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Abstract

For the origin of the radially concentrated solar system’s terrestrial planets, planet formation from a ring of solids at
about 1 au from the Sun with convergent/suppressed type I migration is preferred. On the other hand, many super-
Earths and sub-Neptunes are found in the close-in region with orbital periods of 10-100days, so that planet
formation from rings in the 1 au region would require some degree of inward migration. One way to realize these
different formation scenarios is to use different gas disk models. In this study, we investigate whether different
scenarios can be realized within a single framework. We consider a disk model that evolves via disk winds and
develops a density peak, and study planet formation and orbital evolution using N-body simulations. Planets with
masses less than an Earth mass formed from a low-mass ring resembling the solar system do not migrate inward
even in the evolving disk and remain near 1 au orbits, maintaining a high radial mass concentration. On the other
hand, planets with masses greater than an Earth mass formed from a massive ring slowly migrate inward above the
outward migration region. As a result, the innermost planet can move to an orbit of about 10 days. The simulation
results also reproduce the characteristics (e.g., mass distribution, eccentricity, orbital separation) of the solar system
and super-Earth /sub-Neptune systems. Our model predicts that Earths and sub-Earths formed by migration from
rings near the 1 au region are less abundant in the close-in region.

Unified Astronomy Thesaurus concepts: N-body simulations (1083); Exoplanet formation (492); Solar system

formation (1530); Planetary migration (2206)

1. Introduction

One of the major characteristics of the terrestrial planets in the
solar system is that their masses are concentrated at a radial
distance of r~ 1 au from the Sun (Chambers 2001). There are
no planets inside the orbit of Mercury, and the masses of the two
planets in the middle (i.e., Earth and Venus) are greater than
those of the other planets. To explain the origin of this radially
concentrated mass distribution, it is reasonable to assume that
the solar system’s terrestrial planets formed from planetary
embryos with a narrow ring configuration (Hansen 2009).

Terrestrial planet formation from a protoplanet ring is
supported by studies of planet formation in earlier phases.
Planetesimals can form in rings near r=1au by the pebble
pileup (e.g., Drazkowska et al. 2016), dead zone inner boundary
(e.g., Ueda et al. 2019, 2021), silicate sublimation line (e.g.,
Izidoro et al. 2022; Morbidelli et al. 2022), and convergent radial
drift in a disk with a density peak (Suzuki et al. 2016; Taki et al.
2021). Planetesimals can also move due to radial drift toward
r~~1au and form a ring distribution, depending on the density
structure of protoplanetary disks (Ogihara et al. 2018a).

Previous studies that considered the formation of terrestrial
planets from an embryo ring do not consider the effect of
orbital changes due to the gas disk (Hansen 2009). However,
since the growth time to the mass that initiates the type I
migration (M ~ 0.1 M) is considered to be shorter than the
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disk lifetime, the effect of orbital change due to gas should be
considered. It has been shown that protoplanets rapidly migrate
inward when a simple power-law density distribution is
considered (e.g., Ida & Lin 2008; Ogihara et al. 2015b). As a
result, it is difficult to explain the radial mass concentration of
the solar system’s terrestrial planets. A possible solution to this
problem is to consider a gas disk model with a density peak
near r =1 au (e.g., BroZ et al. 2021; Woo et al. 2023). Such a
disk model would result in a concentration of protoplanet orbit
around r=1au as a consequence of convergent type I
migration. This is because in regions where the local gas
surface density gradient is positive, the barotropic part of the
corotation torque becomes positive and overwhelms the other
torques, thus realizing outward migration (Masset et al. 2006;
Paardekooper et al. 2010).

In fact, recent studies of protoplanetary disks have pointed out
that the actual disk structure may not be expressed by the simple
power-law distribution previously thought. Gas disks with
surface density peaks near r=1au can be realized when the
evolution by magnetically driven disk winds is considered.
Suzuki et al. (2016) modeled the mass loss and angular
momentum transport due to disk winds from MHD simulations
and calculated the long-term evolution of the 1D density profile.
The results show that, depending on the efficiency and radial
profile of wind-driven accretion, a disk density structure with a
surface density peak near r=1au can be obtained (see also
Tabone et al. 2022).° As another model, a disk with a density

6 As mentioned above, this could cause a convergent radial drift of dust,
creating a planetesimal ring near » = 1 au.
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peak near » = 1 au can also be realized when the accretion rate
changes gradually at the dead zone inner boundary (Jankovic
et al. 2022).

