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Abstract

Systems with ultra-short-period (USP) planets tend to possess larger mutual inclinations compared to those with
planets located farther from their host stars. This could be explained due to precession caused by stellar oblateness
at early times when the host star was rapidly spinning. However, stellar oblateness reduces over time due to the
decrease in the stellar rotation rate, and this may further shape the planetary mutual inclinations. In this work, we
investigate in detail how the final mutual inclination varies under the effect of a decreasing J,. We find that
different initial parameters (e.g., the magnitude of J, and planetary inclinations) will contribute to different final
mutual inclinations, providing a constraint on the formation mechanisms of USP planets. In general, if the inner
planets start in the same plane as the stellar equator (or coplanar while misaligned with the stellar spin axis), the
mutual inclination decreases (or increases then decreases) over time due to the decay of the J, moment. This is
because the inner orbit typically possesses less orbital angular momentum than the outer ones. However, if the
outer planet is initially aligned with the stellar spin while the inner one is misaligned, the mutual inclination nearly
stays the same. Overall, our results suggest that either USP planets formed early and acquired significant
inclinations (e.g., >30° with its companion or 2 10° with its host star spin axis for Kepler-653 c) or they formed

late (=Gyr) when their host stars rotated slower.

Unified Astronomy Thesaurus concepts: Exoplanet dynamics (490); Exoplanet evolution (491); Exoplanet

formation (492); Planetary system formation (1257)

1. Introduction

Ultra-short-period (USP) planets refer to planets orbiting
their host stars with periods shorter than 1 day. They typically
have a radius less than 2 R, and orbit around ~0.5% of
G-dwarf stars as well as ~0.8% of K-dwarf stars (Sanchis-
Ojeda et al. 2014; Winn et al. 2018). As reported by Dai et al.
(2018), planets with smaller orbital distances (a/R, < 5) have
higher mutual inclinations with exterior planets than those with
larger orbital distances (5 < a/R, < 12). They also found that
higher mutual inclinations between the planets are correlated
with larger period ratios, showing that USP planet systems are
typically hierarchical.

As the orbital distances of USP planets are within the dust
sublimation zone (Flock et al. 2019), the formation of these
extreme objects remains puzzling. Previous works have
proposed that a USP planet initially forms on a wider orbital
distance and then migrates inward by some mechanisms. For
instance, the planet can form in situ and the orbital distance is
shrunk by the tidal effects (Lee & Chiang 2017). The
dynamical processes, which involve either high eccentricity
(Petrovich et al. 2019) or low eccentricity migration (Pu &
Lai 2019), can also contribute to the inward migration and large
mutual inclination of USP planets. Planet obliquity tides can
also produce USP planets with low initial semimajor axes
(a £0.05 au; Millholland & Spalding 2020). Moreover, during
episodic accretion events, the planet migrates into a USP orbit
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in a very short timescale by headwind torques (Becker et al.
2021).

The oblateness of the central star plays an important role in
the dynamics of planetary systems with small orbital distances,
especially for USP planets. Recently, Li et al. (2020) showed
that the stellar oblateness can explain the mutual inclination of
the USP planets identified by Dai et al. (2018), assuming the
initial configuration is coplanar. Considering the stellar
quadrupole moment and a planetary companion as two
mechanisms, Becker et al. (2020) suggested that these two
processes can produce a misalignment between the USP planet
and the tightly packed coplanar planets. Moreover, Spalding &
Millholland (2020) found that the stellar oblateness has a
stronger influence than a distant giant and it is able to excite the
mutual inclination with a rapid disk dispersal, and Schultz et al.
(2021) found that a large J, could enhance mutual inclination
and lead to orbital instability. For general planetary systems,
Spalding & Batygin (2016) found that the significant
misalignment between the orbital planes can be excited and
the system can also undergo the dynamical instability for
planets orbiting around a tilted star with a decreasing stellar
oblateness (J,). This helps to explain the Kepler Dichotomy.

As the stellar oblateness plays an important role in the
dynamics of USP planets, we investigate the evolution of
inclinations of a USP planet system due to the stellar J, in more
detail. We show that observed mutual inclination between
planets could help constrain the formation mechanisms of USP
planets. In particular, we investigate the contribution due to a
decaying stellar oblateness, as the rotation rate of the star
reduces by magnetic braking. For simplicity, we only consider
the effects of stellar oblateness and planet—planet interaction,
assuming the disk has been largely dissipated before the arrival


https://orcid.org/0000-0002-0231-5124
https://orcid.org/0000-0002-0231-5124
https://orcid.org/0000-0002-0231-5124
https://orcid.org/0000-0001-8308-0808
https://orcid.org/0000-0001-8308-0808
https://orcid.org/0000-0001-8308-0808
https://orcid.org/0000-0003-0412-9314
https://orcid.org/0000-0003-0412-9314
https://orcid.org/0000-0003-0412-9314
http://astrothesaurus.org/uat/490
http://astrothesaurus.org/uat/491
http://astrothesaurus.org/uat/492
http://astrothesaurus.org/uat/492
http://astrothesaurus.org/uat/1257
https://doi.org/10.3847/1538-4357/ac6024
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac6024&domain=pdf&date_stamp=2022-05-04
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac6024&domain=pdf&date_stamp=2022-05-04
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 930:58 (13pp), 2022 May 1

of USP planets. The mutual inclination changes with different
initial conditions, and thus the observed minimum mutual
inclination could be used to constrain the formation channels of
USP planets (as suggested by Becker et al. 2020) as well as the
initial configuration of the system. We use Kepler-653, a two-
planet system with a large mutual inclination, as an illustrative
example in this paper.

We organize the paper as the following: In Section 2, we
investigate the evolution of mutual inclination for general
systems with a USP planet using the secular approach. In
Section 3, we apply our results to the specific system Kepler-
653 to constrain its formation channel. In Section 4, we
summarize and discuss the possible formation scenarios for
Kepler-653.

2. Analytical and Simulation Results

In this article, we consider the dynamics of a USP planet
orbiting an oblate star while being perturbed by a farther
planetary companion, and we assume the disk has been
dissipated for simplicity. We study how the mutual inclination
of the two planets evolves as the stellar J, moment decays. We
detail the setup of our problem and present the Hamiltonian in
Section 2.1, then we use the secular regime to analyze the
dynamics in Sections 2.2 and 2.3.

