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ABSTRACT

The work presented here encompasses the intriguing evolution of our celestial neighbor-
hood, the solar system. This study centers on the formation of giant planets in the outer
region of the solar system. Apart from the Cassini mission to Saturn, Jupiter has garnered
the majority share of research attention, leaving little room for inquiry into the formation
and evolution of its lesser-explored counterpart, Saturn. This project aims to investigate
the conditions and parameters of the protoplanetary disk that led to the formation of Sat-
urn and its distribution of formation times. The study explores the implications of the
simplest disc and pebble accretion model, with steady-state accretion, on the formation

of gas giants.

We conducted a statistical survey of different disk parameters and initial conditions to
establish which combination best reproduces the present outer solar system. The pa-
rameter space is large: we examined the effect of the initial planetesimal disk mass, the
number of planetesimals and their size-frequency distribution, the coagulation, and dust-
settling timescales, planet migration, and the feedback of gas disk that will govern the
overall dynamics of the final sizes, compositions, and positions of the planets. The results
reveal that pebble accretion is sensitive to various parameters and initial conditions of the
disk, and in the absence of a planetesimal disk, the giant planets will be highly eccentric.
Moreover, it is challenging to replicate the formation of all four giant planets in the outer
solar system in a single simulation. The study estimates the average formation time for
Saturn to be (tsawum) = 3.09 £ 1.33 Myrs, which aligns closely with the Hf-W reset age of

the Eagle Station pallasite, an achondritic meteorite from the outer solar system.

This study plays a pivotal role in understanding the configuration of the contemporary so-
lar system as we perceive it. The emergence of gas giants in the outer solar system bears
implications for the inflow of matter towards the inner regions, influencing the terrestrial
planets and the makeup of the asteroid and Kuiper belts. This work contributes to the
dynamic evolution of these planets, which are responsible for molding the composition of

the inner solar system and the terrestrial planets.
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Introduction

Our Solar System, as we know it today, is 4.568 billion years old. The Solar System,
including its planetary bodies, moons, and asteroid belt, was formed within 100 million
years after the formation of the sun'. The protoplanetary disk surrounding the young Sun
formed as a consequence of angular momentum conservation during the star formation
process. The flattened rotating disk was heated by viscous evolution, and the proto-
star and its evolution consequently provided the material (gas, dust, and solid material)
and location to form the planets. Accretion processes, migration, and gas drag resulted
in forming of planets and other solar system objects®. The Solar System’s gas giants,
Jupiter and Saturn, could have been the first-formed planets because the timescale of
gas dissipation constrains their formation. Jupiter, the most giant planet with a mass of
about 315 Earth masses, is at a distance of 5 AU from the sun. Saturn, the second largest

planet, with 95 Earth masses, is 9.5 AU from the Sun.

1.1 Existing Models on Gas giant formation

There have been several propositions on how these gas giants formed. In the gas col-
lapse model®, a gravitationally unstable disk fragments directly into self-gravitating clumps
of gas and dust that can contract and become giant gaseous protoplanets. The core ac-
cretion model* suggests that the formation of Jupiter and Saturn began with the accumu-

lation of solid particles, such as dust and ice, in the protoplanetary disk, leading to the



formation of planetesimals. As the planetesimals grew in size, their gravitational attraction
became strong enough to attract other particles, leading to even more growth to become
planetary embryos. As this core grows, it acquires a growing atmosphere of nebular gas,
which eventually becomes unstable to collapse, leading to a phase of rapid accretion of

hydrogen and helium gas onto the protoplanet’s envelope?®.

As per the current theory of planetary accretion, it is estimated that a 5 Earth-mass core
would take around 50 Myr and 300 Myr to form at Jupiter's and Saturn’s regions®, re-
spectively. These timescales are longer than the inferred lifetime of nebular gas, which is
between 0.1 Myr and 10 Myr, as determined from observations of young stars similar to
the Sun®. Moreover, Levison et al. (2010)” have shown that in the outer solar system, this
leads to the early migration of the cores of the gas giants (planetesimal-driven migration),
forming many hot super-earths and gas giants. In a later study, Levison et al. (2015)® an-
alyzed whether pebble accretion could be responsible for the formation of the gas giants,
and they concluded that this appeared to be a viable mechanism. The idea is similar to
the core accretion model, but pebbles (a few km-sized objects) are accreted instead of
planetesimals, resulting in a faster core formation. According to Matsumura et al. (2021)°,
pebble accretion could be responsible for the immense diversity of exoplanetary systems

since it's more sensitive to different disk conditions than planetesimal accretion.