Meanwhile, the orbital distribution of the low-mass planets
in exoplanet systems, super-Earths and sub-Neptunes (hereafter
referred to as SENGs), is different from that of the solar system.
Although there are some observational limitations, typical
masses of SENs are M~ 1-10M., with semimajor axis
ranging from a = 0.1-1 au. More detailed information on mass
distribution, occurrence rate, orbital separation, etc. is also
available (Lissauer et al. 2023; Weiss et al. 2023). Thanks to
this information, our understanding of the origin of SENs has
improved dramatically in the past 5 yr or so (Ogihara et al.
2015b; Izidoro et al. 2017, 2021; Lambrechts et al. 2019). The
fact that the orbits of most SENs are not in mean-motion
resonances and that they do not have ice-rich compositions
suggests that these planets did not experience a large-scale
orbital migration over several astronomical units. Nevertheless,
some orbital migration of about ~1au or less in a long
timescale of about 1 Myr is consistent with observations
(Ogihara et al. 2018b, 2020; Lambrechts et al. 2019; Weiss
et al. 2023). It has been proposed that super-Earth cores form
from narrow rings (Batygin & Morbidelli 2023) and wide rings
(Lambrechts et al. 2019) near a =1 au, and then migrate to
a~0.1au in disks with a power-law surface density
distribution, radically different from those invoked for
terrestrial planet formation in the solar system.

Thus, we seem to face a contradiction: Convergent or
suppressed migration is favorable for solar system formation,
and inward migration seems to be favorable for SEN formation.
Conditions like those in Woo et al. (2023), where convergent
migration works, do not explain the close-in orbits of SENs,
and conditions like those in Batygin & Morbidelli (2023),
where inward migration is prominent, do not explain the radial
mass concentration of the solar system. To realize these
separate scenarios, separate disks, either solid or gaseous, must
be considered. Therefore, in this study, we investigate whether
the same peaked gas disk model can explain the origin of both
the solar system and SEN systems. Specifically, we focus on
the possibility of inward migration, even in the case of peaked
disks, depending on the saturation of the corotation torque.

This paper is organized as follows. In Section 2, we describe
the model and give the setting of N-body simulation. In
Section 3, we present our typical results. In Section 4, we show
some important properties of the simulated systems and
compare them with those of the solar system and observed
SEN systems. In Section 5, we present a discussion on the
prediction of the occurrence of Earths and sub-Earths, and on
the correlation between planets and metallicity. In Section 6,
we summarize our conclusions.

2. Model
2.1. Disk Model and Migration

The evolution of the gas surface density is obtained by
solving the 1D diffusion equation, where the angular
momentum transport due to viscosity and magnetically driven
disk winds (wind-driven accretion) and the mass loss due to
magnetically driven disk winds and photoevaporation are
included. For details, readers are referred to Suzuki et al. (2016)
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and Kunitomo et al. (2020).
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where %, Q, ¢, and H are the gas surface density, the
angular velocity, the sound velocity, and the scale height,
respectively. The first term on the right-hand side represents the
viscous accretion, which is determined by the parameter &5 . For
this parameter, we consider oo, = 1074 as fiducial because
recent theoretical and observational studies favor weak
turbulence (e.g., Flaherty et al. 2017; Dullemond et al. 2018).
We also consider cases where the parameter is increased/
decreased by a factor of 3. The second term on the right-hand
side is the wind-driven accretion, which is controlled by the
parameter @y;. For this parameter, we use the relation
@y = min[1073(S, /S, ini) "%, 1], which is considered to
increase (the plasma beta decreases) with disk dissipation (see
Equation (30) of Suzuki et al. 2016). The disk temperature is
determined by stellar irradiation and viscous heating as in
Kunitomo et al. (2020).

The mass loss due to the magnetically driven disk winds is
given by

0
N

The parameter C,, which represents the strength of disk winds,
is given as Cy = min(Cy, Cye). We use Cyo= 1072
suggested by MHD simulations (e.g., Suzuki et al. 2010;
Suzuki & Inutsuka 2014) for the weak turbulence case. The
constraint of Cy, . comes from energetics, and in this study, we
consider the “weak DW case” in Equation (20) of Suzuki et al.
(2016), which is a conservative limit. Here, the maximum
energy of wind particles is considered to be 10% of the
available energy, which is the sum of the gravitational energy
released by accretion and the energy released by viscous
heating. For the mass loss due to photoevaporation, Xpgw, we
use models based on the results of hydrodynamical simulations
(Alexander & Armitage 2007; Owen et al. 2012). We consider
10 erg s™" as the X-ray luminosity and 10*' s' as the EUV
photon flux. See Section2.4 of Kunitomo et al. (2020) for
specific formulas.

Figure 1(a) shows the time evolution of the disk gas surface
density. The initial condition for the gas surface density is the
power-law distribution proportional to r~2/3 as in the minimum
mass solar nebula with an exponential cutoff. A relatively
massive gas disk with a disk mass of 0.118 M, is considered as
the initial condition to connect with the early stage of disk
evolution. To investigate the later stages of planet formation in
our N-body simulations, the times used in Figure 1(a) are
delayed by 0.1 Myr from the disk evolution simulations.