2.1. Secular Hamiltonian

We consider a planetary system with two planets and assume
the orientation of stellar spin is unchanged. The fixed stellar
spin orientation is a good approximation for a relatively
compact and low-mass system, since the angular momentum of
the star dominates, as illustrated by Spalding & Batygin (2016).
For a three-body system with a USP planet and an outer planet,
the ratio of the semimajor axis tends to be large (i.e., the period
ratio P,/P; 2 5), as suggested by Dai et al. (2018). So we
consider the doubly time-averaged planet—planet interaction
potential up to the octupole order in dimensionless form, which
is well documented in the literature (e.g., Fabrycky &
Tremaine 2007; Naoz et al. 2013; Petrovich 2015):
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where the subscriptions i and o represent the inner and outer
planets, e; and e, are the eccentricity vectors, j, = (1 — eiz)l/ 23
and j, = (1 — e/ zfa are the dimensionless orbital angular
momentum vectors with unit vectors .]Al fo, and

_ 3Gmim(,ai2

by = —a 2

(4

In addition, due to the rotational deformation, the oblate star
contributes a quadrupole potential, which can be expressed as
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the following (e.g., Tremaine & Yavetz 2014):

GM,J,R}
4a’(1 — e?)3/?
where M is the stellar mass, R, is the radius of the star, 7i; is the
unit vector of the stellar spin axis, and j is the unit vector of the
orbital angular momentum. Assuming e =0 in Equation (3),

the J, precession frequency scaled by the mean motion can be
written as

by = [1— 3@, -J )1, 3)

: 2
Q = —312(&) cos/, 4)
2 a

where [ is the inclination between planetary orbital angular
momentum and the stellar spin axis. It is clear from
Equation (4) that J, precession plays an important role in the
dynamics of the innermost planet as |2 oc a=35. Combining
Equations (1) and (3), we obtain the secular Hamiltonian
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USP planet orbits are typically circular due to fast tidal
circularization timescales (Winn et al. 2018), and the timescales
of orbital decay and spin alignment on the inner planet are
much longer than those of planet—planet interaction (e.g.,
Rodriguez et al. 2018; Becker et al. 2020); thus we assume the
planets to be near circular and we neglect tidal effects in this
work. We note that a larger mutual inclination above ~40°
could lead to eccentricity excitation of USP planets due to von
Zeipel-Lidov—Kozai oscillations, and this could also lead to
instability (e.g., Spalding & Batygin 2016; Schultz et al. 2021),
when the general relativity (GR) effect is not sufficient to
prevent the eccentricity excitation (e.g., Faridani et al. 2021).
Thus, we only consider lower mutual inclinations below 40°
with near-circular orbits in our study. The first-order post-
Newtonian (1PN) correction for GR effects is not included in
our work, because it only causes the argument of pericenter to
precess without affecting the mutual inclination (e.g., Li et al.
2020).

2.2. Energy Contours with Different J, Values

In this section, we analyze the secular results using the
contours of constant Hamiltonian. For simplicity, we assume
the orbits are circular (i.e., e;=e,=0) throughout the
evolution. We relax this assumption in Section 3. Based on
Equation (5), the Hamiltonian of the circular case can be
represented by

bo /5 4 miJ R} A A
Hcircular = G;_U(Jl '-Io )2 - GM4a;R [1 - 3(713 'Ji )2]
myJ 52 A 3
— R[] — 3(A - J, ). (©)

The dynamics can vary with the ratio of the angular
momenta of the inner and outer orbits. For instance, Spalding
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Table 1
Parameters of Hypothetical USP Planet Systems
System A System B
Mass m; (Mgarn) 1 10
Mass m, (Mgan) 10 1
Semimajor axis a; (au) 0.01 0.01
Semimajor axis a, (au) 0.04 0.04
Eccentricity e¢; = e, 0 0
I} 0.05 5

& Batygin (2016) showed that if the inner planet has more
orbital angular momentum than the outer one, secular resonance
could occur and lead to larger mutual inclination. The ratio of the
angular momentum between the inner and outer planet can be
represented by (e.g., Petrovich et al. 2018)

m;a}’? 7

nya

6=

o

To illustrate how the different angular momentum ratios
change the dynamics, we adopt two systems with different
ratios (6= 0.05 for System A and 3=15 for System B) in the
following. The parameters for these systems are shown in
Table 1. We use the solar mass and radius for both systems.

During the evolution of the system, the z-component of
angular momentum 7, (along the direction of the stellar spin
axis) is conserved under the effect of J,. Normalizing J, with
respect to the outer orbit angular momentum, 7, can be written
as (Petrovich et al. 2018)

J. = Bcosl + cosl, = const. (8)

Applying the conservation of the z-component of angular
momentum, the system can be reduced to 1 degree of freedom.’
Thus the evolution of the system can be described in a two-
dimensional space in terms of the orbital inclination and the
differences in the longitude of the ascending node. We then
plot the constant energy contours to illustrate the dynamics
over a large parameter space.

2.2.1. Systems Dominated by the Outer Angular Momentum

First, we show System A (3= 0.05), where the outer planet
possesses more orbital angular momentum. We set .7 to be the
same for all the runs that we include in Figure 1, and Z is
calculated using Equation (8) for the case with [, =
Iower = 10° and (3=0.05. Different columns of Figure 1
represent different J, levels. The first row of Figure 1 shows
the contours for inner planet inclination, which is in the plane
of [Lcos(§; — Q,), Lsin(€); — €,)], while the second row
shows the contours for outer planet inclination, which is in the
plane of [, cos(€; — €2,), I, sin(€); — §2,)]. Note that the axes
correspond to the Cartesian Poincaré coordinates when the
inclinations are low. The color represents the value of Hircylar-
The black dots come from a numerical solution (to be discussed
later in this section), and they represent how the trajectory of
the planets evolves as J, decays over time if the planets start
coplanar. The energy contours are determined by the value of

J. and Hireular- We note that the parameter space with the

5 As shown by Petrovich et al. (2020), for small inclinations the Hamiltonian

reduces to the second model for the resonance (Henrard & Lemaitre 1983).
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mutual inclinations larger than ~40° might not be valid, as the
Kozai cycle could excite the eccentricities with the large
mutual inclination but we fix the eccentricities to be zero in
this case.

We can see from Figure 1 that the aligned fixed point
(192; — Q,| =0° marked as the red dot) of the inner planet
gradually moves from the center (i.e., star-aligned) to the right
(i.e., planet-aligned, ~9°) as J, decreases. The antialigned fixed
point (|€2; — ,| = 180° marked as the blue dot) of the outer
planet increases slightly in inclination. It can also be observed
that if the system is initially further from the fixed point, the
oscillation amplitude of the inclination is larger.

The fixed points with the aligned nodes correspond to the
case of an aligned inner planet (with respect to the stellar spin
axis) when the initial J; is large, and those with the antialigned
nodes correspond to the case with an aligned outer planet. The
effect of J, on these fixed points shows us the inclination
evolution of the planetary systems mentioned above. To
illustrate the evolution of the fixed point with a decaying J5,
we adopt a similar approach as Petrovich et al. (2018), while
similar analyses have been made earlier in the context of a
Cassini state (Boué & Laskar 2006; Correia 2015; Anderson &
Lai 2018). Ignoring the J, potential of the outer planet and
considering the equilibrium condition of 4 Qmer — Dowed) () the
evolution of the aligned fixed point (Qjpner — Qouer = 0) can be
found by

2a) . .
5 $in Loyter SIN 2Lipner

Ainner

= _(% + sin Iinner) Sin[z([inner - outer)]~ (9)

The evolution of the antialigned fixed point (|$2. — £2,| = 180°)
is represented by

2af

5
nner

= (_mn;%m + sin Iinner) SiIl[z(linner + Iouter)]7 (10)

a SiIl Iouter Sil’l 2Iinner

where the Laplace radius a; (e.g., Tremaine et al. 2009;
Tamayo et al. 2013) is

3 2
5 _ 20 5uter MRS
aL —_— .

