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Abstract

Massive gaseous nebula has been a key element to formation of large solid objects (planetes-
imals, giant planet cores) in the early phase of the Solar system evolution. Here, we focus on
its effects during the stage when giant planets have already fully formed. Dynamical effects of
the nebula on motion of planetesimals stirred by planets were twofold: (i) global gravitational
acceleration, and (ii) local aerodynamic drag. Thanks to decreasing gas density with radial
distance, in the outer Solar system the effect of the drag was deemed to be important only for
small planetesimals (sizes < 10 km). However, we find that it was possibly important up to
the sizes of >~ 100 km as well. The gravitational field of the nebula produces secular oscilla-
tions of the orbital eccentricity and inclination of planetesimals. Eventually, their pericenter
may be lifted away from strong planetary influence, exhibited during close encounters, even
for small bodies born in the planetary heliocentric zone. It has been previously suggested that
such pathway may, in some nebula models, launch planetesimals onto large-inclination and
small-eccentricity orbits in the trans-Neptunian region. These orbits would be dynamically
stable to present epoch. Our simulations generally do not support such extreme cases, but we
find that, after the nebula disperses, some planetesimals may indeed reach low-inclination
and low-eccentricity orbits exterior to Neptune. These bodies may have been implanted into
the Kuiper belt during subsequent planetesimal-driven migration of planets. This raises a
possibility that some present-day KBOs may have formed in the giant-planet zone (5-20 au).
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1 Introduction

Formation of the Solar system is a center scientific problem in planetary science with various
implications and lessons to be learned for exoplanetary systems. The general consensus
indicates that it has been a drama at two acts. During act 1, giant planets, together with
myriads of planetesimals up to roughly a moon size, formed and migrated within a massive
gas nebula. Toward the end of this period, the gas dispersed. During act 2, solids were left on
the scene. In the inner Solar system, terrestrial planets completed their formation. Outward,
giant planets remained in an unstable configuration. This is because, as it is believed, much
mass was still left in a vast sea of planetesimals roaming mainly beyond them. At some
moment, gravitational effects of planetesimals started to push planets from their original orbs.
Eventually, these processes triggered a short, but violent, phase of reorganization of planetary
architecture and dispersal of most planetesimals, doping with them nearby interstellar space.
As dictated by classical paradigms, through a subsequent phase of catharsis the Solar system
then relaxed into its presently observed form.

How all this happened, and what were the main processes and steps toward the final result
is a tremendously complex problem. In this situation, scientists necessarily seek to work
with simplifications. As an example, researchers most often analyze the two formation acts
separately (in fact, even the community of people working on act 1 is for the most part
different from those working on act 2). This is possible, but only to some degree and only
as an approximation. For instance, it is obvious that the first phase must smoothly connect
to the second phase, or in other words, the initial conditions of the second phase are defined
by terminal situation of the first phase. Indeed, modern variants of the second-phase studies
already account for the fact that the giant planets leave the first phase—at all likelihood—in a
mutually resonant configuration (e.g., Morbidelli et al. 2007; Nesvorny and Morbidelli 2012).
It is also useful to remind that the whole giant task is an example of reverse engineering:
knowing the present-day situation one infers what and how things happened in the past.
Logically, the first phase encountered from this perspective in the second phase, only then
followed by the first phase.

What we have at hand as a guide? Obviously, the final orbital architecture of planets.
But this would not be restrictive enough, and we need more constraints to say useful things
about the Solar system early evolution. Here, the analysis of nowadays stable, or quasi-stable,
populations of small bodies in the Solar system becomes very valuable. This is because these
small bodies represent a relic of planetesimals that once triggered the planetary instability.
While for the most part lost, a tiny fraction of them was deposited into their present locations
by interaction with orbitally evolving giant planets. As a result, parameters of the planetary
migration left traces in number and orbital architecture of these populations of small Solar
system bodies. So far these small-bodies-constraints were most often fruitfully applied when
analyzing processes during the act 2 mentioned above (see Nesvorny 2018, and references
therein). Overlaps into the act 1 in this respect were not studied extensively.

An interesting early work was conducted by Lemaitre and Dubru (1991). By studying
location of secular resonances in the motion of test particles imposed by the present-day
planetary configuration and the dispersing gas nebula, these authors attempted to seek expla-
nation for excitation of eccentricities and inclinations observed for asteroids in the main belt.
The concept is very interesting and in its essence survives to many forthcoming studies. It
is worth mentioning that modern solution of this problem also has to do with processes in
the first phase of the Solar system evolution as described by what is called “Grand-Track
scenario” (Walsh et al. 2011). In this framework, the gravitational effect of the nebula plays
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a minor role and all action is completed by migrating Jupiter and Saturn inward and out-
ward throughout the whole range of the asteroid belt. Deposition of a small fraction of the
planetesimals that survived in the asteroid zone till present was helped by the aerodynamics
gas drag. The whole scenario explains the low mass of the asteroid belt, its compositional
mixing, and potentially also details of the eccentricity and inclination distributions (see, e.g.,
Roig and Nesvorny 2015).

Raymond and Izidoro (2017) studied scattering of planetesimals, born in the heliocentric
zone of Jupiter and Saturn, in a more conservative model, where Jupiter and Saturn had less
spectacular migration histories. Even then, some planetesimals may evolve into the stable
orbits by gas drag. These objects populate the outer main belt, where the asteroids of the
appropriate spectral type C are located. During the scattering and deposition process, some
of these planetesimals may also be accreted by terrestrial planets, which has relevance for
their water content. Similarly, Brasser et al. (2007) studied whether aerodynamic gas drag
may affect delivery of planetesimals into the inner Oort cloud zone when the Sun was still
in its natal star cluster. Indeed, their results were positive, but indicated an interesting size-
selective deposition efficiency: drag on small planetesimals (< 5-10km, say) was found too
large and prevented their delivery to the Oort cloud. Its inner zone, if indirectly sensed via
observations of large-perihelion comets in the future (e.g., Vokrouhlicky et al. 2019), should
thus be dominated by large bodies.

Another interesting study was presented by Kretke et al. (2012). Similar to study of Brasser
etal. (2007), these authors considered outward scattering of planetesimals located in the giant-
planet zone during the early stages of the Solar system evolution. However, instead of invoking
aerodynamic gas drag they analyzed the effects of the gravitational field of the nebula. The
gas drag was deemed to be negligible in their study because of (i) distant heliocentric zone,
and (ii) large planetesimal sizes they investigated (in fact, we shall see below that this was
only an approximation). In their model, planetesimals were able to decouple from the direct
gravitational influence of giant planets by the gravitational effects of the nebula. Studying
the efficiency of such decoupling, and the terminal orbits at which the planetesimals finally
settled, Kretke et al. (2012) were able to predict whether these objects would be observable or
not using available surveys. Interestingly, Kretke et al. (2012) were able to rule out cases when
the nebula extended to large heliocentric distance, leaving plausible only models where the
nebula had a cutoff at small heliocentric radii (< 80 au, say). So while building on a negative
result, from the deposition point of view, the method had an interesting predictive power.

Our initial plan was to (i) illustrate in more detail the underlying secular dynamical effects
in Kretke et al. (2012), and (ii) extend their analysis which included only four-planet sys-
tems to five-planet models. We also realized that it would be useful to document in some
depth how the gravitational potential, including its gradients (accelerations), of the nebula
is computed. (Note, for instance, that the formula (34) in Brasser et al. (2007) is incorrect.)
This is accomplished in Sect. 2. Next, Sect. 3 and on, we proceed with numerical simulations
demonstrating orbital evolution of planetesimal population born in the giant-planet zone. We
take into account planetary perturbations and gravitational accelerations of the gas nebula. In
some of these simulations, we also include aerodynamic gas drag. After completing several
runs similar to those in Kretke et al. (2012), we realized the results are not the same (see more
discussion in Sect. 4.1). We find, instead, that the extended disk models cannot be ruled out
as simply as presented in Kretke et al. (2012).

In addition, we were also interested in the planetesimal population left in the simulation
after the nebula dispersal (either coupled or weakly decoupled from planets). This is because
such planetesimal population, surviving from the gas-dominated phase of the Solar system
evolution, was never implemented in the studies of the second phase, in which deposition
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into stable small-body populations was studied. Typically, those studies assumed planetesi-
mal source located exterior to planets and initially well-detached from them (e.g., Nesvorny
2018, for review. Interestingly, we shall see in Sect. 4.2 that the complementary planetes-
imal population available at the beginning of the second phase, and originating from the
heliocentric zone among giant planets, may not be negligible when compared to that in the
traditionally assumed exterior disk. This may have interesting implications for orbital behav-
ior of planets during migration/instability and for implantation of bodies into the Kuiper belt
and the Oort cloud.