As can be seen in the figure, the gas surface density
decreases in the inner region of the disk due to wind mass loss
and wind-driven accretion. Around 7= 0.1 Myr (i.e., 0.2 Myr
after the start of the disk evolution simulation), the slope of the
surface density is almost flat within » ~ 1 au, and then the slope
is positive. After t >~ 5 Myr, the inner disk is rapidly cleared by
photoevaporation. The distribution at t = 1 Myr is similar to the

@
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Figure 1. (a) Temporal evolution of the gas surface density. Different lines indicate disks with different @; parameters. (b) Migration map for the disk with

Qry =

10~# at t = 1 Myr. The colors indicate the direction of migration, with red indicating outward migration and blue inward migration. The solid line shows the

zero-migration curve, which separates the regions of inward and outward migration. Note that the map depends on the eccentricity and inclination, which are set

to 0.005.

“shallow disk” model of Woo et al. (2023), which did not
include any time evolution of the disk other than a uniform
gradual depletion.

Planets and planetary embryos in the disk are subject to
orbital migration and eccentricity and inclination damping as a
result of gravitational interaction with the disk gas. The
equation of motion of particle 7 at position r; is given by

d%r; B _GM*r, B Z GM;(r; — r)) B Z GM;r;
dr? lr;l3 i 13 13

J
+ Fmig + Fc‘lampa

lr; —r; Ir;

3)

where M, is the stellar mass. For detailed expressions for the
specific forces for the migration and damping (Fy,ie and Fgamp),
the reader is referred to Ogihara et al. (2015a) and Izidoro et al.
(2017). The timescale for the type I migration is given by

) 2
a — lwave T . 5
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where I' /T is the normalized migration torque. The migration
torque I' is the sum of the Lindblad torque and the corotation
torque, and the latter can be positive when the local gas surface
density gradient, 9In¥,/01nr, is positive (e.g., Paardekooper
& Papaloizou 2009a). However, the angular momentum in the
horseshoe region near the planet is finite, and the corotation
torque is prone to saturation. Diffusion is necessary to avoid
saturation. When the diffusion timescale and the horseshoe
libration timescale are comparable, the corotation torque can be
large (Paardekooper et al. 2011). The parameter P,, which
controls the saturation of the barotropic part of the corotation
torque, is given by
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where x, is the dimensionless half width of the horseshoe
region (Masset et al. 2006; Paardekooper & Papaloizou 2009b).

It can be seen that the type I migration torque depends on the
planetary mass and diffusion. In addition, the corotation torque
decreases also with increasing eccentricity (Bitsch & Kley
2010). Figure 1(b) shows the migration timescale of the disk at
t =1 Myr. Outward migration, which occurs in the red region,
is seen at r < 1 au thanks to the positive gas surface density
gradient, but the outward migration region also depends on the
planetary mass. Therefore, the conditions under which
convergent migration occurs are limited.

The timescales for the damping of eccentricity and
inclination are given by Cresswell & Nelson (2008):
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2.2. Simulation Setting

We investigate the formation of low-mass planets from
planetary embryos in an evolving disk with a density peak
shown in Figure 1(a) by performing N-body simulations. For
reference, some simulations are also performed using a disk
model with power-law density profiles. In addition to the
mutual gravity between the planets, the effect of the gas disk
(orbital migration and e, i damping) is included in the
simulation as force terms (see Equation (3)). The orbits of
the planets are integrated for about 200 Myr (for solar system
formation) or 100 Myr (otherwise) using the fourth-order
Hermite scheme with the hierarchical time stepping (Makino
1991; Makino & Aarseth 1992). When planets collide with
each other, perfect accretion is considered.

The initial embryo distribution is based on the settings and
results of previous N-body simulations from rings (e.g., Hansen
2009; Batygin & Morbidelli 2023; Woo et al. 2023), and we
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Figure 2. Snapshots of the system from typical simulations. Blue-filled circles represent the planets at each time. (a) The total solid mass is 2 M, and for solar system
formation. The result for the simulation in the power-law disk is shown as gray circles. (b), (c) The total solid mass is larger and for SEN system formation. In each

panel, the zero-migration curve is also shown in gray-dotted lines.

place the embryo in the a = 1-1.5 au ring region. The mass of
each embryo is set to 0.05M.. The solid surface density
through the ring is proportional to r—3/2. The central star mass
is 1 M., The total embryo mass is treated as a parameter and is
considered to be between 2 and 20 M,,. The initial eccentricity
and inclination are assumed to be small ~0.01.

3. Typical Results

First, we present typical results with the parameter of
@, 5 = 107*. Figure 2 shows the results for three different
initial total solid masses.

Figure 2(a) shows the case where the total mass is small,
Moy =2 M. Planetary embryos grow by collisions, and at
t =1 Myr, the mass of the largest planet is about 0.3 M. This
is roughly in agreement with the results of Woo et al. (2023),
who performed higher-resolution simulations. Protoplanets that
grow to masses greater than about 0.1 M, are affected by type I
migration; however, protoplanets do not undergo significant
inward migration in the evolving gas disk. It is noteworthy that
the radial confinement of embryos can be maintained even in
the more realistic time-evolving disk than in the fixed disk with
a density peak at r =1 au used by Woo et al. (2023). Before
t =1 Myr, the density peak at r = 1 au is not pronounced, but at
this stage, the planetary mass is small and planets do not
migrate inward. The gas in the inner region r < 1 au disappears
by t=5Myr (Figure 1(a)), and before and after that time,
protoplanets exhibit giant impacts with each other, eventually
forming planets with a maximum mass of about 1 M. At the
end of Figure 2(a), four planets remain within the orbits of
Mercury and Mars. We performed a total of 10 simulation runs
for each condition, and obtained qualitatively similar results in
the other nine runs (see Section 4).