1D
mouter
Then, combining with Equation (8) the fixed points can be
determined at any given stellar J,. The evolution of the aligned
fixed point is shown in Figure 2(a). The maximum outer planet
inclination is used as a reference:

Iouter,max = Cosil(jz - /B)a (12)

i.e., we plot the aligned fixed-point inclination normalized by
the maximum outer planet inclination, which corresponds to
the initial outer inclination (initial inclination here refers to the
fixed-point inclination when J, is large, e.g., Jo~ 107°).
Figure 2(a) shows that the fixed point of the inner inclination
increases from zero to ~Ioyermax- It initially aligns with the
stellar spin and realigns with the outer planet as J, decreases,
which ultimately decreases the mutual inclination of the fixed
points to 0°.

When the J, precession frequency (Jo~ 107°) equals the
slowest inclination oscillation modal frequency (~0.15° yr™'),
the inner equilibrium inclination increases to about half of
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Figure 1. Energy contours of constant Hamiltonian for System A (Equation (6)) with different J, values. All the contours correspond to the same J;. Different

columns correspond to different J, values. The x-axis iS Linper COS(Qinner —
second row, the x-axis is I, cos(£2;

Qouter) and the y-axis is Lipner SIN(inner — outer) i the first row for the inner planet. For the
— Q,) and the y-axis is I, sin(€; — €,) for the outer planet. The color represents the total potential energy H.ircular and the black

dots show the trajectory of a secular evolution starting with the coplanar configuration (fiynero = 10° and Iyyeero = 10°).

Louter.max- The slowest inclination oscillation modal frequency
can be obtained by calculating the eigenvalue of the following
matrix as discussed in Murray & Dermott (2000):

1
Bjj=—n;— py——— 0412@12173“/)2(@12),
Bj. = —Bj;, (13)

where n; is the mean motion, «, is the ratio of the semimajor
axis (inner to outer planet), b;})z(alz) is the Laplace coefficient,
and &y, = oy or 1, when j=1 or j=2. Note that different
combinations of inclinations (i.e., different [7.) may have a
quantitatively different evolution of the fixed point with respect
to J,, but it is qualitatively the same.

Figure 2(b) illustrates the evolution the antialigned fixed
point. The maximum inner planet inclination is used as a

reference:
Iinner,max = 00571 (%) (14)

It shows that if the outer planet starts aligned with the stellar
spin and the inner planet is misaligned, the mutual inclination
can stay nearly the same, insensitive to the decaying J,, though
it increases slightly.

Figures 2(a) and (b) can illustrate the inclination evolution
when the system is close to the fixed points. However, when
the system is “further” from these fixed points, e.g., the
coplanar case, the evolution of inclinations would be somewhat
different. Coplanar configuration of the planets could be
common assuming in situ formation or disk migration of USP
planets followed by tidal decay (e.g., Schlaufman et al. 2010;
Lee & Chiang 2017). Here we run the secular evolution of a

coplanar case with initial inclinations Lyner.o = louter,o = 10° for
illustration. A simple J, model,

b=

—yr 15)
time

is applied and the system is integrated from 10* to 107 yr. The

equation of motion utilizes the Lagrangian planetary equations

as shown below (e.g., Valtonen & Karttunen 2006):

. V1 —e? IH
e = 5
na’e 0w
j = — 1 OH cos/ OH
na*y1 — e? sinl O na*\/1 — €2 sinl 0w (16)
. V1—e? OH cos/ OH ’
W = 2 - - P
nae Oe na?\1 — e?sin1 01
O — Lo
na*\1 — e sinl Ol

the eccentricities are fixed to be zero throughout the evolution
in Section 2. We use the stellar equatorial plane as our
reference plane for the Hamiltonian.

Figure 2(c) shows the secular result of inclination evolut1on
for this coplanar case with a J, decreasing from 10~ to 10",
The outer inclination stays nearly the same as the angular
momentum of the outer planet dominates, while the oscillation
amplitude of inner inclination becomes larger as J, decreases.
For the mutual inclination, it is initially excited up to twice the
obliquity (~20°), then its amplitude gradually reduces with
decaying J, and ultimately its value reaches the magnitude of
the initial obliquity (~10°).

For this coplanar case, it might be more intuitive to look at
the energy contours shown in Figure 1. The black dots in
Figure 1 display the secular result of the coplanar case. These
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Figure 2. (a) Evolution of the aligned fixed point for the inclinations based on Equation (9) with respect to the decreasing J,. The y-axis is the ratio between the
inclination and the maximum outer inclination (i.e., when J, is ~1073). (b) Evolution of the antialigned fixed point for the inclinations based on Equation (10) with
respect to the decreasing J,. The y-axis is the ratio between the inclination and the maximum inner inclination (i.e., when J, is ~1073). (c) Secular evolution for an

initially coplanar case with Lipner.o0 = loutero = 10°.
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Figure 3. Energy contours of constant Hamiltonian for System B (Equation (6)) with different J, values. 7, corresponds to fipner = Iower = 10° and 3 = 5. The x-axis
i8S Linner €OS(Qinner — Qouter) and the y-axis is Lpper SIN(Qinner — Louter) in the first row. For the second row, the x-axis is Lyyer COS(Qimer — outer) and the y-axis is

Ioulcr Sin(Qinncr -
configuration (lippero = 10° and Ioyero = 10°).

data points are selected based on the corresponding J, values,
which are close to 10_4, 10_6, and 1077, We can see that the
system is captured by the region where the energy contour of
the inner planet follows the aligned fixed point while that of the
outer planet follows the antialigned fixed point. As J,
decreases, the role of planet—planet interaction becomes more
important, the aligned fixed point of the inner planet gradually
moves from the star-aligned to the planet-aligned, increasing
the oscillation amplitude of the inner inclination and decreasing
that of the mutual inclination.

2.2.2. Systems Dominated by the Inner Angular Momentum

Next, we show systems where the inner orbital angular
momentum dominates (System B, F=15); A corresponds to
Lioner = Iouer = 10° and 8 = 5. Figure 3 shows the energy contours
with respect to different J,. In the first row of Figure 3 (for the
inner planet), the libration region around $ipner — Qouter = 180°
appears as an island when J, is 107, As J, decreases, we can see
that the inclination of the aligned fixed point for the inner planet
gradually increases while the antialigned one decreases. For the
outer planet (the second row), the inclination of the antialigned

Qouter)- The color represents the total potential energy Hircular and the black dots show the trajectory of a secular evolution starting with the coplanar

fixed point increases as J, decreases, while the inclination of the
aligned fixed point decreases.

The evolution of the fixed points with a decreasing J; is
qualitatively the same as System A, which has a much smaller
5, but it is quantitatively different. We show the evolution of
the fixed points of System B in Figure 4. The aligned fixed-
point evolution is displayed in Figure 4(a). It shows that the
mutual inclination of the fixed points drops to zero as J,
decreases to a small value, which is the same as the case of
System A. However, for System B, the changes in the fixed
points of inner inclinations are smaller compared to that of the
outer inclination. This is because the orbital angular momentum
of the inner planet dominates in System B, which is the
opposite of System A.