1.2 Purpose and Implication of this Study

Over the years, the formation of Jupiter has been of interest due to its ability to shape
the Solar System’s history. Still, not much attention has been given to the formation and
growth of Saturn and its migration. Saturn has 95 Earth masses (M), while Jupiter has
over 300 M. This incites us to ask why Saturn stopped accreting gas at 95 AU while
Jupiter continued to grow if the same physics governed the process of gas accretion and

annulus formation.

In this work, the implications of the simplest disc and pebble accretion model are being

investigated, with steady-state accretion onto the star and no ringed structures in the disc



because the effect of a ringed structure in the disc on pebble accretion is not yet well
understood. It is further assumed that no additional material is added to the disc from
the interstellar medium as it evolves. A statistical survey of different disk parameters and
initial conditions is performed to see which best reproduces the present solar system. The
simulation data is further validated by showing Saturn’s formation time and if it compares

well to reset ages of carbonaceous achondrite meteorites such as Eagle Station.

Meteorite isotopic anomalies and ages suggest that Jupiter’s core was constructed mainly
from first-generation planetesimals, like the parent body of the Eagle Station pallasites,
iron meteorites, and carbonaceous chondrites. Recent studies involving Hf-W age dat-
ing'® and Mo isotopic'' composition demonstrate that the Eagle Station originates from
the outer disk (carbonaceous chondrite reservoir). According to Raymond and lzidoro
(2017)'2, there was a constant shuffling of scattered material between Jupiter and Sat-
urn. We expect that this process generated a high impact on the particles between them,
and the Hf-W core formation age of (2.7+1.2) Myr after CAl for the Eagle Station pallasite
is a result of that. We believe this metallic meteorite constrains Saturn’s formation time,

but this is only a working hypothesis that requires further testing in future work.

Gas giant formation leads to a cascade of events in our solar system. Since they are likely
the first planets to form, they influence the rest of the dynamics. The inward migration of
pebbles and other particles from the outer to the inner solar system may be regulated by
several factors, including the gravitational influence of giant planets. Such regulation may
significantly affect the composition of the inner solar system'°. Additionally, the scattering
of planetesimals may impact the density of the asteroid belt and Kuiper belt, as well as
migration, thus influencing the process of late accretion. The combined effects of these
phenomena may have played a critical role in the formation and evolution of the solar

system as we observe it today.



Theory

2.1 Gas Disk

Accretion is a radial flow of gas onto a central object driven by angular momentum transfer.
In a deferentially rotating medium, tangential stresses between adjacent layers, which are
connected with the existence of the magnetic field, turbulence, and radiative and molecu-
lar viscosity, are the mechanisms of transfer of angular momentum™. The disc evolution

is described by the diffusion equation® for the disc’s surface mass density %, :

0%, 10 1/2 0 1

— = — (S urt/? 2.1
ot ror 3 87’( 1) (2.1)
where v is the disc’s ‘viscosity’ representing the accretion. The viscosity can be trans-
formed to a parameter « that denotes the accretion strength due to the disturbances in
the disk.

The circumstellar disk that encircled the nascent Sun promptly materialized following its
formation, comprised predominantly of a gaseous component. This circumstellar disk,
commonly referred to as a protostellar disk, was primarily constituted by gas and dust
and played a fundamental role in the subsequent evolution of the Sun and the formation

of the planetary system.



2.1.1 Gas Accretion

Gas accretion is the process by which gas particles are gravitationally drawn into the
gravitational well of a forming planet, eventually coalescing into a larger and larger body.
The gas accretion rate onto the star'#, M, is related to the gas surface density, 3, and

scale height of the disc, H, via

M, = 370 X H?Q, (2.2)

where Qx = /GM,/r3 is the Kepler frequency. The parameter a,.. is a measure for
the global angular momentum transfer of the disc, which is assumed to be constant and
comes from the disc viscosity’® v = a,..c?Qk. The disc scale height H = ¢,/Qk, where
¢ = (vkpT/2.3m,) is the sound speed, kp = 1.381 x 1072 m? kg s~ ! K2 is the Boltzmann
constant, m,, is the proton mass, the mean atomic mass of the gas is assumed to be 2.3
and ~ is the ratio of specific heats of the gas molecules. The stellar accretion rate'®

decreases with time as

. M, ¢ ) —(2g2+2)/(2g2+1)
M, = —"— +1 2.3
(2q + Dtais (tdiff (2:3)
where M, is the mass of the disc, ¢4 is the diffusion time, and ¢o = —dInT/dInr is

the negative temperature gradient in the irradiative regime of the disc in the giant planet
region. In most of the disc ¢, = 3/7 (refer 2.4) and —(2¢2 +2)/(2¢2+1) = —20/13 ~ —1.53.
Most observed discs have a mass that’s about 3%-8% of the stellar mass'’. For a disc

mass of M, = 0.05 M we have initially M.s = 5.3 if tge = 0.5 Myr.