As a reference, we have performed simulations in a gas disk
with power-law density profiles (two-component power-law
disk in which the disk temperature is determined by viscous
heating and stellar irradiation in the inner and outer regions,
respectively) (Bitsch et al. 2015; Liu et al. 2019) under the
same conditions. Gray points in Figure 2(a) show a typical

result. We observe that protoplanets experience inward
migration and move within Mercury’s present orbit.

Figures 2(b) and (c) show the results for larger initial total
masses, My, =6.3 M, and 20 M. The larger the total mass,
the faster the growth and migration. At an early stage
(t £ 0.1 Myr), some planets with mass >0.1 M, appear, which
are affected by type I migration. Then, around ¢ = 1 Myr, some
planets grow to masses >1 M, and such planets are prone to
rapid migration. However, in the disk that develops a density
peak considered in this study, the direction and speed of orbital
migration are affected. In particular, within the region indicated
by the zero-migration curve in Figure 2(c), planets can
experience the unsaturated positive corotation torque. Thus,
planets located inside this region can migrate outward and
experience collisions in the convergent region (Wimarsson
et al. 2020; Pan et al. 2024). However, there is only a limited
outward migration region. As a result, planets with
M=1-3M,. slowly migrate inward above the outward
migration region. Note that the migration speed of the planets
is slow because the gas surface density in the inner region is
low at £ ~ 1 Myr, when the planets migrate. The final result in
Figure 2(c) is that more massive planets form in close-in orbits,
which is in contrast to the result in Figure 2(a).

Although not shown here, simulations in the gas disk with a
power-law distribution have been performed for the massive
initial total mass case M., =20 Mg. In this case, planets of
about M ~ 1-3 M, undergo very rapid migration of the order
of 0.1 Myr (Ogihara et al. 2015b). This is considerably faster
than the migration speed observed in Figure 2(c), where the
peaked gas profile is considered.

As described above, there is only a limited range of planets
that undergo outward/convergent migration in peaked disks,
and therefore, it is possible for planets to migrate inward in
such disks. For a turbulent viscosity of a disk of about
a,5 = 107, inward migration is dominant for masses about
1 M, and above. This can naturally explain the difference
between the solar system and SEN systems, even when using
the same disk model. In the next section, we will also look at
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Figure 3. Final properties of the simulations with M, = 2 M., for different values of @ ;. Gray symbols indicate results in the power-law disk. 10 simulation runs are
performed in each disk. (a) The final mass distribution. Mercury, Venus, Earth, and Mars are represented by M, V, E, and M, respectively. (b) The metrics of AMD
and RMC in the final state. The terrestrial planets of the current solar system is indicated by S.

the simulation results when the @ is increased /decreased by
a factor of 3. As we will see, our overall results do not change
for this level of difference in the viscosity.

4. Characteristics of Systems

In this section, we examine the individual properties of the
solar system and SEN systems in more detail, including the
results of simulations with different disk parameters.

4.1. Solar System

We see whether some important features in the solar system
are reproduced in the simulation for the case of small initial
total solid mass and M,y =2 M. Figure 3(a) is the final mass
distribution. For each set, 10 runs of simulations were
performed with different initial embryo positions, and all of
these results are displayed. The different symbols represent the
results performed with disk evolution for slightly different
values of the turbulent viscosity, @y ;. Although for
@5 = 3 x 1073 the mass tends to be slightly smaller in the
region of a > 1 au (this will be discussed later), we do not see
much difference in results for different values. The results show
that no planets migrate inside Mercury’s orbit, which is
remarkable compared to simulations in the power-law disk,
where some innermost planets move within a =0.2 au. The
planets near a=1au have the largest mass, which is
approximately 1 M. Together with the smaller masses of the
planets at either end of the orbit, the a—M diagram shows an
inverted V shape. From these results, we find that the mass
distribution of the final planets is approximately the same as
that of the terrestrial planets in the solar system.

The important factor that can explain the mass distribution
of the solar system’s terrestrial planets is the suppression of
orbital migration. It has been shown that planet formation
simulations from embryo rings that ignore orbital migration,
as in Hansen (2009), can explain the mass distribution
well. On the other hand, when planets experience some
degree of orbital migration, as in Lambrechts et al. (2019),
the innermost planets tend to move into inner orbits and
become larger than Mercury. In the low total solid mass
case of this study, the migration is significantly suppressed in
the gas disk with a peaked density profile, as seen in
Section 3.