The secular result of inclination with an initially coplanar
configuration (Zinner.0 = Touter,o0 = 10°) is shown in Figure 4(c).
The maximum mutual inclination can be excited to more than
~2.5 times of the initial obliquity (or the initial average mutual
inclination). This corresponds to the secular resonance
illustrated in Spalding & Batygin (2016), where the magnitude
of final mutual inclination can be excited. The black dots in
Figure 3 display this secular result as trajectories in the plane of
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Figure 4. (a) Evolution of the aligned fixed point for the inclinations based on Equation (9) with respect to the decreasing J,. The y-axis is the ratio between the
inclination and the initial outer inclination (i.e., when J, is ~107>. (b) Evolution of the antialigned fixed point for the inclinations based on Equation (10) with respect
to the decreasing J,. The y-axis is the ratio between the inclination and the initial inner inclination. (c) Secular evolution for an initially coplanar case with

Lio=1,0=10°

energy contours. Initially, the inner planet precesses around the
stellar spin when J, = 10~*. When J» decreases to 10757, the
inner inclination is captured by the antialigned fixed point. The
outer inclination keeps following the antialigned fixed point,
which has moved further to the antialigned orientation, making
the outer inclination increase. As J, continues decreasing to
1077, the antialigned fixed point of the inner planet moves
toward the origin, leading to the decrease in the inner
inclination. Comparing with Figures 4(b) and (c), we can see
that the evolution of inclinations after 10° yr in Figure 4(c)
nearly matches the evolution of the antialigned fixed points
when J, is smaller than ~107°.

2.3. Relationship between the Final Inclinations and 3

As shown in the previous section, the comparison between
Systems A and B illustrates that different 5 could lead to a
different inclination evolution. Thus, in the following, we show
the relationship between the magnitude of J and the final
inclinations (i.e., when J, is small). The evolution can be
categorized into three representative regimes, which can be
learned from the fixed points. Specifically, the inclination
evolution of a system starting with an aligned inner planet and
a misaligned outer planet follows the aligned fixed point. The
antialigned fixed point can tell us the inclination evolution of a
system initially with a misaligned inner planet and an aligned
outer planet. Finally, for the coplanar configuration, the
inclination evolution can be implied by the energy contour as
the system could switch the fixed point that it follows. In the
following, we discuss the dynamics for these three representa-
tive examples as [ changes.

For the system with the initially aligned inner planet at the
aligned fixed point, we can easily read from Equation (9) that
when J, =0, then Linner final = louter.final- 1hus, the final mutual
inclination (the final inclination here refers to the inclination
when J, = 0) is zero regardless of 3. Then, we can estimate the
final inclination of the inner and the outer orbits for different (.
Setting two sets Of finner0, foutero (linnero =0 for both sets
and Iouero=25° 30°) to initialize J,, and combining
Linner final = louter.fina1 and Equation (8), Figure 5(a) shows the
ratio between the final inner (or outer) inclination and the
maximum outer inclination with respect to [. Assuming
initially (i.e., when J, is dominant) the inner planet is star-
aligned, we can see that the ratio decreases as [ increases
regardless of the initial outer inclination. Increasing 3 means

the inner planet possesses more orbital angular momentum.
Therefore, when (3 is small (e.g., ~0.01) the outer inclination
nearly stays constant while the inner planet inclination
increases and aligns with the outer planet as J, decreases to
zero. When (3 is larger, the outer inclination decreases more
(e.g., from the ratio of 1 to ~0.3 when = 10) as the inner
planet has more angular momentum than the outer one.

For systems at the antialigned fixed point, by setting J, =0
in Equation (10) and combining Equation (8), we can get the
final mutual inclination over the maximum inner inclination
with respect to 3 as shown in Figure 5(b). For small 5 (0.01
~0.1), the final mutual inclination stays nearly constant with
decaying J,. With a larger initial inner inclination (e.g., 30°
shown in Figure 5(b)), the final mutual inclination does not
keep increasing when (~ 10. This can be shown mathemati-
cally looking at the right-hand side of Equation (10). For
the evolution that initially follows the antialigned fixed
point} the solution can be obtained using the left term
(_ s

%‘“ + sin L) When J, is dominant. However, when J,

is 0 and the initial inner inclination as well as (3 is large, the
solution is determined by the right term (Sin[2(Lpner + Louter)])
and is thus independent of 5.

For the coplanar case, the systems are farther from the fixed
points, so it is difficult to obtain general results based on the
fixed points. Thus, we show the secular evolution results to
obtain the qualitative trends. Specifically, we set dijner =
0.01 au, agyier = 0.04 au, and mypper = | MEam With a Sun-like
star. The mass of the outer planet is adjusted by the value of 3
(see Equation (7)). We use Equation (15) to evolve J, here for
simplicity, and run simulations with the same final J, 1077
but three different initial J>, 107>, 10~*, and 10>. Figure 5(c)
shows the averages of the final mutual inclination over the
initial obliquity (Iy) with respect to ( (’final” here means J,
decreases to 10_7). In general, the final mutual inclination
increases as ( increases, which is consistent with the coplanar
results of Systems A and B shown in Sections 2.2.1 and 2.2.2.
We note that the implied final mutual inclinations could exceed
40° especially for higher 3 as shown in Figures 5(b) and (c),
which could trigger von Zeiper—Lidov—Kozai oscillations.
However, the system with a USP planet tends to possesses a
small 3 (e.g., see Figure 6 in Winn et al. 2018). For simplicity,
we focus on low inclinations in the following sections with low
eccentricity variations.
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Figure 5. (a) The relationship between the final inner (or outer) inclination and (3. The y-axis is the ratio of inclination to the maximum outer inclination (here it is 5°
for the blue star and 30° for the pink star) for the aligned fixed point. (b) The relationship between the final mutual inclination and (3 for the antialigned fixed point. The
y-axis represents the ratio between the final mutual inclination and the maximum inner inclination. (c) The average of the final mutual inclination with respect to (3 for
the initially coplanar case. The y-axis is the final average mutual inclination over the initial obliquity.

—— larger initial />
=
= -5
= 10
>
o
10—6_

107 108 10°
Time (yr)

Figure 6. The evolution of J, from 5 Myr to 5 Gyr for two different stellar
initial rotation periods (10 and 3 days).

3. Applications to Kepler-653

In this section, we use Kepler-653 as an example to investigate
the mutual inclination evolution and constrain its formation
mechanism. The parameters of Kepler-653 are obtained from
exoplanets.org (Han et al. 2014), which are shown in Table 2.
Kepler-653 has two observed planets: planet ¢ with a mass of
~0.00123 M, and a semimajor axis of ~0.01837 au, planet b with
a mass of ~0.0144 M; and a semimajor axis of ~0.1183 au, and
the stellar mass is ~1.02 M, with a radius of ~1.19 R, (Han et al.
2014; Morton et al. 2016). The observed mutual inclination is
~12.38° (Dai et al. 2018). We first describe the J, model using a
MESA simulation (Paxton et al. 2010, 2013, 2015, 2018, 2019)
with version 20.3.1 (Townsend 2020) in Section 3.1, then show
the secular evolution of the inclinations with three different initial
configurations in Section 3.2. In Section 3.3, we introduce an
analytical method that can estimate the final mutual inclination
efficiently and explain how Kepler-653 obtained a large mutual
inclination.

