The C60 system (that is, inclined by 60° to a stationary
alignment) loses 84% of the disk mass through ejections, which
completely inhibits planet growth. In all simulations, mass
ejection dominates stellar collision (see also Smullen et al.
2016). The high mutual inclinations between the bodies in C60
lead to very high relative velocities. Mass ejections generally
take place shortly after a merger. As a result, 90% of the
collisions in the C60 runs result in high-energy impacts that
place the postcollision body on a hyperbolic orbit. These
systems are also the only systems to lose mass to the binary.
We extended the C60 runs to 20 Myr and found that ~50% of
the bodies remaining at 7 Myr are ejected from the system by
this time. We expect similar results to C60 if we were to
consider a disk inclined by i,y =30° around the eccentric
binary because the orbits would be librating and misaligned by
60° to the stationary polar inclination.
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Our use of an expansion factor may lead to lower particle
eccentricities because bodies can merge before their orbits have
time to grow to more excited states. If the particles were
allowed to grow to higher eccentricity, we would expect higher
mass-loss rates. Large mutual inclinations between particles
also cause high relative velocities in our simulations. Because
we ran the simulations initially with f=1, the mutual
inclinations are not affected by our large expansion factor.

When giant planets are added to a system, they further
destabilize regions in space, which leads to higher ejection
rates. However, the perturbations from the exterior giant
planets also lead to higher collision rates between the inner
terrestrial bodies. As a result, we observe fewer but more
massive planets in all the systems with Jupiter and Saturn. We
also observe that the terrestrial planets form closer in to the
binary with, generally, more eccentric and less misaligned
planets.

The giant planets undergo inclination oscillations in all
systems, as a result of planet—planet interactions around the
circular orbit binary and both planet—planet and planet—binary
interactions around the eccentric binary (Chen et al. 2022).
Jupiter is able to remain highly inclined in all systems, except
in one run in C60y5. After undergoing large oscillations, Saturn
is ejected from all C60;g runs, around 2 Myr. Saturn is ejected
from 26% of the P60;s runs. No giant planets are ejected from
any of the C30;g runs.

4. Conclusions

We have explored the formation of terrestrial planets from a
circumbinary particle disk that is misaligned relative to the
binary orbital plane. We consider the late stage of planet
formation where planets form in situ, via core accretion,
immediately after the dissipation of a misaligned gas disk.
Despite the initial disk inclination, we found that if terrestrial
planets form, they are close to coplanar to a circular binary and
close to coplanar or polar to an eccentric binary depending on
the initial disk inclination and the binary eccentricity. The more
massive a terrestrial planet is, the less misaligned it will be
(from coplanar or polar) as it has undergone more mergers that
reduce the average inclination. However, if the initial particle
disk misalignment is too high, particles can have high relative
velocities, which lead to particle—particle scattering that inhibits
planet formation. Small bodies may survive closer in to the
binary but the more massive terrestrial planets are found farther
out where the surface density is higher and collisions are more
likely to take place. In the future, if Earth-sized terrestrial CBPs
are observed in small orbits, close to the stability limit, we
suggest that they may have migrated there.

Our findings show that core accretion in the late stage of
terrestrial-planet formation is only able to produce coplanar or
polar terrestrial CBPs in the absence of gas. If highly
misaligned terrestrial CBPs are observed in the future, we
suggest that they cannot have formed in this way. One
possibility for their formation is in a misaligned circumbinary
gas disk. In this scenario, the planet may remain coplanar to the
gas disk as it undergoes nodal precession (e.g., Lubow &
Martin 2016). This requires the planet mass to be sufficiently
small that it does not open a gap in the gas disk. Once a gap is
opened in a circumbinary disk, planet—disk interactions may
lead to lower levels of misalignment (Pierens & Nelson 2018).
Planet—planet interactions could help maintain the misalign-
ment after gas dissipation (Chen et al. 2022), although for very
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close binaries, stellar tides may realign a highly inclined planet
on gigayear timescales (Correia et al. 2016). Our simulations
including giant planets show that misaligned exterior giant
planets do not have a significant effect on the orbits of the inner
aligned terrestrial planets.
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