2 Disk potential

Potential-density pairs for spherical and flattened configurations of mass have been exten-
sively studied in Newtonian gravity (see, e.g., Binney and Tremaine 2008, Chap. 2).
Particularly simple analysis concerns axially symmetric systems. In this case, the symmetry
is associated with an azimuthal angle ¢, which is consequently absent among the arguments
of the density p and the potential function ®. Depending on the choice of the coordinate sys-
tem (cylindrical, spheroidal, etc.), the azimuthal angle is complemented with two additional
coordinates u and v. Linearity of the Poisson’s equation, and separability of the Laplace’s
operator in u and v, allows us to formulate @ in terms of infinite series of fundamental (basis)
solutions. A practical aspect of this approach consists in a possibility to truncate these series
at low number of terms for often well-motivated density distributions. Analysis of very flat
systems, such as we are interested in, however most often preclude this method, because
series do not converge well.

Here, we choose the system of cylindrical coordinates, hence # = R (radial coordinate)
and v = z (vertical coordinate). Both ® and the density p are to be functions of R and z only.
Additionally, the simplest, yet useful, studies of protoplanetary nebula motivate models of
flat disks with exponential [ox exp(—|z|/zs)] or Gaussian [o< exp(—(z/ z5)?)] vertical profiles
of p characterized with a scale height zs (e.g., Hayashi 1981; Hayashi et al. 1985). Earn
(1996) developed an interesting method tailored to the case of disks with such exponential
vertical profiles (compare also with Binney and Tremaine 2008, Chap. 2.6.2). The resulting
formula for the potential & is expressed using a single integration only, provided the radial
density distribution has a simple, analytic form of its Hankel transform (otherwise, a sec-
ond integration is needed for its determination). Unfortunately, truncated power-law disks,
such as assumed in protoplanetary studies, do not allow the former. Additionally, the scale
height is often not constant, but typically increases with R. In this situation, we take a more
laborious but straightforward path, in which the disk potential ®—for a pre-defined density
distribution p—is expressed as a double integral over R and z directly. It can be understood
as a composition of contributions from infinitesimal rings at a vertical location z and with
radius R.

2.1 Model with a Gaussian vertical profile

Assume an axisymmetric disk with gas density distribution
p(r.2) =por® exp(=2*/z) , M

where r and z are cylindrical radial and vertical coordinates (given in au, while pg has a unit
of density). Henceforth, the radial profile is characterized by a power-law exponent « < 0,
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and the vertical profile is Gaussian with a scale height zg, possibly depending on the radial
distance
() =zor” @

(B > 0 indicates the disk become thicker at larger distance from the center). Here o,
and zo, together with pg, are free parameters of the model, possibly also time dependent.
This simple model dates back to Hayashi (1981), see also Hayashi et al. (1985), and it was
used for instance in Brasser et al. (2007). The nominal values of the parameters chosen for
the canonical minimum mass Solar nebula are « = —11/4, z0 = 0.047, 8 = 5/4 and
po = 1.4 x 107° kg/m? (e.g., Weidenschilling 1977a; Hayashi 1981). Here, the disk is
assumed to have inner and outer boundaries at r = R; and r = R,, respectively. One easily
verifies that the total mass M of the nebula is

3/2

M=iMozo( J R 3

v
where y = 1 4 (a + B)/2 (with the nominal values mentioned above y = 1/4) and
My is a mass of au’ with density po. When y = 0, the mass M is simply M =
2732 My 79 In (Ro/R;). Using the nominal values of the model constants, one obtains neb-
ular mass of a few percents of the solar mass with R, between 30 and 100 au (e.g., Hayashi
1981). Often reported is also the surface density X (r) of the disk model. In our case,

o0

=(r) =/ p(r.2) dz=mpozor®*’ . €
—00

Again, for parameters having their nominal values cited above one has /7 ppzo =

1750 g/cm? and o + 8 = —3/2.

Gravitational potential @ (r, z) of the disk source with the density distribution described
above cannot be given analytically. A straightforward approach is to represent ®(r, z) using
a superposition of potentials corresponding to infinitesimal rings of radii R € (R;, R,) and
vertical location Z € (—00, 00). Note that the mirror symmetry in z of the density implies a
respective symmetry of the potential ® (r, 7). However, choosing a location (7, z) still requires
a superposition of contribution of the source rings with Z spanning all values between —oo
to 0o. The potential @, (r, z) of a ring may be found in an analytical form, e.g., in Lass and
Blitzer (1983) or Binney and Tremaine (2008). Assuming its total mass M;, we have

GM;
TNTR
where G is gravitational constant, K is the complete elliptic integral of the first kind, and
modulus k_ is given in Eq. (8).

The above-mentioned superposition must be performed numerically. To that goal, it is
useful to fold the Z coordinate onto a finite domain using some new variable 7. Then, a
straightforward algebra provides ®(r, z) in a form of a double integral

q)r(rsz)=

kK (k) (&)

k(t, R)tdt
J=In(1—1¢2)

where @ is a potential of point mass My at a distance of one astronomical unit, and hence
®yg = —GMy/ro (ro = 1 au). The inner kernel « (¢, R) is

Ry 1
®(r,2) = L;;O/R dR ROHV/2 7, (R)/O ©)

2
k(t,R) = —~ [k+K (ky) + k-K (k2)] . )
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The complete elliptic integral of the first kind K appears here with two moduli

ke =2 rR , ®)
(r+R?+(z+2)?

with the vertical source coordinate Z given by Z(t) = zsy/— In(1 — ¢2). The choice of ¢
suitably regularizes the second integration, but a care must still be paid to the integral over
the radial coordinate R when r is within the disk boundaries. This is because the modulus
k_ becomes unity when z = Z and r = R. The value of the complete elliptic integral
K (k_) then diverges, with obviously a finite value of the resulting potential ® (r, z). Such an
integrable singularity in the integrand of (6) may be regularized by splitting the integration
over R to segments from R; to r and from r to R,, and in both cases perform a standard
coordinate transformation described for instance in Press et al. (2007).

2.2 Model with a non-Gaussian vertical profile

The Gaussian vertical profile in the gas density (1) corresponds to the simplest assumption
of the (locally) isothermal and optically thin disk. With more involved equations of state, it
may become more complicated, in particular more slowly decreasing from the disk midplane.
To test whether this has importance for our results, and to directly compare our results with
relevant previous studies, we also used disk models from Kretke et al. (2012) that have

p(r.z) = por® exp(—|zl/zs) . (C))

with r and z again being the cylindrical radial and vertical coordinates. Unlike in Kretke et al.
(2012), who assume constant scale height z, we generally adopt the flaring disk model with
zs given by Eq. (2) and 8 >~ 5/4. Disk mass with inner and outer boundary at r = R; and
r = R,, respectively, is now

2
M= 7” Mo 20 (ng - Rfy) , (10)
with y = 1+ (o + f)/2 as above (y = 0 case has M = 4w My z0 In (Ro/R;)). The surface
density X (r) of this disk model now reads

2(r)=2pozor®th. (11)

Gravitational potential of the disk with bulk density distribution (9) can be expressed using
the same approach as above. We obtain

TPy Ro a+1/2 !
D (r,z) = 7 . dR R zs (R) A k(t, R)dt, (12)

with the kernel function still as in Eq. (7), but now the Z coordinate of the contributing ring
be Z(t) = —z5 Int.

Note that any of the density distribution parameters, as well as the inner and outer disk
boundaries, may be time dependent, imposing thus the corresponding time dependence of
the potential ®(r, z). The disk may also be a composition of radial segments having different
values of inner and outer boundaries. Its potential will still be given with a superposition of
terms similar to Eq. (6) or (12) with corresponding lower and upper limits in the integration
over R.
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2.3 Validation of the code

The above presented expressions for the disk potential (6) and (12) were programmed using
standard Romberg method (e.g., Press et al. 2007). The complete elliptic integrals in the
kernel (7) are efficiently expressed using the Jacobian elliptic integrals represented with
fast-converging series. Before using them in our simulations, we sought a possibility both to
validate the formulas above and to identify/prevent any programming errors.

The simplest level of justification, basically verifying normalization factors in (6) and (12),
is to compare the potential to —G M /+/r? + z2 function at a large distance from the center,
namely a potential of point-source with the total disk mass M (given in Eq. 3 or 10). However,
this is too easy for an in-depth check. Therefore, we sought more stringent tests, where we
would compare results from our numerical code against analytical potential-density pairs for
axisymmetric sources.