Figure 3(b) shows the values of RMC and angular
momentum deficit (AMD), which are metrics that describe

the characteristics of planetary systems. The RMC is used as a
measure of the degree of radial mass concentration (Chambers
2001)

>M;
> M;j(logyy Ja/a;)? )

The solar system’s terrestrial planets have a high mass
concentration with the value of 89.9. In previous simulations,
when the simulation is not started from a narrow ring, the final
RMC is small, about 50 or less (Raymond et al. 2009;
Morishima et al. 2010). Our results show that the RMC is
about 40—-100 and reasonably large. This is because planets do
not undergo significant orbital migration and the high radial
mass concentration given as the initial condition is
maintained. As mentioned in Section 3, it is worth noting
that the distribution of embryos is kept radially confined even
in the evolving disk, rather than always having a fixed density
profile. For the parameter @, ; dependence, there is not much
difference in the results. Incidentally, in some simulations in
the power-law disk, the initial radial mass concentration
cannot be maintained due to migration, and the RMC is
relatively small (<30) at the end.

The AMD is used as a quantitative measure of orbital
excitation (Laskar 1997),

AMD — > M; Ja; (1 — |1 — e cosij)
>M; Jaj

where e; and i; are the orbital eccentricity and inclination,
respectively. The AMD of the solar system’s terrestrial planets
is 0.0018. The results of our simulations show that the values
for AMD are similar to those of the solar system (1073—1072),
regardless of the values of the disk parameter. We see AMD
values for some systems are slightly higher than that of the
current solar system. This is normal because we only consider
embryos in our N-body simulations, and there is no damping
force such as dynamical friction from planetesimals after disk
dissipation. Note that in some runs for @5 = 3 x 107>, the
AMD is as small as <10~*. The dynamical instability after disk
dissipation is less pronounced in these runs, leaving smaller
planets with small eccentricities that have not experienced

RMC = max

(10)

, 1D
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planets with @ < 1 au and M > 1 M., are considered. (a) The final mass distribution. (b) Planet occurrence at each orbital period. (c) Orbital separation divided by the
mutual Hill radius. (d) Orbital eccentricity. (e) Relationship between orbital eccentricity and multiplicity. Crosses represent the eccentricity of the planet in each

system, and filled circles represent the median in each system.

many giant impacts.” This also explains the smaller masses in
the @ > 1 au region for @, ; = 3 x 1077 in Figure 3(a).

On the other hand, the AMD is typically very small for
simulations in the power-law disk. In these simulations, planets
can be captured in mean-motion resonances during migration,
which remains until the final state at =200 Myr. The systems
are very stable as a result and do not experience giant impacts
after the disk dissipation, which results in many planets with
small eccentricities. It is possible that such systems will
experience a giant impact phase later in their long-term evolution
(t > 200 Myr), and thus, the AMD would increase to a value
similar to that of the solar system. However, in this case, the
timing of the giant impact would be later than the timing of the
last giant impact experienced by the solar system terrestrial
planets (50-150 Myr) (Touboul et al. 2007; Thiemens et al.
2019), and thus not considered to be consistent with the
characteristics of the solar system.

4.2. SEN System

Next, we look at the characteristics of simulations for SEN
systems where the initial total mass is set to M, =20 M.
Figure 4 is a summary of the main features. In panels (b)—(e),
we only consider planets with a < 1 au and M > 1 M,

7 In one run, in particular, 10 planets remain small M < 0.4 M, with low
eccentricity at t = 200 Myr.

Figure 4(a) shows the final mass distribution, which exhibits
several features. First, the mass distribution is nearly flat in
a = 0.1 to 1 au, indicating that the masses are nearly constant.
Planetary embryos grow in the ring at a ~ 1 au and begin to
move inward when they reach a critical mass for migration
(M ~1M.). Once the planets start migrating, they are out of
the ring and do not grow dramatically thereafter (although they
do gain a factor of mass in giant impacts). Therefore, there is no
steep gradient in the a = 0.1-1 au region. The mass is about
1-10 M, which is consistent with the SEN mass suggested by
the mass—radius relation for Kepler planets (e.g., Weiss &
Marcy 2014; Wolfgang et al. 2016).

Another feature is a trend of decreasing mass beyond the
region where the ring of solids initially existed (a = 1 au). This
is a characteristic of planet formation from rings with slow
inward migration. Note that this decreasing part (a 2 1 au and
M < 1M,) is not observed in current exoplanet observations
because it is below the detection limit. This may be found in
future observations. Meanwhile, some observations are finding
signs of this trend. Millholland et al. (2022) have pointed out
that for systems with high multiplicity (>4) found in Kepler
observations, few planets are found in orbits with periods
longer than 100 days. This is consistent with our simulation
results, i.e., it can be explained by the small mass of the planet,
which is not observed at orbital periods beyond 100 days
(a 2 0.4 au). In fact, the planetary masses beyond 100 days are
smaller for high-multiplicity systems in our simulations.
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As for the difference in the disk parameter, the smaller the
T, value, the slower the evolution of the disk (Figure 1(a)),
indicating the migration of smaller planets into inner orbits. We
also see that low-mass planets (M < 1 M) do not form in the
close-in region (a~0.1au). This is because the type I
migration is suppressed for low-mass planets. This will be
discussed in Section 5.