3.1. J2 Evolution

Focusing on the Kepler-653 system, we obtain a detailed
model for the J, decay. The quadrupole moment decays as
the stellar rotation rate decreases due to magnetic braking.
The value of J, can be estimated by (e.g., Sterne 1939;

Table 2
Parameters of the Kepler-653 System (Han et al. 2014; Morton et al. 2016)
Planet ¢ Planet b

Mass (M) 0.00123 £ 0.00057 0.0144 £ 0.00197
Semimajor axis 0.01837 £ 0.00031 0.1183 £ 0.00197

a (au)
Orbital period (day) 0.9003765 £ 3.6 x 107®  14.707490 + 3.8 x 107>
Eccentricity e 0 0
Argument of Perias- 90 90

tron (deg.)

Stellar properties
Mass (My): 1.020
+0.05/-0.04
Radius (Rg): 1.19
+0.17/-0.16

Note. The minimum mutual inclination of Kepler-653 is 12.38+1.52/—1.72
degrees based on the result of transit light curve fitting (Dai et al. 2018).

Spalding & Batygin 2016)

1w 2
b= —(—) ks,
3 Wp

where w is the stellar angular velocity, k; is the Love number,
and wy, is the stellar rotational frequency at the breakup. The
breakup period is given by

~1/2 3/2
2 1{ M, R

=" | 3 days.
wp 3\ Mgy 2R

In this work, the value of the apsidal motion constant is
obtained by evolving a star with a mass of 1.02 My using a
MESA model (Paxton et al. 2010, 2013, 2015, 2018, 2019)
with version 20.3.1 (Townsend 2020), then the Love number
ky, twice the apsidal motion constant. We evolve the star from
the pre-main sequence to 5 Gyr, which is close to the age of the
Sun (the age of Kepler-653 is 7.76%19 Gyr according to
Morton et al. 2016). For the stellar rotational frequency w, it
decreases over time mainly due to the magnetic braking; the
evolution equation is

a7

(18)

dw 3
— = —aw",
dt

where a = 1.5 x 10~ '* yr, providing a braking timescale of
2 x 10" yr for the Sun (Barker & Ogilvie 2008).

In the following, we consider two situations for J, evolution.
The first one is the default case, we adopt the rotation period of

19)
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the Sun, ~30 days, at the age of 5 Gyr, and then estimate w
using Equation (19) to obtain its rotation period around 5 Myr
(~10 days). The evolution of J, from 5 Myr to 5 Gyr is plotted
in Figure 6 and color coded in blue, which decreases from
~1.8x 107 to ~2.5 x 10~". There is a “dip” on the curve of
J» around 30 Myr, which is a time close to the end of the pre-
main sequence (Iben 1965).

Because the real rotation period for the star could be faster,
e.g., Matt et al. (2015) shows that the stellar rotation period
with ~1 solar mass in the ~2 Myr Orion Nebula cluster ranges
from ~1 to ~10 days, thus, we also model J, with a larger
initial value. We let the initial rotation period be ~3 days and
thus the initial J; is ~10 times larger than the default one. The
evolution is represented in Figure 6 and color coded in red,
which decays from ~1.8 x 10~* to ~2.8 x 1077, We can see
that a% J> decreases with time, both J, reach the same order of
~107".

3.2. Specific Examples

In this section, we run secular simulations using the default
J>, models outlined in the previous section. Specifically, we
relax the assumption of circular orbits and run the full secular
evolution for Kepler-653 (i.e., following Equation (5)) to study
the inclination evolution with different arrival times (i.e.,
different initial J,). As shown in Section 2.2.1, with different
initial J, values, the “location” of the fixed point varies,
changing the distance from the system to the fixed point (this
distance is defined as Iyrecess). This will result in different final
mutual inclinations, and could in turn constrain the arrival time
of the planet when compared with observations.

As discussed in Section 2.3, systems with USP planets tend
to have small 3, and for Kepler-653, its 3 is ~0.03. Therefore,
we expect that its inclination evolution is similar to that for
System A shown in Figure 2. The modal frequency, ~ —
5.9 x107*° yr ! matches with the J, precession frequency
when J> ~ 3 x 1077, where the inner inclination of the aligned
fixed point is expected to increase up to about half of the
maximum outer inclination.

Here we consider three initial configurations, which are
motivated by the analysis of the fixed-point evolution (as
shown in Section 2.2) and the formation mechanism of a USP
planet: (1) an aligned (with respect to the stellar spin) inner
planet with a misaligned outer planet (Zinnero=1°, Iouter.o =
22°), (2) the coplanar case (Iinner.o = loutero="7"), and (3)
an aligned outer planet with an misaligned inner planet
(Iinner,() = 150’ Iouter,O = 1O)~

The coplanar configuration can be formed by disk migration
and tidal decay (Schlaufman et al. 2010) as well as in situ
formation and tidal decay (Lee & Chiang 2017). The initial
configuration with an aligned inner planet and a misaligned
outer planet could be due to planet—planet interactions (e.g.,
Faridani et al. 2021), which could be driven by a stellar flyby
(e.g., Li & Adams 2015), as well as an obliquity tide
(Millholland & Spalding 2020). Moreover, dynamical migra-
tions could lead to the configuration of an aligned outer planet
with a misaligned inner planet (Petrovich et al. 2019; Pu &
Lai 2019). Finally, the migration during episodic accretion
(Becker et al. 2021) can also contribute to the formation of USP
planets and the migration timescale is much shorter than the
other mechanisms mentioned above.

We set the initial eccentricities of the planets to be nearly
circular for all the cases, i.e., €inner.0 = €outer,0 = 0.01, and the
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nodes are initially aligned. We consider two different arrival
times (i.e., different values of the initial J;), early arrival (10
Myr, Jo,~1.5x 1075), and late arrival (1 Gyr, J,~1.2 X
107%). To save the computational time and to ensure an
adiabatic change of J,, we scale the planetary system
simulation timescale by a factor of five.

Figures 7(a) and (b) display the evolution for the aligned
inner planet configuration. Both early and late arrival situations
follow the aligned fixed-point evolution, i.e., the mutual
inclination decreases and the inner planet gradually aligns
with the outer one as J, decreases, which is similar to that
shown in Figure 2(a). The mean inner inclination increases to
about half of the outer inclination (~11°) at 5 Gyr, as the J,
precession frequency is close to the slowest inclination
oscillation modal frequency. However, different arrival times
lead to different oscillation amplitudes of the inclination. If the
planet arrives early around 10 Myr, J, is still dominant and the
system is close to the aligned fixed point. Therefore, the
oscillation amplitudes of inclinations are small, as the inner
planet precesses around the fixed point with a low Ijrecess.
When the arrival time is late around 1 Gyr, J, has decreased
and the planet—planet interaction starts to play a more important
role in the evolution. The axis that the inner planet initially
precesses around (i.e., the aligned fixed point) is not aligned
with the stellar spin. Thus, the system is captured farther from
the aligned fixed point, resulting in a larger oscillation
amplitude. Both cases also imply that if the system with such
an initial configuration arrives at its current orbital distance
early around 10 Myr, then we cannot observe a minimum
mutual inclination of ~12°38 (Dai et al. 2018). However, if it
arrives late around 1 Gyr, there is a possibility that the mutual
inclination of the system agrees with the observation due to the
larger oscillation amplitudes.