Uniform disk Our first example is a gravitational potential ® of a finite, uniform and
two-dimensional (2D) disk with radius R and a constant surface density Xg. Lass and Blitzer
(1983) provided an analytic form

O (r,z) = 2G20|:7T lz| H (R —r)

R2 _ 2

2
—BK (k) — Eq - X" " (nz,k):| , (13)

R+r B

where K, E and II are the complete elliptic integrals of the first, second and third kind,
respectively (e.g., Byrd and Friedman 1971). Their modulus and characteristic read

2VR 4R
k=20 2o (14)
B (R+7)
with
B>=(R+r)Y+7>. (15)

Note we use a standard Legendre form of the elliptic integrals in Byrd and Friedman (1971).
Attention must be paid, in particular, to the sign of the characteristic n2, which differs from
that in Press et al. (2007). The potential has a global minimum value &y = —27GXyR
= —2GM/R in the center of the disk (here M stands for its total mass), and it offers a
suitable normalization ® = ®/|®|. The presence of the Heaviside function Hj(x) in the
right-hand side of Eq. (13) means that the first term in the bracket applies only when » < R;
otherwise, it is zero.

Partial derivatives of ®, thus the acceleration components, may also be expressed in a
closed form (see the Appendix in Vokrouhlicky and Karas 1998)

3¢ 2GX
== rBO [B’E (k) — (R* +r? + ) K ()] , (16)
and
% _ o6y :inH (R—r)— = [K(k) + Erl(n2 k)“ (17)
9z 0 ! B R+r ’ '

Because of their nature, a suitable normalization factor of the partials is ®o/R. As again
signaled by the presence of the Heaviside function, the first term =7 in the bracket of the
right-hand side of Eq. (17) applies only whenr < R and the negative sign for z < 0, while the
positive sign for z > 0; otherwise, this term is zero. Discontinuity in the potential derivatives
d®/dz in the direction normal to the disk plane is the property of the 2D model. Recall that
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0 50 100 150 0 50 100 150

Fig. 1 Normalized potential &' = ®/|®q| of a uniform disk with radius R = 50 (arbitrary units). Left:
Solid lines for three values of the fixed z coordinate (r at the abscissa); z = 0 (label 1), z = 5 (label 2), and
z = 20 (label 3). Red curves computed numerically using Eq. (12) with @ = = 0 (uniformity of the surface
density), Rj = 0 and zg = 0.001 (very thin disk approximating the 2D model of Lass and Blitzer 1983). Blue
curves computed using the analytic formula (13). Dashed and black line is a potential of a point-source with
amass M of the disk. The gray shade area indicates location of the disk. Right: Solid lines for three values of
the fixed r coordinate (z at the abscissa); r = 0 (label 1), r = 40 (label 2), and r = 70 (label 3). Red curves
computed numerically using Eq. (12) with parameters as above (¢ = B = R; = 0 and zg = 0.001). Blue
curves computed using the analytic formula (13). Dashed and black line is a potential of a point-source with
amass M of the disk. Dotted lines at curves 1 and 2 have a slope ZGM/RZ, as required by (17) in the region
of the mass source (r < R); outside the disk zone (curve 3), the slope is zero

on an oriented infinitesimally thin slab with normal direction n and surface density X, the
potential & gradient has a discontinuity (e.g., Binney and Tremaine 2008)

[n- VO], =27 G X . (18)

In our case, nf = (0,0, 1) and r < R, which delimits the source region. In the full three-
dimensional (3D) model, the midplane partial derivative with respect to z is obviously zero
owing to the symmetry of the potential under the mirror transformation 7 — —z.

Since our disk model in Sects. 2.1 or 2.2 is 3D with an exponential decrease in the z
direction, we approximate the thin disk case by considering suitably small value of the scale
height z;. For the sake of our test, we took zop = 0.001 and 8 = 0 (no flaring). Uniformity
of the surface density then requires « = 0, and to conform the finite disk case of Lass and
Blitzer model we had R; = 0 and R, = R. We could have taken any of the expressions
(6) or (12) corresponding to Gaussian or non-Gaussian vertical density profiles; we took the
second case.

Figure 1 shows a comparison of our numerically determined potential at several fixed
values of z (left) and r (right) coordinate with the analytical value from Eq. (13). The match
is fairly good. The same applies also to a comparison of the partial derivatives of the potential
shown in Fig. 2. In order to compute the partials numerically, we determine potential values at
neighbor values of the coordinate and use three-point formula. When computing the derivative
at the central point, it simplifies to d®(r, z)/0r =~ [®(r + hy, 2) — ®(r — hy, 2)]/2h, and
0b(r,z)/0z = [®(r, z+hy)—D(r, z—h3)]/2h,. Weused hy = 0.05and i, = 0.1, the same
values as we also used for our orbital integrations below. The radial derivative is singular at
the edge of the disk in its plane (this is because k — 1 in the argument of the complete elliptic
integral of the first kind in the right-hand side of Eq. 16). The vertical derivative has only a
discontinuity related to the first term of Eq. (17); note the corresponding elliptic integral is
now multiplied by z, which helps to regularize this term.
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8%'/or
08' /02

0 50 100 150 0 50 100 150
r r

Fig.2 Partial derivative with respect to cglindrical r (left) and z (right) coordinates of a uniform disk potential
@ normalized with ®g/R = —2GM /R~ (M is total mass of the disk and R its radius; the same parameters
as in Fig. 1 used). On both panels, the derivatives are computed for three values of the fixed z coordinate (r at
the abscissa); z = 0.05 (label 1), z = 5 (label 2), and z = 20 (label 3). The numerically computed derivatives
use a three-point interpolation formula of the potential values (the same as in our orbital code). Red curves
computed numerically, blue curves using the analytic formulas (16) and (17). The radial derivative is singular
in the disk plane (z = 0) and at the edge of the disk r = R. The vertical derivative has a discontinuity at the
same point. The gray shade area indicates location of the disk

Kuzmin disk An amazingly simple disk-potential pair has been discovered by Kuzmin
(1956) (see also Binney and Tremaine 2008). It consists again of an infinitesimally thin 2D
disk with surface density profile

B = (19)
21 (a? +r?)3/2
with a potential
O(r,z) =— oM (20)

172 -
[r2 + (a +121)?] /
Here, a is an arbitrary scaling parameter and M is the total mass of the disk. The disk is
infinite, with no boundaries (R; = 0 and R, = 00). Partial derivatives of the potential are
therefore also trivial to be expressed, namely

0P GMr
= —57 - @1)
[+ @+ 1z)?

and
0P 4 GM (a+ |z|)

02 [+ @+ 1z’

(22)

with the sign plus applying for z > 0 and vice versa. As in the case of the uniform finite disk
above, d®/dz has a discontinuity at the disk plane z = 0 to obey Eq. (18). The value at the
center of the disk, namely » = z = 0, 9 = —G M /a provides again a natural normalization
factor for the potential ® = ®/|®¢|. Because the disk is now infinite, the only scale length
is the parameter a and thus partials Egs. (21) and (22) have a logical normalization factor
Dy /a.

Figures 3 and 4 show comparison between the numerically and analytically computed
potential and its partial derivatives for a Kuzmin disk with @ = 25. In the numerical settings,
we used vertical scale height zop = 0.001 (and B = 0), and inner and outer disk boundaries
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] 2 il n 1 " " n " 1 n " " Pl | ] 2 " " " 1 " n " " 1 2 " N P
0 50 100 150 0 50 100 150
r z

Fig.3 Normalized potential @' = ®/|®¢| of a Kuzmin disk with a scale parameter @ = 25 (arbitrary units).
Left: Solid lines for three values of the fixed z coordinate (r at the abscissa); z = 0 (label 1), z = 5 (label 2),
and z = 20 (label 3). Red curves computed numerically using Eq. (12) withe = B =0, R; = 0, Ry = 103 and
zo = 0.001 (very thin disk approximating the 2D Kuzmin model). Blue curves computed using the analytic
formula (20). Dashed and black line is a potential of a point-source with a mass M of the disk. Right: Solid
lines for three values of the fixed r coordinate (z at the abscissa); r = 0 (label 1), r = 40 (label 2), and r = 70
(label 3). Red curves computed numerically using Eq. (12) with parameters as above (¢« = 8 = R; = 0,
Ro = 107 and zo = 0.001). Blue curves computed using the analytic formula (19). Dashed and black line is a
potential of a point-source with a mass M of the disk. Dotted lines at curves 1, 2 and 3 have a slope expressing
discontinuity of the partial derivative d®/dz from (18)

08'/ar
08'/8z

o " " n n 1 " n 1 1 1

— PR S — — b
0 50 100 150 0 50 100 150
r r

Fig.4 Partial derivative with respect to cylindrical r (left) and z (right) coordinates of a Kuzmin disk potential
& normalized with ®g/a = —GM /a2 (M is total mass of the disk, and a its scale parameter; the same
parameters as in Fig. 3 used). On both panels, the derivatives are computed for three values of the fixed z
coordinate (r at the abscissa); z = 0.05 (label 1), z = 5 (label 2), and z = 20 (label 3). The numerically
computed derivatives use a three-point interpolation formula of the potential values (the same as in our orbital
code). Red curves computed numerically, blue curves using the analytic formulas (21) and (22)

Ri = 0 and R, = 10°. In this case, we replaced R factor in the integrand of Eq. (12) with
a(a®+ R*)™3/2 as required by the surface density (19).