Figure 4(b) shows the orbital period distribution of the
formed planets. Observations show that the occurrence rate of
SENs is almost flat in logarithmic bins at about
P =10-300 days (Petigura et al. 2018; Dattilo et al. 2023).
Previous simulations of rapid migration in gas disks with a
power-law density distribution (Ogihara et al. 2015b; Izidoro
et al. 2017; Matsumura et al. 2017), show that SENs pile up
near the inner edge of the disk, which does not explain the
observed flat occurrence. On the other hand, our occurrence
rates are almost flat and consistent with the observation. The
position of the innermost planet is about P = 10 days, which is
also roughly consistent with the observation. The parked
position is not determined by the inner edge of the disk, but by
the final location of the migration in our simulation. This is
because the surface density slope of the gas disk is positive in
the close-in region (Figure 1(a)), and as planets migrate inward,
the gas surface density becomes smaller and the migration
slows down. This position depends on the initial position of the
ring and the disk parameters; therefore, it seems that
quantitative numbers are not very meaningful. Nevertheless,
the fact that there is a cutoff at some point is a general result,
and it is consistent with observations.

Figure 4(c) shows the orbital separation divided by the
mutual Hill radius, Ry. Observations indicate that the orbital
separation is about 10-50 Ry, with 20-30 Ry being the
majority (Lissauer et al. 2014; Weiss et al. 2023). Our
simulations show that some of the planets are trapped in
mean-motion resonances (mostly close resonances such as 4:3
and 5:4) and have rather small orbital separations before the
disk dissipates. However, most of the planets undergo giant
impacts during and after the disk dissipation and form with
large orbital separations of about 20-30 mutual Hill radii. This
is in good agreement with observations. Note that most mean-
motion resonances are broken by giant impacts, and many
planets eventually have no resonant configurations. Planetary
pairs that are in resonant relationships have more separated
commensurability (e.g., 2:1) than those in the formation stage
in the disk.

Figure 4(d) shows the final eccentricity. There are several
observational estimates of the eccentricity, and it is known that
the eccentricity of SENs can be approximately fitted by a
Rayleigh distribution with o~ 0.04-0.05 (Xie et al. 2016;
Mills et al. 2019; Van Eylen et al. 2019). In our simulation
results, the value is almost the same as the observational
estimates. Although some small embryos with high eccentricity
remain in the outer region (a = 2 au), SENs with M > 1 M,
have small eccentricity <0.1.

Figure 4(e) shows the relationship between eccentricity and
multiplicity. Recent observations have shown that multiplicity
and eccentricity are correlated, and that the higher the
multiplicity, the lower the eccentricity (He et al. 2020; Lissauer
et al. 2024). Our simulation results are in agreement with this
observed trend. In our simulation results, the fraction of single
systems is small. One of the reasons for this is that we stopped
our simulations at #= 100 Myr, after which the fraction of
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Figure 5. Number of systems with planets in specific mass bins and orbital
bins. Results of SEN formation with an initial total mass of M, = 20 M., are
indicated by blue symbols, while results of solar system formation with an
initial total mass of M, = 2 My, are indicated by orange symbols. The former
is referred to as “high metal” and the latter as “low metal.” In each case, we
performed 30 systems with different @,; values. Planetary mass bins are
divided into SENs with M > 1 M, or sub-Earths with M = 0.1-1 M. Orbital
period bins are divided into three equal logarithmic bins between 10 and
1000 days.

single systems is expected to increase to some extent due to
further dynamical instability.

We also comment on planetary composition. Although the
composition of observed SENSs is not strongly constrained due
to degeneracy, it has been suggested that many of the SENs
with M < 10M,, can be rocky compositions (Rogers 2015;
Owen & Wu 2017; Dai et al. 2019; Zeng et al. 2019). Although
we do not directly follow the compositional evolution in this
study, we expect that SENs have a rocky composition since
they formed from rings that formed around @ = 1 au. We plan
to investigate the actual compositional in a separate study using
a planet formation model that takes compositional evolution
into account. In the scenario of rapid migration in power-law
disks, the formed SENs are expected to have a water-rich
composition (e.g., Venturini et al. 2020; Izidoro et al. 2021).
Restrictions on the SEN formation model will be possible from
further observational constraints on its composition.

5. Discussion

5.1. Occurrence of Earths and Sub-Earths in the Close-in
Region

In our simulations, planets grow from rings of solids near
a=1au, and low-mass planets experience convergent/
suppressed migration, while SENs experience slow inward
migration. As a result, smaller planets than SENSs are less likely
to form in the close-in regions (Figure 4(a)); in other words,
this model predicts that hot Earths and hot sub-Earths are less
common than hot SENs.® Figure 5 shows the number of
simulations (a total of 30 simulations each) that form specific
planets in specific orbits. It can be seen that systems with sub-
Earths in close-in orbits are rare in our simulations.