Figures 7(c) and (d) show us the results for the coplanar case.
As J, decreases, the oscillation amplitude of mutual inclination
decreases while that of the inner inclination increases for both
the early and the late arrival. However, the final mutual
inclination of the early arrival is slightly larger than that of the
late arrival. If the planet arrives early around 10 Myr, J; is
dominant and the inner planet initially precesses around the
stellar spin with its initial obliquity (Jprecess ~ 7°). For the late
arrival, the fixed point of the inner inclination has moved to the
orientation of the aligned node (as shown in Figure 1). Thus
Iprecess Tor the late arrival is smaller, which results in the
decrease of the amplitude of the final mutual inclination. Both
cases with such a coplanar configuration cannot give us a final
mutual inclination that agrees with the observed value, as they
both decrease to a magnitude below the observed minimum.
This implies that larger initial stellar obliquity is needed for the
coplanar case in order to match observation.

For the last configuration (an aligned outer planet with a
misaligned inner planet), Figures 7(e) and (f) agree with the
evolution of the antialigned fixed point shown in Figure 2(b).
Following these antialigned fixed points, inclinations possess a
small oscillation amplitude and stay nearly the same with a
decaying J, as well as different arrival times. They maintain a
high mutual inclination, agreeing with the observed value
throughout the evolution. Therefore, with this initial config-
uration, it is always possible for the mutual inclination to match
the observation regardless of the arrival time, as long as the
initial mutual inclination is larger than the observed value.
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Figure 7. Specific examples of Kepler-653. The first column shows the cases with an arrival time of 107 yr (J, ~ 1.5 x 107°) while the second column shows 10°
(o~ 1.2 %107 yr. Different rows display different initial configurations. The first row is the case with an aligned inner planet and a misaligned outer planet,
Linner0 = 1°, Ioyero = 22°. The second row shows the coplanar case with an initial obliquity of 7°. The last row shows the case with a misaligned inner planet and an

aligned outer planet, fipnero = 15°, loutero = 1°-

3.3. Secular Parameter Space Exploration We introduce an approximate analytical method to derive
the final mutual inclination based on the findings from
previous sections, i.e., the evolution of energy contours with
decaying J,, with the assumption of circular orbits. It can
efficiently show the final mutual inclination range as well as
the likelihood that the mutual inclination agrees with the
observed minimum. The steps of this method are detailed

In the previous section, we show the full secular evolution
with three different initial configurations: an aligned inner
planet with a misaligned outer planet, the coplanar case, and a
misaligned inner planet with an aligned outer planet. We find
that the final mutual inclination decreases for the first two
cases, while the third case is not affected by the reduced J,,
consistent with our results on the fixed points (Section 2.2). below.

Therefore, in this section, we will mainly focus on the first two 1. We can obtain the initial and final J, value using the
cases to explore the parameter space of the initial conditions assumed arrival time and the final time (e.g., 5 Gyr) with the J,
that could agree with the large observed mutual inclination. model, and thus we can find the fixed points (finnerfixed, fOr the
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Figure 8. The first and second rows show the results for the aligned inner planet and the coplanar cases, respectively. The first column, (a) and (c), shows the
comparison of the final mutual inclination range between the results from the full secular evolution and from the analytical method. Different colors show the different
arrival times. The solid and dashed lines represent the maximum and minimum values of the final mutual inclination based on the analytical method. The crosses and
dots display the maximum and minimum final mutual inclination calculated from the full secular evolution. The second column, (b) and (d), shows the relationship
between the initial outer inclination/obliquity and the likelihood that agrees with observation. The solid line is the result of the analytical method, while the dots show

the results from the full secular evolution.

inner inclination) at the initial time as well as that (Jipner fixed,) at
the final time (Equation (9)).

2. Then, we can calculate the angle I,reccss between the fixed
point and the initial position of the system using Liner, fixed, With
the given initial inner orbital inclination and the initial
longitude of the ascending node.

3. The area surrounding the contour is conserved. As an
approximation, we assume the contours are circular and Zprecess
is assumed to be constant throughout the evolution as J,
decreases in the adiabatic limit. Then we can estimate the final
range of the inner inclination assuming that the azimuthal angle
(Qazimuthar) With respect to the final fixed point is uniformly
distributed between [0°, 360°].

4. Then, the range of the final outer orbital orientation can be
obtained using conservation of angular momentum (Equation (8)).
As we know the Iim‘ler,ﬁxedp Iprecessv Iinners and Qazimuthah the
difference in longitude of ascending nodes (i.e., inner — Qouter)
can be calculated. Then the final mutual inclination is obtained
with Equation (20);

It = arccos[cos fipper €OS Louter
+ sin Iinner s Iouter COS(Qinner - Qouter)]

In Figure 8, we investigate the final mutual inclination using
both the analytical method and the secular simulations.

For the secular results, we select the mutual inclination
values after 4.9 Gyr as the final range (i.e., minimum and
maximum values). We use the default J, models described in
Section 3.1, and consider both the inner-aligned as well as the

(20)

10

coplanar configurations. For the former, the initial inclination
of the inner planet is fixed to be 1° and the nodes of the two
planets are initially aligned (|Qinner.0 — Pouter,0] =0°) for all
runs. We uniformly choose 26 values from the range [15°, 40°]
for the initial outer inclination. For the coplanar configuration,
we choose 16 initial obliquities uniformly between [5°, 20°].
We set the upper bound of the initial outer inclination/
obliquity in order to avoid exciting the eccentricity, which
could trigger orbital instability (e.g., Spalding & Batygin 2016).
The initial eccentricities are e;yne; = 0.01 and egyer = 0.01 for
all runs of the secular simulation.

The first column of Figure 8 shows the maximum and
minimum final mutual inclinations as a function of the initial
outer planet inclination (the first row) or the initial obliquity
(the second row). The first row corresponds to the inner-aligned
configuration and the second row corresponds to the coplanar
case. Different colors represent different arrival times of the
planet (corresponding to different initial J, moments). The
solid and dashed lines represent the results of the analytical
results, and crosses and dots represent that of the full secular
evolution. We can see that our analytical estimations agree well
with the full secular evolution results.