3 Numerical setup

Results presented in the previous section allowed us to gain a confidence in our modeling of
the disk gravitational potential and the corresponding accelerations. Next, we briefly outline
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our tools used for numerical propagation of planetesimal orbits with a combined perturbative
effect from planets and the nebula.

3.1 General tools and approach

We used swift_rmvs4 code, part of the swi ft-family software, which allows users an
efficient propagation of N massive (the Sun and planets) and M massless bodies (small
planetesimals). In this setup, the structure of the integrator implements symplectic map first
developed by Wisdom and Holman (1991) and it allows to consistently propagate heliocentric
motion of planets, accounting for their mutual gravitational perturbations, and motion of
massless particles under the gravitational effect of the Sun and planets. Given our goals,
we extended the integrator by the effects of the gaseous protoplanetary disk on massless
planetesimals in two respects: (i) its gravitational acceleration, and (ii) drag effects.

As to the gravitational effect of the nebula, we precomputed its potential using formulas
given in Sects. 2.1 and 2.2 on a large and dense grid of points. In particular, we used 0-300 au
range in both r and z coordinates with steps 0.05 and 0.1 au, respectively (see out tests in
Sect. 2.3). Owing to the mirror symmetry of the potential about the disk plane, assumed to
coincide with planetary orbital planes, we may use only positive z values. This resulted in
an output table of a still acceptable 740 MB size. Accelerations due to the disk potential are
then computed as in Sect. 2.3, with interpolation of the potential within the gridpoints using
the three-point formula.

In some of our simulations, we also implemented the aerodynamic drag due to the nebular
gas. To that end, we used the approach outlined in Sec. 2 of Brasser et al. (2007) (see also
Weidenschilling 1977b). The drag acceleration is

ap = ——— —UrVr, (23)

where p is the gas volume density from either Eq. (1) or (9), pp and D are the bulk density
and the size of a planetesimal (assumed spherical), v; is the relative velocity with respect to
the gas. Note the latter is composed of the planetesimal heliocentric velocity and gas velocity,
which is assumed circular and slightly sub-Keplerian thanks to the pressure support (e.g.,
Weidenschilling 1977b; Brasser et al. 2007). Finally, Cp is the dimensionless aerodynamic
drag coefficient. For highly supersonic regime, Cp approaches a limiting value of 2; other-
wise, Cp is a rather complex function of the Mach’s and Reynolds’ numbers as described in
Brasser et al. (2007). In the swift architecture, we implemented the disk-related accelerations
as an outer shell to the code propagation of planets and particles due to the planetary effects.
We use simple, first-order leap-frog method.

Note that none of these accelerations is applied to planets. This is because our simple
approach neglects details that would have been necessary to properly model these effects.
First, we disregard cavities in the disk within 2-3 Hill radii distance around their orbits.
This basically halts the drag effect on them. The issue of gravitational effect of the nebula on
planets is of a more delicate nature. This perturbation exists, but is related to the torques raised
by non-axisymmetric spiral arms launched by the planets on the disk density distribution.
Our axisymmetric model is not able to express these effects. However, we effectively account
for them by assuming a stable resonant architecture of the planets (to which the disk gravity
contributes). So we only disregard the fine disk structures, such as planet-related cavities
and density non-axisymmetric arms, when modeling the nebular effects on the motion of
planetesimals. Modeling of such details is well beyond the scope of this paper.
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Each of our integrations spanned 10 Myr and used 0.1 yr timestep. State vectors, helio-
centric positions and velocities, of planets and planetesimals were exported every 10 kyr
for further analysis. The gas density is assumed to exponentially decay with a characteristic
timescale of 2 Myr (for context, see, e.g., Kretke et al. 2012). Therefore, at the end of each
of our simulations, the gas density drops to less then 0.7% of its initial value. In each of
the tested cases, the system then transits to planet-dominated phase. We ran a limited set of
simulations with even shorter decay timescale of 1 Myr, but our main conclusions were not
affected. In each of our runs, the time evolution of the disk density is global without changing
any other of its parameters (such disk boundaries, or characteristic exponents of its radial
profile). We did not attempt to explore more complicated situations where also the inner (R;)
or outer (R,) disk radii would dynamically evolve, for instance due to photoevaporation due
to central or outer stars in the birth cluster (e.g., Alexander et al. 2006).

3.2 Initial setup

The planetary system we propagate consists of the giant planets only. They are assumed to be
already fully formed, but their orbits differ from their current architecture. Following studies
of giant-planet-core growth and migration in the earliest phases of the protoplanetary disk
evolution (e.g., Masset and Snellgrove 2001; Morbidelli et al. 2007, and references therein),
we assume a resonant configuration of planets. For the sake of comparison, we consider two
sets of simulations.

In the first case, we assume four giant planets in the heliocentric order taken from the
current Solar system. Some of their resonant configurations were tested by Morbidelli et al.
(2007). We selected one of the long-term stable resonant configurations, in which Jupiter up to
Neptune are consequently locked in 3:2, 3:2 and 4:3 mean-motion resonances. Jupiter’s mean
semimajor axis is 2 5.43 au, and Neptune is at = 11.61 au. Their orbits are initially coplanar
and near-circular. Throughout our 10 Myr lasting simulations, the planetary configuration
remained stable. Obviously, at later stages the gravitational effect of the planetesimals located
exterior to the planets will destabilize the planetary initial compact configuration and will
lead through radial migration and chaotic reconfiguration toward the current architecture of
the Solar system. This later phase is not modeled in our work.

In the second case, we assume an initial configuration of five giant planets (the observed
planets plus an additional ice giant in between Saturn and Uranus, e.g., Nesvorny 2011;
Batygin et al. 2012; Nesvorny and Morbidelli 2012). It has been argued that such systems
have higher chances to reproduce the final planetary system. The loss of the third ice giant,
by mutual scattering with Jupiter, absorbs the most violent element of the planetary reconfig-
uration phase, giving more changes for the remaining planets to settle onto their regular, final
orbits. Our five-planet system has been selected from those tested by Nesvorny and Morbidelli
(2012). It represents a resonant chain of near-circular and coplanar orbits in mean-motion
resonance chain 3:2, 3:2, 2:1 and 3:2. With those parameters, Jupiter has an initial semimajor
axis 2~ 5.59 au and Neptune is at >~ 22.52 au. As before, the planets remain stable through
our simulation.

In each of our runs, we used 30,000 planetesimals distributed initially among the planetary
orbits (their innermost orbits have semimajor axis by 0.5 au smaller than Jupiter, while the
outermost orbits have semimajor axis by 0.5 au larger than Neptune in the chosen planetary
set). To prevent unwanted, large population of planetary coorbitals, we avoided planetesimal
semimajor axis values within the 0.25 Hill distance from planetary orbits. The eccentricity
and inclination initial values were drawn randomly from a Rayleigh distribution with a small
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Table 1 Summary of disk R, (au) “=—15 «=—1

parameters used in our first set of

simulatipns: su.rfaqe density at 30 1.27/13.3 4.10/ 42.9

1 au heliocentric distance

2o = 2000 g/cmz, inner radius 40 1517158 551/ 57.8

R; = 1 au, exponential vertical 50 1.72/18.0 6.93/ 72.6

profile fromlsict; 252 witha 60 1.91/20.0 8.34/ 87.4
tant t

s 00Sau (B =0y andtwo 80 225235 11.17/117.0

power-indexes of the surface 100 2.55/26.7 14.00/146.6

densit; file o = —1.5 (left

Cg{llflln}l’/l)p ;(r)l d Za: 1 (rig}(lte Rows for different values of the outer disk radius R, between 30 and

column) 100 au. The body of the table provides mass of the disk M in percents

of the solar mass and in mass of Jupiter (the first and the second inputs,
respectively)

scale parameter of 0.01 in eccentricity and 0.3° in inclination. Secular angles, as well as the
longitude in orbit, were selected randomly. Planetesimals were removed during the simulation
when they impacted one of the massive bodies (the Sun, modeled with an enlarged radius of
0.05 au, or the planets, for which we used their true radii), or when their positions appeared
to be beyond the precomputed 300 x 300 au® grid in cylindrical » and z coordinates (or,
roughly, when they exceeded 300 au heliocentric distance).

In a limited set of runs, we also considered planetesimals located in a disk exterior to
the outermost planet up to 50 au heliocentric distance. We verified, but do not report here
in detail, that except for innermost particles at a few Hill radii distance from the orbit of
Neptune the disk remained unperturbed.