If observations show that the occurrence of these smaller
terrestrial planets (Earths and sub-Earths) is lower than that of
SENs in the close-in region, this could provide evidence in
support of our formation model. Although we do not know for

8 On the other hand, if the inward migration of smaller planets is efficient, as

in the case of the power-law disk, many Earths and sub-Earths can form in the
close-in region (e.g., gray symbols in Figure 3(a)).
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sure whether hot Earths and hot sub-Earths have lower
occurrence than hot SENs based on current observations, there
are observational data analysis studies that support this. Hsu
et al. (2019) and Qian & Wu (2021) used Kepler DR25 to
estimate the occurrence rates of SENs and smaller planets.
They found that in the close-in region, there is a peak in the
occurrence of planets around the size of R=14R,
(M~4Mg), and that the occurrence of smaller planets
decreases rapidly. We expect that future observations will
reveal more details about the difference in occurrence between
hot Earths/sub-Earths and hot SENG.

In Figures 4(a) and 5, the feature of no planets with
M <1 Mg in the close-in region is clear, but in reality, there
should be more variation in the mass distribution. In our
simulation, the initial total mass is set to M, =20 M, and the
initial position of the ring is also fixed. In addition, there may
be other disk profiles than the one we considered in Figure 1(a)
that would realize the present scenario (slow inward migration
for SENs and no migration for terrestrial planets). Simulations
that vary these settings will give a little more variety in the
mass distribution.

Note that Qian & Wu (2021) pointed out the possibility that
the occurrence increases for planets even smaller than R =1 R,
(i.e., there is a gap in the occurrence around R = 1 R). They
explain this bimodality between SENs and sub-Earths by
considering that sub-Earths are formed by a different
mechanism than SENs. This idea is also consistent with our
formation scenario in this paper.

5.2. Planet-Metallicity Correlation

Our results show that when the initial solid mass is large,
SENs (M ~ 1-10 M) form in the close-in region, and SENs
and Earths/sub-Earths also form in the region near a=1au
(Figure 4). On the other hand, when the initial solid mass is
small, Earths/sub-Earths formed in the 1au region do not
migrate much, resulting in no planets forming in the close-in
region (Figure 3). Assuming that the initial solid mass is
correlated with the stellar metal abundance, there would be a
correlation between planet occurrence and stellar metallicity.
Note that the mass of the ring also depends on the disk
viscosity, duration of the infall, etc. (Batygin & Morbidelli
2023; Marschall & Morbidelli 2023). Therefore, the correlation
between the ring mass and stellar metallicity is not simple. In
addition, we have not done simulations with widely varying
initial solid masses, and we have changed the gas disk model
little; therefore, we cannot make a statistical argument. With
this in mind, we discuss the planet—metallicity relation here.

As can be seen in Figure 5, the occurrence of SENs is more
dependent on the initial total mass in the close-in region. In
other words, the occurrence of close-in SENGs is higher for high
metallicity stars. This is a general result of our model. Other
features that are less clear include the following. Figure 5
shows that the occurrence of SENs near @ = 1 au is metallicity
dependent, but the metallicity dependence may be weaker than
for the close-in SENs. In addition, there may be an inverse
metallicity dependence for the occurrence of Earths and sub-
Earths near a = 1 au. This means that Earths and sub-Earths are
more abundant in low-metallicity systems.

Previous observations have investigated the metallicity
dependence of the occurrence of SENs in the close-in region
(Buchhave et al. 2012; Schlaufman 2015; Wang & Fischer
2015; Dong et al. 2018; Mulders 2018; Petigura et al. 2018;
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Dai et al. 2020). They show that for SENs (R = 14 R.) in the
close-in region (P = 1-100days), their occurrence seems to
correlate to some extent with the metallicity (Wang & Fischer
2015; Petigura et al. 2018). Especially in the very close-in
region of P=1-10days, the correlation between the occur-
rence of SENs and metallicity seems to be large (Dong et al.
2018; Petigura et al. 2018). This is in agreement with our result.

The metallicity dependence of planet formation is certainly
useful in constraining the planet formation model. However,
again, our simulations do not make a strong claim because the
initial ring mass can be changed by factors other than stellar
metallicity and we do not perform simulations that consider a
variety of situations. Further study of both theoretical models
and observations will help to clarify the formation of low-mass
planets.

5.3. Various Disk Conditions

The main purpose of this paper is to propose a way to solve
the contradiction in solar system formation and SEN formation.
Therefore, we show simulation results under limited condi-
tions. Specifically, for the gas disk model, we consider the case
where there is a density peak at a ~ 1 au at t >~ 1 Myr. Although
we perform simulations with slightly different values for @75 in
Section 4, some readers may wonder how our results might
change with larger parameter changes. We should probably do
the simulations over a wider range of parameters in another
paper, but we briefly discuss this point.