In the giant planet region, the disc the mid-plane temperature can be approximated
by18

r-wo() () () x @4

where r is the distance to the Sun. To simplify the formulae, we define
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(g = —ace (2.5)

Mg=——"——.
® = 108 Mg yr—1

With this temperature profile, one may compute the reduced scale height . = H/r as

h= 0.029(5(’;)1/7(%) 4”(%)% (2.7)

The gas surface density is

Lo\ —2/7 7 M. \9/14 . ro\—15/14
= (L) (AR g () 28
785 I i, Qg s\ Tom gcm (2.8)

The so-called snow line is defined by the distance to the star where the mid-plane tem-

perature T' ~ 170 K, which is at

re = 0.75(5;)2/3(]\]\44;>_1/3 au. (2.9)

The nucleated instability model'® proposes that the formation of giant planets may occur
when a solid protoplanet, commonly referred to as a core, reaches a critical mass and
triggers rapid accretion of nebular gas, resulting in the formation of a massive gaseous
envelope. The growth time of the gaseous envelope mass 7, depends strongly on the
core mass of the planet, moderately on the grain opacity, and weakly on the past core

accretion process'®.

To = b(]\]/\[;;e>c<1 Crflirg—1> vt (2.10)

where M., is the core mass and «,, is the grain opacity.

2.1.2 Gas Dissipation

Gas dissipation during early solar system formation is a critical process that influences the

evolution of planetary systems. It refers to the gradual loss of gas from the protoplanetary

6



disk that surrounds a young star, which is thought to occur on a timescale of a few million
years. As the gas dissipates, the disk becomes less massive and less dense, which in

turn affects the way that gas accretes onto the forming planets®.

2
1 D

S+ /2P @11)

taig =

where rp is the characteristic disc size, vp is the corresponding viscosity.

2.2 Pebble Accretion

Pebble accretion is a process that is thought to occur when the young star is still sur-
rounded by its protoplanetary disk consisting of gas and solids. Here | briefly outline the

assumed disc model.

2.2.1 Pebble accretion onto planetesimals

Ida et al. (2018)2° and Matsumura et al. (2020)?' have proposed a model that accounts
for planet-disk interactions, type |l migration, and the two-o model. The incorporation
of these factors has led to efficient accretion, thereby enabling the formation of gas giant
cores through pebble accretion within a time frame of 5 million years. The rate of accretion

from pebbles onto a planetesimal-sized or larger body is derived to be'®

Mcore = 5MFa (21 2)
where M is the pebble mass flux. The accretion efficiency ¢ is given by'®

CBQ\/HTLS’Z(1+ 3b ﬂ’

il =7 2.13
44/27Sh, 2x1 (@19

€ =min|1,
where My is the flux of pebbles through the disk; its temporal evolution depends on
the gas accretion rate onto the star and the formation efficiency of pebbles. The other

quantities in equation (2.13) are given by



b= 2krySY? min(, / ?ﬂﬁ—Hé’l/ﬁ, 1>,
Xnr

V14482
X_ 1+S2 )
~1/2
hp:(1+§) h
Qi
. 8 h,
C—m1n< ;?,1>,
1 ,dlnP
= —h? ~ 1.3h*
T=5" dr

S\ 065
nk=— (=
= (5)

S* = min [2, 47]_3;4

where G is the gravitational constant, 1 = m/M,, where m is the mass of the planet/planetesimal,
M, is the mass of the star, o, is the disk’s turbulent viscosity, 7y = 7(1/3)'/? is the Hill
radius, P is the gas pressure and S is the Stokes number. Quantities with a circumflex
are scaled by the distance to the star, and ., is the scale height of the pebbles as they

drift sunward through the disc.

An alternative for the pebble accretion efficiency is given by Ormel and Liu (2018)?2, who
included combined effects of the planet’s gravitational attraction and gas drag in their
prescription. They studied the 3D pebble accretion efficiency by considering the effects
of eccentricity, inclination, and disc turbulence. When the planetesimal is small compared

to the scale height of the pebble stream, the accretion efficiency is given by

. n;}iﬁ (Zp) 2 (2.14)

where A; = 0.39 is a constant, h,.q iS the effective pebble scale height, and f.; =
exp[—0.5(Av/v,)? is the settling fraction, with Av the approach speed between the pebble
and the planetesimal, and v, = (m,/M,)Y?S~Y3vy, where vg = rQ is the Kepler veloc-
ity. When the planetesimal mass grows large enough such that its diameter becomes

comparable to the pebble scale height, the efficiency becomes

8
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_ é[mp &5—1]”2 - (2.15)

n LM, v,

where A, = 0.32. These are complicated functions of the planetesimal inclination and

eccentricity, and we refer to Ormel & Liu (2018) for more details.