4 Results
4.1 Effects of disk gravity

We conducted our first suite of numerical runs with the tools described above, four or five giant
planets and 30,000 massless planetesimals initially distributed among planetary orbits. In this
first set of simulations we included only the effect of disk gravitational field, disregarding
drag produced by the gas. We used disk models with vertical exponential profile described
in Sect. 2.2 and assumed constant scale height zg = 0.05 au (therefore § = 0). The surface
density at 1 au was o = 2000 g/cm?, and we tested two density profiles: (i) steeper with a
canonical exponent @ = —1.5, and (ii) shallower with an exponent « = —1. We chose the
inner disk radius to R; = 1 au heliocentric distance and varied the outer disk radius R, from
30 au to 100 au. With these parameters, we can use Eq. (10) to compute the total disk mass
M . For our models, it ranged from about a percent to nearly 14 percents of the solar mass (see
Table 1). Note that models for which M exceeds ten percent of the solar mass are at danger
of directly fragmenting into giant planets or sub-dwarfs via Toomre instability, but we do not
investigate this issue. Here, we rather consider them as end-members of a parameter spectrum
for models we investigate. In all cases, we consider an exponential decay of the gas density
with a timescale of 2 Myr. Note that this timescale is initially longer than a characteristic
timescale of secular eccentricity and inclination oscillations of planetesimal orbits induced
by the disk gravity. As the total mass of nebula decreases though, the two timescales may
become comparable (see examples below).
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Fig.5 Heliocentric orbital elements of planets (red symbols) and planetesimals (black symbols) at the end of
our runs (time 10 Myr). Top panels show semimajor axis versus eccentricity; bottom panels show semimajor
axis versus inclination. Left panels used disk with an outer radius Ry = 30 au, and right panels had R, =
100 au; in both cases, we used shallower density profile with « = —1. Gray symbols are tracks of the shown
planetesimals in the last 2 Myr of the simulation. Dark gray and solid lines in the upper panels are perihelion
lines at Jupiter and Neptune (innermost and outermost planets), dark gray and dashed line delimits orbits with
perihelion of 35 au. Blue lines are theoretical limits to which planetesimals are expected to decouple from
planetary influence by the secular effects of disk gravity at 40° inclination (see the text for more details) The
arrow on the top and right panel indicates position of a particle, whose orbital evolution is shown in Fig. 8

4.1.1 Four-planet simulations

We first consider the simulations with four giant planets. Here we present results of runs with
shallower density profile, « = —1, but we note that results with the canonical value, o =
—1.5, are qualitatively the same. Figure 5 shows orbital elements of planets and planetesimals
for two extreme disk choices, R, = 30 au (left) and R, = 100 au (right), and at the
end of our simulations, time 10 Myr. In both cases, number of simulated planetesimals
considerably dropped, to 2~ 3-5% of the initial populations. This is understood, because their
initial locations in between the planetary orbits make them highly unstable. Very quickly,
particles undergo scattering encounters with planets which eject them in a random fashion
along the planets’ Tisserand tails. As a result, at 10 Myr basically no planetesimal has
semimajor axis value in between the planets and those which still keep interacting with the
planets by short-range encounters have perihelia ¢ mostly reaching less-massive ice giants,
Uranus or Neptune. The zone characterized by ¢ in between Jupiter and Neptune semimajor
axes (see top panels of Fig. 5) is thus the main avenue along which the planetesimal orbits
evolved, many toward large a to become eliminated from our simulation. In the same time,
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planetary encounters have also the capability to lift orbital inclinations of the planetesimals
up to = 30° to 35°.

The presence of the disk gravitation adds a new element to the above outlined story. In
a secular approximation (often also called Kozai integrable approximation, e.g., Chap. 8.2
in Morbidelli 2002), when the mean anomaly is eliminated from Hamiltonian, the problem
accounting for the solar and disk gravitational effects reduces to two degrees of freedom
with only eccentricity e and argument of perihelion w remaining active variables. This is
because at this level: (i) the semimajor axis a is conserved, (ii) axial symmetry of the potential
implies that the inclination / evolves in a correlated way with the eccentricity via a conserved
parameter cos /+/1 — e2 = ¢ (and longitude of node may be obtained via formal quadrature).
Additionally, the transformed disk potential remains constant; in the simplest, first-order
theory this is just the orbit-averaged potential ® = C (averaging computed along a fixed
elliptic orbit). Therefore isolines of constant C in the (e, w) space represent evolutionary
tracks due to disk perturbation.

As the orbits follow these tracks, eccentricity may undergo large oscillations when ¢
is sufficiently small (orbits having initially high inclination and/or high eccentricity). As a
result, the perihelion of a planetesimal orbit may decouple from planets (becoming larger
than heliocentric distance of Neptune), and undergo oscillations conserving semimajor axis.
This is observed for some of the particle orbits at the top panels of Fig. 5. Obviously, after
completing one secular cycle, the particle orbit returns back to the perihelion zone reachable
by the planets. If it avoids very close encounter with a planet, it may eventually continue
its secular evolution due to the disk gravity. (Note this is exactly the type of evolution
cometary orbits undergo also at much larger heliocentric distances, where the disk gravity
role is replaced by the galactic tidal field, e.g., Higuchi et al. 2007.) The secular-cycle period is
inversely proportional to the disk density. So as the nebula disperses, some of the planetesimal
orbits may asymptotically remain in the state of a high perihelion decoupled from planets.
If this value is high enough (say larger than ~35-37 au), as found in some cases by Kretke
et al. (2012), it may leave a population of TNOs on such orbits till the present epoch. If the
TNOs with such orbits are excluded by existing observations, the corresponding disk model
could be invalidated.

So the question reduces to finding the maximum perihelion distance (or minimum eccen-
tricity) a particle orbit may reach during such secular cycles for a given semimajor axis value
and a chosen disk model. The relevant portrait of ® = C isolines in the (e, w) plane may
be computed numerically. (Note that thanks to mirror symmetry about the disk midplane at
z = 0, the secular orbital evolution is symmetric about @ = 180° and we can restrict to the
o values in between 0° and 180°.) To do that one needs to select the disk parameters and
two constants: (i) semimajor axis a, and (ii) ¢ = cos I+/1 — e2. The former is obvious, and
the latter requires some reference initial conditions. Figure 6 shows a sample of such phase
portraits for the disk model used in the left panels of Fig. 5. This corresponds to a smaller
disk with R, = 30 au and shallow density profile « = —1. The reference initial orbit had
inclination 40° (note the planetesimal orbits decouple from the direct scattering regime by
planets when having typically an inclination value between 35° and 40°) and perihelion 12 au
(representing an extreme example of orbits scattered on planets into their Tisserand chan-
nel), and we chose two examples of semimajor axis (i) a = 30 au (left), and (ii) a = 50 au
(right). Depending on the initial (unconstrained) value of w, the orbits may follow some of the
C = const. trajectories seen in Fig. 6. For instance, orbits with a ~ 30 au start at eccentricity
of >~ (.6 and, according to the left panel of Fig. 6, they can either stay oscillating with large
values of eccentricity, or—for w value near 90°—they can evolve to very low eccentricities.
Indeed, this is seen in Fig. 5 (left and top) where some particles decouple from planets at
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Fig. 6 Secular evolutionary tracks due to the disk gravity: isolines of a constant value of the orbit-averaged

perturbing potential—® = C—in the plane defined by the argument of perihelion w (abscissa) and eccentricity

e (right ordinate; left ordinate shows n = /1 — ¢2). Portraits correspond to the disk model at the left panels
of Fig. 5, namely outer disk radius at R, = 30 au. Left panel for semimajor axis ¢ = 30 au, right panel for

a = 50 au. The constant ¢ = cos I/ 1 — ¢2 has been chosen for initial value / = 40° and perihelion distance
12 au (corresponding to Neptune’s heliocentric distance). Red symbols are stationary points of the secular
model, and red lines are separatrixes associated with the secularly unstable solutions

a =~ 30 au and evolve to ¢ < 0.1. Similarly, when ¢ = 50 au and the initial eccentricity
corresponds to >~ 0.75, the right panel of Fig. 6 indicates that secular evolution may drive
orbits to various eccentricity values. However, in this case, the ¢ < 0.4 region is excluded.
This is because for low-eccentricity orbits with inclinations up to 40° the orbital evolution
is characterized by only steady circulation of w about a stable center. This region is not con-
nected to high-eccentricity zone. (Occurrence of this unperturbed low-eccentricity zone is
known for a long time from analysis of Kozai dynamics exterior to planets, e.g., Morbidelli
2002, Chap. 8.2.) Again, a quick look at Fig. 5 (left and top) confirms that planetesimal orbits
that eventually decoupled from the influence of planets at a >~ 50 au evolve their eccentricity
to the lowest value of about 0.4. We completed similar analysis for various values of a in
between 30 au and 100 au and each time determined the lowest eccentricity value connected
by the secular evolution with the assumed initial high-eccentricity state. (Note this value is
well approximated by the eccentricity state of the unstable equilibrium of the secular model
at w = 0°, see the right panel of Fig. 6.) The resulting barrier for secular evolution due to the
disk gravity is shown by the blue curve in Fig. 5 (left panel; in this case, itis close to g ~ 30 au
value). There is an excellent agreement between this limit and the lowest eccentricity values
attained by the planetesimals during their secular evolution for all tested values of a. This
consistency helps verifying that the disk gravity was correctly implemented in the swift
code.