For the initially aligned inner planet case shown in
Figure 8(a), a later arrival time gives a larger oscillation
amplitude of the final mutual inclination. This is because Iyrecess
is larger with a later arrival time as the fixed point evolves
further to the right (nodal-aligned direction). Final mutual
inclinations of all inner-aligned runs are smaller than their
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initial values (roughly the value of the initial outer inclination),
due to the decrease in J,. Large initial outer inclination and late
arrival are needed in order to agree with the observation (e.g.,
>20°, if arriving at 1 Gyr). Compared to the analytical results,
secular results show higher oscillation amplitudes with large
outer inclinations (39° and 40°) and a 1 Gyr arrival time. This
is likely due to the eccentricity excitation by the secular
resonance.

For the coplanar case displayed in Figure 8(c), the final
mutual inclination is less sensitive to the arrival time of the
planet, as the mutual inclination decreases only slightly with a
later arrival time. Larger initial obliquity leads to larger final
mutual inclination. Note that, if the final J, is small enough
(~107%, close to 0), the final oscillation amplitude of the
mutual inclination should be ~0 (e.g., Schultz et al. 2021) for
both initial configurations regardless of an earlier or later
arrival time.

The right column of Figures 8(b) and (d) shows the
likelihood that the final mutual inclination can match the
observed value (i.e., >12°38; Dai et al. 2018). The dots show
the results from the full secular evolution, and are calculated by
the percentage of data points that are equal to or greater than
the observed minimum mutual inclination after 4.9 Gyr. The
solid lines represent the results by the analytical method.

For the inner-aligned case, Figure 8(b) shows that the
likelihood generally increases as the initial outer inclination
increases, consistent with Figure 8(a), and a larger initial outer
inclination is needed for an earlier arrival time to have a
nonzero likelihood. When the initial outer inclination is smaller
than ~26°, later arrival times have higher likelihoods. As
discussed in Section 3.2 and shown in Figure 8(a), a later
arrival time results in a larger inclination oscillation amplitude,
which raises the likelihood. However, when the initial outer
inclination is larger (226°), a later arrival time tends to have a
lower likelihood, which is also due to its larger oscillation
amplitude, allowing the mutual inclination to be smaller than
the observed minimum.

Figure 8(d) shows the likelihood for the coplanar case.
Similar to the inner-aligned case, the likelihood increases with
a larger initial obliquity. However, it is less sensitive to the
arrival time, which is also displayed in Figure 8(c). A later
arrival time requires a slightly larger initial obliquity to have a
nonzero likelihood and an earlier arrival time provides a
slightly higher likelihood. This is because an earlier arrival time
(larger initial J;) results in a larger mutual inclination (as shown
in Figure 8(c)).

Next, we consider a larger parameter space for the initial
conditions and estimate the likelihood for the final mutual
inclination to agree with the observation. We include different
planet arrival times, which correspond to different initial J,
moments. This can be used to constrain the formation scenario
of USP planets. Different from Figure 8, where we only
considered initially aligned nodes (€2; — €2, = 0), we study the
more general case in the following, with the initial node
difference uniformly distributed between 0° and 360°. In
addition, given that our analytical method agrees well with the
full secular simulation, we use the analytical method to
calculate the likelihood for simplicity. We also include the
outer planet-aligned case. Note that for the outer-aligned case
(which follows the antialigned fixed point), we use
Equation (10) and calculate Iecess for the outer inclination
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with the analytical method. The resulting likelihood maps are
shown in Figure 9.

We use both larger (first column) and default J, (middle
column) models to see how the different J, models affect our
results. Given that the stellar age of Kepler-653 is 7.76+1.9/
—2.88 Gyr (Morton et al. 2016), we set the stellar age to be
7.76 Gyr in the first two columns and also consider a different
stellar age at 9.66 Gyr in the third column to investigate the
effects of the stellar age. For the J, model, we keep the value of
k, constant after 5 Gyr. The final J, values for the three
columns (from the left to the right) are ~1.83 x 1077,
~1.69 x 1077, and ~1.38 x 10, respectively. Different rows
show different initial configurations. The first row shows the
results with an aligned inner planet and a misaligned outer
planet, the second row displays the results for the initially
coplanar configuration, and the third row shows the results for
the misaligned inner planet with an aligned outer planet. The x-
axis shows the arrival time and the upper label presents the
corresponding initial J,. For the first row, the y-axis is the
initial outer inclination (the initial inner inclination is 1°); for
the second row, the y-axis is the initial obliquity; for the third
row, the y-axis is the initial inner inclination (the initial outer
inclination is 1°). Each cell represents the color coded
likelihood.

As shown in the first row, when the inner planet is initially
aligned with the stellar spin axis, it is more likely for the USP
planet to be formed at a later time. If the USP planet was
formed at an earlier time, a large outer inclination is needed
(e.g., =35° if it arrives around 10 Myr when the stellar age is
younger or when the star evolves with a faster initial rotation).
Specifically, with the larger J, model (Figure 9(a)), the region
with the likelihood of unity occurs when the initial outer
inclination is larger than ~35° and the arrival time is earlier
than ~250 Myr. If we consider the default J, model
(Figure 9(b)), this region becomes smaller and requires an
earlier arrival. If the stellar age is older (Figure 9(c)), the
likelihood becomes lower. The likelihood of unity only appears
when the arrival time is later (~7.5 Gyr). Despite the
differences mentioned above, the boundaries between the
impossible region (zero likelihood) and the possible region
(nonzero likelihood) show the earlier arrival time needs a larger
outer inclination. This is because the later arrival time leads to
larger oscillation amplitudes in the mutual inclination, which
increases the likelihood to agree with the observation.

For the coplanar case (second row of Figure 9), a higher
likelihood appears when the obliquity is larger, and the map is
less sensitive with different J, models and stellar age compared
with the inner- aligned case. If the planet arrives before 1 Gyr,
the minimum initial obliquities are around 10° to agree with the
observation. Higher initial obliquities are needed to match the
observation if the planet arrives later.

For the outer-aligned case (the last row of Figure 9), the
likelihoods are at unity when the initial inner inclination is
larger than ~13° regardless of arrival times, J, models, and
stellar age. This agrees with the evolution of the antialigned
fixed point discussed in Section 2.2.1. The variation of J, does
not affect the mutual inclination. Thus, with an aligned outer
planet, the final mutual inclination could agree with the
observation, as long as the initial mutual inclination is larger
than the observed value.



THE ASTROPHYSICAL JOURNAL, 930:58 (13pp), 2022 May 1

Age =7.76 Gyr (/ = 1.83e-7), Larger /, model Age =7.76 Gyr (/; = 1.69e-7), Default /, model Age =9.66 Gyr (/; = 1.38e-7), Default /, model

Iog(/Zozn
® 3
¥ 9

(@

40.0
37.0
D 340
0 310
& 280
Z 250
<220
&
190
=1
D160
13.0
10.0

®) o
Y

-3.75
--3.86
-4.71
-5.73
--6.55
--4.84

|
5e6

0
1e9

g
S B
Q

|

567 168 568
Arrival Time (yr)
IogUZOL

@©

@

20.0

[t ©
~ «©
¢ @

{ !