Pebble accretion causes rapid growth onto planetesimals with diameters of some 200 km
or greater?®. The pebble mass flux describes the pebble mass swept up by the pebble

formation front per unit time through the disk®,

d?"pﬁ

MF = ZWTPHZPW (216)

where ¥, is the pebble surface density in the pebble migrating region.

The pebbles are formed in a front that sweeps outwards as the gas disc cools?®*. The
timescale of growth from um-sized grains to pebbles (by several orders of magnitude in
radius), teow peb NAs a sensitive r-dependence. This results in an “inside out formation”
of pebbles; formation is earlier in the inner region, and the formation front migrates out-
ward'®. The pebble formation time, o, 1S the time at which the pebble formation front
reaches the characteristic disk radius, r4, and r.s is the radius of the pebble formation

front. These two quantities are computed as’®.

(Y () e
o = 2/ 105(1582)_1 <1(7)087;u)3/2(1\]\j;>_1/2 vt (2.18)

where 7, is the initial solid-to-gas ratio in the disk and is typically assumed to be 0.01, f

is the sticking efficiency of dust to pebbles, and is an input parameter.

Now one can compute the flux of pebbles in the disc. | used the derivation by Matsumura
et al. (2021)°, which yields.



) h,l Rpeb 1 T 1
MF:0.O2O66f2/3<i> ( 2 )

In10% 150K
/T2 8)T 1 Zo \2/rp\21
LM 0‘31M*8(0.01) <£)
t o\ 3(@-1) t\—
(—)“” (1+—) Y Moy (2.19)
tot tot

where T; is the characteristic disk temperature, and R, and R, are the initial radii of dust

particles and the pebbles when they start to migrate, respectively.

2.2.2 Planetesimal Accretion

According to the classical theory of Safronov (1969)%°, a solid protoplanet grows by ac-
creting planetesimals (=~ 1000 km sized objects). The growth mode of planetesimals is
runaway growth. Protoplanets are formed through the runaway growth of planetesimals,
and they continue to grow oligarchic. The relative growth rate in the runaway phase is

given by?26:

1d
SO M2 with§ < —2 (2.20)
m dt

where m is the mass of planetesimal.

The growth timescale for a protoplanet at « > 2.7 AU in a swarm of planetesimals is given
by?:

2 M 13, N, N-l/ a \1/2
Toow =9 %10 () (5i7673) (een) (5a0) 221
wow = 9 XA ) \Goier o) \Ggem2) av) ¥ (2.21)

where hy; ~ (M/3My)"/? is reduced hills radius, ¥, is the surface mass density of plan-

etesimals and M is the mass of protoplanet.

2.3 Orbital Evolution of Planets

The Orbital evolution of planets is determined by the gas disk-planet interactions. During

formation, the planet cores migrate inwards due to the aerodynamical gas drag of pebbles

10



and other particles. Type 1 migration occurs when a planet interacts with the gas in its
immediate surroundings'®. This interaction can cause the planet to lose angular momen-
tum, causing it to spiral inward toward the star. In the simulations, the equation of motion
incorporates planet-disc interactions based on dynamical friction, as proposed by Ida et
al. (2020)2".

o vk U g — g (2.22)

where, 7 is the planetary velocity evaluated at the instantaneous orbital radius r, with v,,
vg, and v, being its polar coordinate components defined with the unit vectors ¢,, ¢y, and
e,, respectively. Lastly, vk is the Keplerian orbital speed evaluated at the instantaneous

orbital radius r.

The evolution timescales for the semi-major axis, eccentricity, and inclination are ex-

pressed as follows:

-1

twave | 1L 1T, /- ol I'c \/é2+%2
a="= (L= —=Ve+?)  + exp(———— 2.2
T, 20 [Fo( o1, Ve + ) T, exp( - ) (2.23)
8 [ (2.24)
0780 | " 15
t .
: — wave 1 ~92 29 3/2 2-2
T 054 { o5 @ ) (2.25)

where h, = H,/a is the gas disc’s aspect ratio, and eccentricities and inclinations scaled
with h, are defined as é = ¢/h, and i = i/h,, respectively. Exponential factor e; = 0.01 +
hy/2. T'/Ty O represents a normalized torque, and the subscripts L and C respectively
correspond to Lindblad and corotation torque. Last, ¢... iS the characteristic time of wave

induction in the disc, which propels the migration and is given by

buave = (%) (Ej\j;g)h;m,;i yr (2.26)

p
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where M, and M, are planetary and stellar masses, respectively, ¥, is the gas disc’s
surface mass density, and €2k, are the Keplerian orbital speed and the corresponding

angular speed evaluated at the semi-major axis.