The above outlined analysis needs to be redone when changing some of the disk parame-
ters. For instance, taking the outer disk boundary at R, = 100 au, and keeping « = —1, there
is no self-similarity, by which the previous results could be recalibrated. Indeed, the phase
portraits @ = C look now different. Figure 7 shows two examples for (i) a = 50 au (left),
and (ii) @ = 75 au (right). Ata = 50 au, the secular evolution is dominated by libration about
the stable stationary point at @ = 90°, with an unstable point at @ = 0°. Initial eccentricity
of >~ 0.6 may now evolve to eccentricities as small as ~ (.3. At larger heliocentric distances,
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Fig. 7 The same as in Fig. 6, but now for the disk model corresponding to simulation in the right panels of
Fig. 5, namely outer disk radius at R, = 100 au. Left panel for semimajor axis ¢ = 50 au, right panel for
a=7175au

such as a = 75 au on the right panel of Fig. 7, the libration zone shrinks. Additionally,
the unstable points move to nonzero w values and new stable points arise at @ = 0° (or
o = 180°). Orbits initially having e > 0.75 now secularly connect to minimum eccentricity
of ~ 0.68. We again performed similar analysis of the secular phase portraits & = C for
all values of semimajor axis ¢ and obtained limiting eccentricity value reachable from the
planet-crossing channel. This is shown by the blue curve on the top and right panel of Fig. 5.
Again, there is an excellent agreement between this limit and minimum eccentricities attained
by particles in our numerical simulation. The limiting curve in the (a, e) plane has now more
complex geometry, not corresponding to a single value of perihelion, but we note that the
largest perihelia reached have about 35 au (gray and dashed curve in Fig. 5). It is interesting
to observe that at @ =~ 90 au (say), the planetesimal orbits in the smaller-disk model with
R, = 30 au decouple to larger perihelion than in the larger-disk model with R, = 100 au
(top panels of Fig. 7). While slightly counter-intuitive, this result is simply dictated by the
respective secular approximation, in particular location of critical points and separatrixes for
the chosen parameters a and c.

In order to illustrate the planetesimal dynamics in the two regimes, planet dominated and
disk dominated, we selected one particle from the run shown on the right panels of Fig. 5 (see
the arrow). Figure 8 shows its heliocentric orbital elements through our 10 Myr simulation. Up
to about 3 Myr, the particle evolves primarily under the effects of planets. Close encounters
with them make all orbital elements evolve in a random-walk fashion, with semimajor axis
having even an excursion briefly beyond 150 au in the proto-scattering disk of planets.
Starting from about 3 Myr, the orbital evolution switches into a disk-dominated, secular
regime. Perihelion stays in the Neptune zone only, and the perturbations of the semimajor
axis are much smaller. Additionally, there are periods when eccentricity decreases enough
to save the orbit from the reach of planets, with correlated oscillations of the inclination.
The period of these secular oscillations increases as the nebula disperses and becomes longer
than a Myr at the end of our simulation. The argument of perihelion w oscillates in between
2~ 200° and ~ 340°, notably in the mirror zone to that seen on the left panel of Fig. 7.
Location near the separatrix emerging from the unstable secular equilibria at = 180° and
w = 360° triggers the large and regular eccentricity oscillations.
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Fig. 8 An example of a planetesimal orbit evolution from a simulation shown in Fig. 5, right panels (Ry, =
100 au, « = —1): (i) semimajor axis a (left and top), (ii) eccentricity e (right and top), (iii) inclination / (right
and bottom), and (iv) secular invariant ¢ = cos Iv/1 — €2 (left and bottom). From =~ 3 Myr, the particle is
only weakly interacting with the outer planets (Uranus and Neptune), while experiencing Kozai-type secular
cycles due to the disk gravity (during this phase the argument of perihelion w librates in a restricted zone
between >~ 200° and ~ 340°). As the mass of the disk decays, their period increases. The gray line indicates
the transition moment, labels PD and DD stand for planet- and disk-dominated phases of the orbital evolution

We performed similar analysis of all our four-planet simulations with outer disk boundary
in between 30 and 100 au and two indexes of density profile (« = —1 and —1.5; see data
in Table 1). We were mainly interested in estimating the maximum perihelia to which the
planetesimals can decouple from the planets in our simulations. Curiously, we never found
cases of particles with maximum perihelia larger than seen in Fig. 5, namely ~ 37 au, based
on our statistics of 30,000 propagated particles. Only in the case witha = —1 and R, = 40 au
disk, the simulation ended with two decoupled particles having perihelion 2~ 38 au and orbital
inclination 2~ 50°. These would be considered as extreme examples of a detached scattering
disk population with slightly larger inclination than typically observed. We thus cannot fully
confirm conclusions in Kretke et al. (2012), but we do not know the reason for the difference.

4.1.2 Five-planet simulations

Next, we discuss results of simulations containing five giant planets. We still consider gravi-
tational effects of the protoplanetary disk only (no drag), and we use the same set of models
as in Sect. 4.1.1. This means a suite of disks with outer boundary in between R, = 30 au
and R, = 100 au, and we probe two power-law profiles of the surface density with o = —1
anda = —1.5.
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Fig. 9 The same as in Fig. 5, but now for the initial configuration with five giant planets (see Sect. 3.2; left
panels used disk with an outer radius R, = 30 au, right panels had R, = 100 au, in both cases we used
shallower density profile with « = —1). The outermost ice giant, Neptune, is now at larger heliocentric
distance. This makes the channel of planet dominance wider and shrinks the possibility for planetesimals to
decouple from the reach of the planets. Blue lines again from the analysis of the secular phase flow of the
corresponding disk model. The arrow on the top and right panel indicates position of a particle, whose orbital
evolution is shown in Fig. 10

Figure 9 shows the same information as Fig. 5, namely orbital elements of the planetesimals
that remained at the end of two runs with outer disk radii bracketing the tested interval of
values, R, = 30 au (left) and R, = 100 au (right). We also show orbital tracks of these
surviving particles during the last 2 Myr of simulation (gray dots). The boundary delimited
by the blue lines at the top panels originates from the analysis of the secular model, as
explained in Sect. 4.1.1, but now the ¢ parameter of the mean disk potential ® is defined by
initial orbits having 40° inclination and 22 au perihelion (given larger heliocentric distance
of Neptune in these simulations). Overall, the conclusions here are the same as in the case of
four-planet jobs. Obviously, making the planetary system more extended heliocentrically, the
Tisserand channel in the (a, e) plane controlled by planets is now larger. With the same disk
models, this leaves less space for the decoupled planetesimals whose orbits are dominantly
controlled by the disk gravity. As seen mainly in the left and top panel (R, = 30 au; compare
withe same panel in Fig. 5), most orbits that populate the orbital space with perihelia larger
than heliocentric distance of Neptune jump into their location by scatterings on planets rather
than showing regular secular evolution by the disk gravity.

These occasional scattering encounters with ice giants, now at larger heliocentric distance,
may eventually launch particle orbits onto larger perihelion zone, or evolving to that zone,
overcoming thus the secular barrier discussed above. For instance, the arrow on the right
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Fig. 10 An example of a planetesimal orbit evolution from a simulation shown in Fig. 9, right panels (R, =
100 au, « = —1): (i) semimajor axis a (left and top), (ii) eccentricity e (right and top), (iii) inclination / (right
and bottom), and (iv) secular invariant ¢ = cos I+v/1 — 2 (left and bottom). From ~ 6.7 Myr, the particle is
only weakly interacting with the outer planets (Uranus and Neptune), while experiencing Kozai-type secular
cycles due to the disk gravity (during this phase the argument of perihelion w librates in a restricted zone
between >~ 30° and >~ 150°). As the mass of the disk decays, their period increases. The gray line indicates
the transition moment, labels PD and DD stand for planet- and disk-dominated phases of the orbital evolution