First, for o5, we have considered the disk when increasing/
decreasing by a factor of 3 from the reference value of 10~* in
Section 4. As mentioned in Section 2, this value would be
reasonable since low turbulence is favored. On the other hand,
if the value of @5 is larger, the disk profile would change. As
can be seen from Figure 1(a) and Figure 1 of Suzuki et al.
(2016), the disk profile tends not to show clear density peaks.
In this case, it is still the case that SENs migrate inward to form
in the close-in region. However, Earths/sub-Earths can also
experience some inward migration. This differs from our result
(Figure 3) and makes it somewhat difficult to explain the
radially concentrated orbits of the solar system’s terrestrial
planets. In this sense, we can say that peaked density disks are
preferred for the solar system formation. In such a case, Earths/
sub-Earths can migrate into the close-in region and the picture
in Figure 5 would change quantitatively.

Next, for @, which defines the strength of the wind-driven
accretion, we use the relation of a; = min[1073(2, /Sy i)~ "%, 1].
This means that the magnetic field does not dissipate as the disk
dissipates, and the wind-driven accretion evolves to become
larger with time. This causes the density peak to become more
pronounced with time, as seen in Figure 1(a). The evolution of
the gas surface density profile will change if the surface density
dependence of @y, is changed. For example, if @;;; does not
change much with time, the surface density slope should be
flatter than in Figure 1(a). An extreme example of this is shown
as “constant torque” in Figure 5 of Suzuki et al. (2016), where
the wind torque is constant with time. In this case, as in the case
of large @,; described above, the disk does not have a peaked
density profile, and thus, the convergent/suppressed migration
of Earths/sub-Earths is unlikely to be realized. Note that if the
gas surface density dependence of @y, is only slightly changed
(the index is changed from —0.66 to —0.6), we confirm that the
result does not change much.
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In summary, if the disk density evolution used in this study
is realized even if the disk parameters are changed, then our
results are unchanged. On the other hand, if the disk profile is
significantly different from the one we used, we would expect
to see differences, especially in the Earths/sub-Earths
migration. In this sense, if the occurrence of Earths and sub-
Earths in the close-in region is further revealed by future
observations, it will help to discuss the validity of our proposed
formation model.

6. Conclusions

While simulations of low-mass (M < 10 M) planet forma-
tion have been vigorously conducted over the past decade or
so, we seem to face a contradiction. Simulations for the solar
system’s terrestrial planets require convergent/suppressed
migration, while those for SENs require some degree of
inward migration. However, simulations for the formation of
the solar system’s terrestrial planets do not produce SENs, and
vice versa. In this study, we investigate planet formation from a
ring of solids in an evolving disk that develops a density peak
at r~1lau at r~1Myr, and find that our results resolve the
above contradiction. A summary of our findings is given
below.

1. When low-mass planets of Earth or sub-Earth mass
(corresponding to the solar system’s terrestrial planets)
form, they do not migrate inward due to the peaked disk
profile. Note that the planets migrate within Mercury’s
orbit in power-law disks.

2. The simulation results can reproduce some characteristics
of the solar system’s terrestrial planets. For example, the
mass distribution of the inverted V shape (Figure 3(a))
and metrics such as RMC and AMD (Figure 3(b)) are
consistent with the present solar system.

3. When SEN mass planets grow out of rings, the planets as
a whole experience a slow inward migration even in the
disk with a peaked disk profile, because the outward
migration region is limited. In the peaked disk model, the
migration speed becomes slower and slower as the
planets move inward, and the migration will eventually
stop without the disk edge being set.

4. Our simulation results also reproduce the characteristics
of observed SENs. For example, the mass distribution is
flat for a =0.1-1 au (Figure 4(a)), and the occurrence
appears to be flat for P = 10-300 days (Figure 4(b)). The
orbital separation (Figure 4(c)), eccentricity distribution
(Figure 4(d)), and eccentricity-multiplicity correlation
(Figure 4(e)) are also reasonably consistent with
observations.

5. We use the evolving disk model in which the gas surface
density profile evolves with time and develops a density
peak at r~1au at about r=1Myr. The simulation of
terrestrial planet formation produces a radially concen-
trated planet distribution similar to the case of previous
studies using a fixed density profile. This is because the
planet's mass is too small to undergo migration before
t =1 Myr when there is no peak at r~ 1 au. In the SEN
formation simulation, planets move across the density
peak, but in this case, the gas surface density is reduced in
the inner region and the planets migrate slowly.

6. Our simulation results provide a prediction for the
distribution of close-in exoplanets (Section 5): Earths
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and sub-Earths are unlikely to form by our mechanism in
the close-in region, as shown in the mass distribution in
Figure 4(a). Future observations may validate this model
by comparing the occurrence of Earths/sub-Earths with
that of SENSs.

7. Our results also allow us to speculate on the correlation
between planet occurrence and stellar metallicity.
Although not a firm conclusion, it is likely that the
occurrence of SENs in the close-in region depends to
some extent on stellar metallicity. This needs to be
discussed in future studies where simulations with a
wider range of parameter values are performed.
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