—_
o

~
--4.75
--4.84

--4.71

i

18.0
—~16.0
0 140
§ 12.0
o100

8.0

6.0

Ste.

g g
5e9 1e7

g
1e9

g [Te]

< ~ I}
u? ©

| '

5é7 1é8 SéB
Arrival Time (yr)
log(/20)

%. ()

0
1e7

—~
LS
~

--3.75

--3.86
—_

=

-~
--4.75
--4.84

--4.71

b

-5

5e6

g 0 0

55‘7 1é8 5e8 1e9 5e9
Arrival Time (yr)

g g g
1e7 5e6 1e7

Chen, Li, & Petrovich

1.0
log(/2o log(/2o
o~ ~ (C) 0 < ~
w wn © ~ «© w ©
L J © L 0 ; ©
-0.8
5e7 1e8 5e8 1e9 5e9 5e6 1e7 5e7 1e8 5e8 1e9 5e9
Arrival Time (yr) Arrival Time (yr)
log(/20) log(/20)
- e 3 8 5 & 3
A i1 T T ¥ E ] 0.6
0.4
5e7 1e8 5e8 1e9 5e9 5e6 1e7 5e7 1e8 5e8 1e9 5e9
Arrival Time (yr) Arrival Time (yr)
log(/20) : log(/20)
8 5 € 8 o MDe 3 g 5 ¢ 8 o
© 0 G © © 5 N 0 T 0 <
0.2
5e7 1e8 5e8 1e9 5e9 5e6 1e7 5e7 1e8 5e8 1e9 5e9
Arrival Time (yr) Arrival Time (yr) 0.0

Figure 9. The likelihood of observing a large mutual inclination that agrees with the observation. The color represents the likelihood. The first row corresponds to the
configuration of an inner-aligned planet with a misaligned outer planet, the second row corresponds to the coplanar configuration, and the third row corresponds to the
configuration of a misaligned inner planet with an aligned outer planet. Different columns correspond to different J, models or stellar ages as shown on the top of each
column. The lower x-axis shows the arrival time of the planet and the upper one displays the corresponding initial J,. The y-axis shows the initial inclinations. The
initial inner and outer inclinations are both 1° for the inner-aligned and outer-aligned cases.

4. Discussion and Conclusion

Studies have shown that stellar J, can enhance the mutual
inclination of planetary systems with a USP planet, and explain
the origin of the observed large mutual inclination of USP
planets with their companions (e.g., Li et al. 2020; Becker et al.
2020). The role of a time-varying J, (as the stellar rotation
reduces due to magnetic braking) in the evolution of a
planetary system has been investigated (e.g., Spalding &
Batygin 2016; Becker et al. 2020; Schultz et al. 2021; Brefka &
Becker 2021). Our work sheds light on how the current
observed mutual inclination of a USP planet system can
provide constraints on the initial configuration and formation
timing of USP planets. We study the oscillation amplitude of
the final mutual inclination under the effect of decaying J,, and
investigate the constraints on USP planet formation. We found
that mutual inclination decreases with the evolving J, for most
of the USP planet systems (when the inner planetary orbit has
lower angular momentum than the outer one). This implies that
either (i) the initial obliquities were large, or (ii) the mutual
inclination has been acquired late (=10 Myr).

Specifically, we first analyzed the inclination evolution using
the secular approach. Assuming the orbits to be circular, the
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system could be reduced to 1 degree of freedom. We find that
there are two fixed points: One corresponds to the case where the
inner planet is aligned with the stellar spin while the outer planet
is misaligned, and the other corresponds to a misaligned inner
planet with an aligned outer planet. In general, the mutual
inclination of the two planets decreases as J, decreases following
the first fixed point. The mutual inclination evolution around the
second fixed point depends on the ratio of the orbital angular
momentum of the two planets § = m;./a;/(m,./a,). Specifi-
cally, for 5 < 0.3, when the inner orbit possesses lower orbital
angular momentum, the final mutual inclination stays nearly the
same, while for 3 2 1 the final mutual inclination increases.
Then, we focused on the system Kepler-653 to investigate
the evolution of the mutual inclination, including the full
secular simulation and relaxing the assumption that the orbits
are circular. We note that the results can be slightly different
when the mutual inclination becomes large ~40°, but this
does not change our conclusions qualitatively. We included
three representative conditions: (1) inner planet aligned with
the stellar spin (follows the aligned fixed point); (2) inner and
outer planets in the same plane while misaligned with the
stellar spin (follows the aligned fixed point but is further from
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it, since 3 is small for Kepler-653); (3) outer planet aligned
with the stellar spin (follows the antialigned fixed point).
Agreeing with the simple secular model with circular orbits
and low (3, the mutual inclination decreases as J, decreases for
cases (1) and (2), while the mutual inclination nearly stays the
same for case (3).

Specifically, for the inner-aligned configuration, USP planets
most likely formed late, in order to reduce the influence of the
decaying J, and enhance the oscillation amplitude of the final
mutual inclination. A larger initial mutual inclination (235°) is
needed if the planet formed early (<10-250 Myr depending on
the stellar J, model). The likelihood generally decreases if the
initial and final J, decreases (from Figures 9(a)—(c)). For the
coplanar configuration, the USP planet of Kepler-653 is more
likely formed before 1 Gyr with the initial obliquity larger than
~10°. However, if the arrival time is later than ~1 Gyr, the
required initial obliquity increases. Finally, for the outer-
aligned configuration, as long as the initial mutual inclination is
larger than the observed value, the mutual inclination can
always match the observation regardless of the timing of USP
planet formation.

How do the results constrain the formation channels of
Kepler-653? If a USP planet is formed in situ followed by
tidal decay, the initial configuration could likely be coplanar,
and the USP planet likely arrived late as tidal migration could
take a long time (order of Gyr; e.g., Lee & Chiang 2017).
Thus, the planet most likely formed with large stellar
obliquity, e.g., at least ~15° if it arrives around 5 Gyr as
shown in Figure 9. Note that it is also possible that the
innermost planet becomes star-aligned through the adiabatic
slow migration, such as the obliquity tide (Millholland &
Spalding 2020). Millholland & Spalding (2020) showed that
the initial obliquity needs to be about ~20°-40° to form the
USP planet, which is similar to the required tilts in the top row
of Figure 9, corresponding to the inner-aligned configuration.
Moreover, if the USP planet forms during episodic accretion
events (Becker et al. 2021), the planet tends to arrive early
because the USP planet can migrate in a short timescale with
this mechanism. This indicates a large initial inclination of the
outer planet (e.g., ~34° if it arrives around 10 Myr).
Additionally, if it is formed via dynamical migration
(Petrovich et al. 2019; Pu & Lai 2019), the innermost planet
likely becomes misaligned with the stellar spin. Thus, the
decrease in J, does not affect the mutual inclination
significantly, and the initial mutual inclination only needs to
be greater than the observed value. As a caveat, the disk
potential is not included here, which could play a role for USP
planets formed early, and its dispersal timescale is important
for the initial configuration setup (Spalding & Millholland
2020). We note that other planetary systems with similar
architectural properties can also be analyzed this way to
constrain their formation mechanisms, e.g., Kepler-10, and
this can also be applied to systems with more than two planets
as discussed in Brefka & Becker (2021).
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