panel points to one such case, whose orbital history is shown in Fig. 10. Contrary to the case
shown in Fig. 8, this particle interacts with ice giants only. This is because now the wider
heliocentric zone of planets can accommodate such weakly evolving planetesimals at larger
heliocentric distance. At >~ 6.7 Myr, however, a close encounter with Neptune launches
this particle into a disk-dominated regime secular cycles. As it starts from lower inclination,
o~ 25°, the ¢ value is now larger and the blue limiting curve in Fig. 9 is slightly off (as it
was computed for ¢ >~ 0.55). At later times, if the secular oscillations phase is restricted to a
suitable range (about 0.1 of all possibilities), this particle may be left in a planet-decoupled
state with semimajor axis of >~ 62 au, eccentricity ~ 0.4 and inclination ~ 44°. The argument
of pericenter librates between ~ 30° and =~ 150°; this is because the relevant phase portrait
resembles that on the left panel of Fig. 7, with only a slight shift toward smaller 5, or larger
e, values. Noticing in Fig. 9 that perhaps one more particle has a similar fate, we estimate
< 107 chance per disk planetesimal to be decoupled at distant TNO zone in this simulation.
(Note we also assume that about every tenth particle shown in Fig. 10 has the right phase of
the secular cycle.) Interestingly, the final orbit of this outlying particle may still be considered
as a plausible tail-member of the detached scattering disk (given the maximum inclination
value of ~ 42° and perihelion not exceeding =~ 37 au).
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Fig. 11 Left: The same as in Fig. 9, but now for in intermediate disk with an outer radius R, = 60 au (and
still @ = —1). The gray dashed line at the top part indicates orbit with ¢ = 35 au, and the red dashed is for
g = 40 au. Few particles decoupled beyond this limit with the most extreme case pointed out by the arrow.
Right: Orbital evolution of the particle indicated with the arrow on the left through the whole 10 Myr span
of our simulation: (i) semimajor axis (top), (ii) eccentricity (middle), and (iii) inclination (bottom). Planet- to
disk-dominated phases switch at ~ 5.7 Myr, when Neptune scatters the particle onto an orbit with slightly large
semimajor axis. The eccentricity/inclination oscillations, as well as behavior of the argument of pericenter w,
may be well understood using a Kozai secular approximation. The respective phase portraits are similar to that
on right panel of Fig. 6, except for smaller inclination (implying larger c integral) make the whole structure
shifted to smaller eccentricity. In the last period, time = 8 Myr, the orbit slowly swings near the separatrix of
the stationary point at @ = 90° and reaches small eccentricity. Largely dissipated nebula is not able to keep
the secular evolution further

Few more extreme cases were observed in the simulation with « = —1 and R, = 60 au
disk (see Fig. 11). Here, five particles were scattered to a similar orbital regime compatible
with a tail of the detached scattering disk (all asymptotic inclination values < 42°). However,
four had their terminal perihelia larger than 40 au, with the most extreme case pointed out
with an arrow on the left panel of Fig. 11, and it orbital evolution shown on the right panel of
Fig. 11. This particle was softly bouncing in the proto-scattering disk fed by ice giants in our
simulation until it received a more pronounced kick in semimajor axis at about 5.7 Myr. The
disk-dominated orbital phase, with characteristic Kozai cycles in eccentricity and inclination
started, until it again received a further kick from Neptune at about 7.7 Myr. This event let it
evolve toward a high-perihelion state with an asymptotic value of ¢ >~ 55 au and inclination
about42°. Collectively, an equivalent of about three particles got in this run decoupled beyond
the zone of detached scattering disk. (Note that two of the four particles reside in this zone for
only part of their secular cycle.) This implies about 3/30,000 = 10~ probability to decouple
to such extreme orbits. In the simulations with R, = 50 au and R, = 80 au an equivalent
of about one particle had the same evolution, meaning about a third ~ 3 x 10~ probability
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Fig. 12 Number of planetesimals at the end of our simulations in different bins of semimajor axis (abscissa)
on near-circular (¢ < 0.1) and near-coplanar (I < 5°) orbits. The two panels correspond to simulations
from Fig. 9, namely with disk boundary at R, = 30 au (left) and R, = 100 au (right). Red symbols denote
location of planets. The largest population is located in between orbits of the first two ice giants (>~ 11 to
~ 16 au); beyond ~~ 17 au the data represent unstable orbits visiting near-circular and low-inclination orbits
only temporarily

to decouple planetesimal orbits beyond the detached scattering disk. While nonzero, these
values are still at least an order-of-magnitude smaller than found in Kretke et al. (2012) for
comparable disk parameters.

There is a further interesting detail that warrants a comment. We note that significantly
more planetesimals survived in these five-planet simulations at 10 Myr epoch (about 25%)
than in the previously discussed four-planet simulations. This is because the wider spacing
of planets now gives more changes to the particles to escape very close encounters to the
planets. One aspect is revealed by a closer look at Fig. 9 reveals that a fair amount of particles
remains on a quasi-stable orbits in between the third and fourth giant planets. This is because
the assumed resonant sequence of planets in these models has 2:1 separation between these
planets (as opposed to 3:2 chain elsewhere). This opens large enough gap to hold fairly stable,
near-circular and near-coplanar orbits of the planetesimals in this zone. We find that about
5% of the initially distributed orbits remain at the end our simulation with semimajor axes in
between 11 au and 16 au, eccentricities less than 0.1 and inclination less than 5° (Fig. 12).
Apart from this peculiar population, there are also many more particles left to interact with
ice giants only in the five-planet simulation. This is because many of them are in a smaller
danger to directly interact with Jupiter or Saturn. More on the role of the surviving population
will be discussed in the next section.

4.2 Effects of disk gravity coupled with gas drag

Previous simulations were approximate, because they did not take into account all possible
effects of the nebular gas on the motion of planetesimals. In particular, the role of the gas
drag has been neglected. At the first sight, it might seem to be most important in the zone
inner to the giant planets, where the gas density is large enough, and less so in the outer Solar
system. But this conclusion may also depend to the assumed size of the planetesimals (see,
e.g., Brasser et al. 2007). We thus decided re-run some of our previous simulations with now
the effects of the gas drag included. We tested 100 km, 10 km and 5 km for the planetesimal
sizes, and assumed their density equal to 1 g/cm?.
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Fig. 13 Similar to Fig. 5, but now for simulations where both gravitational and drag effects of the nebular
gas were taken into account. In all panels, the outer disk radius was Ro = 100 au (R; = 1 au, zs = 0.05 au,
o = —1, B = 0). Planetesimals were given D = 100 km size, and we assumed their bulk density of 1 g/cm3.
We varied surface density X at 1 au heliocentric distance: (i) £¢ = 2000 g/cm2 (top and left; this is the same
value used in the right panel of Fig. 5, where only the gas drag was disregarded), (ii) £y = 1000 g/cm2 (top
and right), (iii) o = 500 g/cm2 (bottom and left), and (iv) Xo = 200 g/cm2 (bottom and right). In all cases,
particles scattered by Jupiter inward quickly decouple by gas drag to the outer zone of the asteroid main belt.
When density is sufficiently large (top panels), the outward scattered particles are also driven by the gas drag
to orbits exterior to Neptune, some being captured in mean-motion resonances with this planet. Blue lines
again from the analysis of the secular phase flow of the corresponding disk model
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4.2.1 Four-planet simulations

As above, we start with the four-planet runs and D = 100 km planetesimals. The four
panels in Fig. 13 show the projected final orbital configuration of planets and remaining
planetesimals at 10 Myr for our most extended disk model (R, = 100 au) and shallow surface
density profile (@ = —1); therefore, they may be compared with data on the left panel of
Fig. 5. From top-left to bottom-right panels, models with decreasing surface density at 1 au
heliocentric distance are shown: $o = 2000 g/cm? to ¥ = 200 g/cm? (correspondingly,
the total initial mass of the nebula decreases from about 14 to 1.4% of the solar mass). In
addition to (i) the chaotic evolution of particles directly interacting with planets, and (ii) the
regular evolution of particles decoupled from the planets driven by the disk gravity, we see
now a third element in orbital dynamics of planetesimals decoupled from planets below about
30 au heliocentric distance. This is due to the gas drag. As discussed, for instance by Brasser
et al. (2007), the aerodynamic drag results in orbital decay toward smaller semimajor axis
values, accompanied with circularization and inclination decrease. As a result, especially for
larger-X( models, a large number of planetesimals are stored to heliocentric zone exterior to
Neptune, decoupled from planets at small eccentricity and inclination orbits.! This is very
different from what is seen in Fig. 5 when the aerodynamics drag was neglected. Selecting
a target zone delimited by orbital elements @ > 12.5 au, e < 0.4 and i < 20° (together
with ¢ > 11.8 au to approximately characterize orbits exterior to Neptune), we find there
are about 6700, 4550, 2700 and 1430 particles left in the simulation from top-left to bottom-
right windows in Fig. 13 (much more than 120 in the left panel of Fig. 5). > Recall that the
initial number of propagated particles was 30,000, so this represents between 5 and 22% of
particles. We also find that in the simulations with the most massive disks, o = 2000 g/cm?
and 2o = 1000 g/cm? at the two top panels, some of these remaining particles are located in
the exterior mean-motion resonances with Neptune (though majority is not). Overall, these
particles are very interesting, because they were redistributed to sufficiently low-eccentricity
and low-inclination orbits exterior to Neptune from initial orbits in between the giant planets.
In the next phase of evolution of the Solar system, when planets start to radially migrate and
undergo reconfiguration, these particles will contribute to populations of minor bodies doped
by exterior disk as described by previous works (see Sect. 1).

We have verified that the above-mentioned results do not depend critically on the exterior
radius of the planetesimal disk; in particular, running simulations for R, = 50 au and
R, = 30 au, we again obtained a significant number of particles stored on orbits exterior to
Neptune. As expected, since the aerodynamic gas drag is the principal effect that drives the
planetesimals onto these stable orbits, such deposition is even faster and more efficient for
smaller bodies. In Fig. 14, we show snapshots of a selected simulation with D = 10 km size
planetesimals. In this case, we had T = 500 g/cm?, to moderate the drag perturbation, and
other parameters as above: R; = 1 au, R, = 100 au, zg = 0.05 au, « = —1,and 8 = 0.
We note the evolution proceeds quite fast. In a few millions of years, the particles reach their
terminal orbits. Additionally, few planetesimals make it to large-a orbits. This is because as
soon as planets scatter them to such large-a and large-e orbits in the Tisserand funnel, their

! In addition, orbital structure of planetesimals scattered by Jupiter onto a < 5 au orbits is now also very
different. The effects of aerodynamics gas drag make them evolve onto low-eccentricity orbits, many embedded
in the asteroidal main belt (see, e.g., Raymond and Izidoro 2017).

2 Note there are more particles left at the end of our simulations, namely those still strongly interacting with
planets. However, since the timing of giant planet instability is not exactly known (e.g., Nesvorny et al. 2018),
we are not primarily interested in them. For instance, if the reconfiguration occurred at 50 Myr, many of these
particles will be still eliminated by effects of close encounters with planets.
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Fig. 14 Similar to Fig. 13, but here the panels show snapshots of a single simulation at different time: (i)
t = 0.1 My (top and left), (ii) t = 0.5 My (top and right), (iii) # = 1 My (bottom and left), and (iv) t = 5 My

(bottom and right). The outer disk radius was R, = 100 au and the surface density Xy = 500 g/cm

2atlau

heliocentric distance (R; = 1 au, zg = 0.05 au, « = —1, B = 0). Planetesimals were given D = 10 km size,
and we assumed their bulk density of 1 g/cm3. Very few particles reach orbits with @ 2 50 au since a strong
aerodynamic gas drag quickly makes them evolve onto low-eccentricity and low-inclination orbits exterior to

Neptune
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Fig. 15 Planetesimals remaining in two of our simulations at 10 Myr epoch: zoom at the heliocentric zone
exterior to Neptune. Both jobs included gravitational and drag effects of the nebular gas; the left panel for model
with four giant planets, right panel for model with five giant planets. The outer disk radius was R, = 100 au
and the surface density Xy = 500 g/cm2 at 1 au heliocentric distance (R; = 1 au, zg = 0.05 au, @ = —1,
B = 0). Planetesimals were given D = 10 km size, and we assumed their bulk density of 1 g/cm3. As already
noted by Brasser et al. (2007), most of the terminal orbits are captured in exterior mean-motion resonances
with planets (principally Neptune); some of the first-order resonances are highlighted with solid lines, the
second-order resonances N3:5 and N5:7 with vertical dashed line. The slanted dashed line delimits orbits
directly interacting with Neptune (showed with red circle)

relative velocity to the gas flow increases so much that the drag is very intense and capable
of decoupling them from planetary reach. As a result, basically no small planetesimals have
a chance to be scattered to the zone of a proto-Oort cloud (see, e.g., Brasser et al. 2007), but
many more end now evolution just exterior to Neptune’s orbit. We note there are more than
10,000 D = 10 km particles in Fig. 14 compared to less than 3000 D = 100 km particles in
the bottom and left panel of Fig. 13 (corresponding to the same Xg value). The inefficiency
to launch small planetesimals/comets into the proto-Oort cloud has been described as a size-
sorting process in Brasser et al. (2007).

Making a zoom onto the zone just exterior to Neptune at the final state of our simulation
described in Fig. 14 reveals another interesting finding noted already by Brasser et al. (2007).
We confirm that most of the heliocentrically distant remaining particles were located in
exterior mean-motion resonances with Neptune. Left panel of Fig. 15 illustrates the situation
(recall D = 10 km, R; = 1 au, R, = 100 au, zg = 0.05 au, Xy = 500 g/cmz, a = —1,
B = 0). For the sake of better understanding, we show an approximate location of several
first- and second-order mean-motion resonances with Neptune. Indeed, majority of particles is
associated with these resonances. In contrast to the simulation for D = 100 km planetesimals,
whose remaining orbits have eccentricity values stirred to the Neptune-crossing limit, the
remaining exterior D = 10 km planetesimals have maximum eccentricities that stay away
from this threshold. This is because they are set by the resonant capture, namely by the
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stationary point of the respective resonance. Most curiously, it has been shown by Beauge
and Ferraz-Mello (1993), their Sec. 3.1, that its eccentricity value does not depend on the
aerodynamic drag strength, but only by the resonance and relative velocity by which the
gas molecules fall behind the local Keplerian value. The stronger drag also makes the final
inclination of the remaining planetesimal orbits very small. In passing, we mention that
the capture history of the particles located in the exterior mean-motion resonances with
Neptune is quite rich (though it is not our intention to describe it in detail here). For instance,
planetesimals residing in the N5:7 resonance were initially captured in the N2:3 resonance.
Because the capture in the drag environment in temporary only, they were subsequently
ejected from this resonance and later captured in the N5:7 resonance.

4.2.2 Five-planet simulations

Next, we examine five-planet runs where the effects of both disk gravity and aerodynamic
drag were taken into account. We start with D = 100 km planetesimals. Figure 16 shows the
configuration of planetesimals remaining in our runs at 10 Myr, sampling again disk models
of different mass (the most massive at the top left and the least massive at the bottom right).
While still existing, the effect of storing planetesimals to the orbital zone exterior to Neptune
is less pronounced. This is because Neptune is now heliocentrically further, in the zone where
the gas density is smaller. Nevertheless, as in the simulations discussed in Sect. 4.1.2, many
planetesimals remain weakly perturbed in the heliocentric zone in between the first and second
(Uranus) ice giants. Altogether, there is between 18% and 30% of planetesimals remaining
in these two populations, available for further orbital evolution after planets undergo their
reconfiguration.

The right panel of Fig. 15 for D = 10 km size planetesimals shows again that those
exterior to Neptune orbit are preferentially captured in the mean-motion resonances with this
planet (R, = 100 au and £y = 1000 g/cm? in this case). Together with the zone between
the first and second ice giants, there is now as many as 52% of planetesimals remaining on
orbits not strongly interacting with planets.

5 Conclusions

This work may be improved in many respects. For instance, one could implement
non-axisymmetric gas density distribution of the nebula consistent with the equilibrium
configuration of planets, as well as abandon simplistic assumption about its truncation at
some specific heliocentric distance. Modeling of a more realistic density distribution in the
direction perpendicular to the planetary plane would be also desirable. Another interesting
avenue to make our results more realistic is to assume the planets are not yet fully formed at
the beginning of our simulations, but grow from smaller-mass cores (while also performing
an initial, disc-driven migration).

While all these steps await a future research, this work provides at least a basic charac-
teristic of an interesting population of objects that could be readily used in future numerical
integrations. Namely, we show in Sect. 4.2 that some planetesimals born in the giant-planet
zone may end up on low-eccentricity and low-inclination orbits exterior to Neptune at the
moment when nebula dissipates. When planets set on migration and dynamical reconfig-
uration, prior to reaching their final orbits, these planetesimals will be dispersed by close
encounters with them. Some may find their way to the long-term stable niches of minor bod-
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Fig. 16 Similar to Fig. 13, but now for simulations with five giant planets
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ies, such as Trojans, various components of the Kuiper belt and the Oort cloud. It would be
interesting to analyse their implantation probability and understand how much they can add
to the previously found delivery from a population of planetesimals born at larger heliocentric
distance outside the orbit of Neptune. If this contribution is significant, it may help to under-
stand existing observations or even help resolving some pending problems. For instance,
recent observation of a C-type object 2004 EWys in the Plutino population by Seccull et al.
(2018) is best understood if the body originally formed in the heliocentric zone delimited by
giant planets and it was deposited into its current location by planetary perturbations assited
by gas drag. If more such objects are found among Plutinos, and their abundance within this
population is estimated by properly accounting for the observation biases, this fraction may be
compared with implantation efficiency predicted by various models of planetary migration.
As a second example, we may mention that current modeling indicates the population of the
Oort cloud is too small to explain flux of long-period comets if built from the planetesimals
in the trans-Neptunian zone (e.g., Vokrouhlicky et al. 2019). Our identified population of
planetesimals born among planets may help solving this problem (though another possibility
would be comet contribution from free-floating planetesimals in the solar birth cluster, e.g.,
Levison et al. 2010).
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