12



Methods

The orbital evolution of a planetary system belongs to a classical physics problem: the
N-body problem. To study the formation of giant planets and their evolution, N-body simu-
lations were run, as further described in 3.1. In Section 3.2, the software packages used
to run the simulations are described. The variables in the disk parameter space and the

initial conditions used are described in the consecutive sections.

3.1 N-body Simulations

An N-body simulation is a computational method that approximates the motion of parti-
cles, typically particles that interact with each other through physical forces. Specifically,
gravitational N-body simulations are numerical solutions for the equations of motion of N
particles that interact gravitationally?’. The algorithm?” for N-body simulations involves
calculating the force acting on a given particle from all other particles in the system. This
calculation is done at regular intervals or time steps, updating each particle’s position and
other attributes based on the net force acting upon it. In systems where gravity is the
dominant force, the simulation can predict the movements and trajectories of particles
over time by solving the equation of motion numerically, given the initial positions, veloci-
ties, and masses of the particles. However, the computational complexity of the simulation
grows as the square of the number of particles (N?), limiting the maximum value of N due

to the time required to calculate the forces.

13



The underlying symmetry of the N-body equation of motion can be represented in the
Hamiltonian formulation®®. A symplectic integrator (S1)2° is a numerical integration scheme
that preserves the potential energy of a Hamiltonian system. Kepler solver® is an ana-
lytical method used to solve the two-body problem, specifically Kepler's Equation over
the entire range of elliptic motion. It predicts the orbit of a planet and its motion over

time.

3.2 Software Packages

3.2.1 SWIFT SyMBA

SWIFT follows the long-term dynamical evolution of a swarm of test particles in the solar
system. The SWIFT subroutine package written by H. Levison and M. Duncan® is de-
signed to integrate a set of mutually gravitationally interacting bodies with a group of test
particles that feel the gravitational influence of the massive bodies but do not affect each
other or the massive bodies. SyMBA is an extension of SWIFT which can symplectically
integrate a full N-body system, including close approaches between the massive bodies.
SwiftVis®! is a tool for analyzing and visualizing data, originally designed to focus on Swift

data processing.

3.2.2 GENGA

GENGA (Gravitational Encounters with GPU Acceleration)®? is a hybrid symplectic N-body
integrator designed explicitly for the integration of planet and planetesimal dynamics dur-
ing the later stages of planet formation and for conducting stability analyses of planetary
systems. GENGA employs a hybrid symplectic integrator that incorporates maneuvering
change-over functions to effectively handle close encounters to ensure long-term integra-

tion of planetary systems with high accuracy in energy conservation.
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Table 3.1: List of tested parameters and their range of values

No. Parameter Symbol Unit Literature Range Tested values
1 Gas disk diffusion timescale taifr Years 10°7 10°, 5 x 107, 106, 107
2 Accretion due to disk turbulence Qpurb 10-(-9) 1073,1074,10°°
3 Gas accretion coefficients b, c Yr, - 1069, 2.5 - 3.5 (108,109, (2,3,4)
4 Pebble accretion efficiency prescription peb_flg

5 Sticking efficiency f 0-1 0.1,0.5,0.75,1

6 Disk inner and outer edge Tins Tout AU 1-5, 100-500 5, (100,500)

7 Mass of gas disk Maisk0 My 0.01-0.1 0.05,0.1

8 Total mass in planetesimals Mot Mg, 0.01-4 (0.5,1,4)

9 Slope of initial planetesimal size distibution Ié] (2.5,4.5) 2545

10 No. of self-gravitating particles #sg Thousand (K) (1,1.5,2.4,3.2,4.5)

3.3 Parameter Space

The parameter space required to generate the desired gas disk and initial conditions is
extensive. The number of parameters utilized in this study is contingent upon the specific
goals of the simulations, and their respective values will be explicated in the results sec-
tion. Herein, the parameters of central importance to this research will be defined, and

their respective significance will be expounded upon.
The following table (3.1) lists the tested parameters:

1. Disk Diffusion Timescale (%4i)
It is the time required for the gas to completely diffuse out of the circumstellar disk. It

is estimated to be around a few million years or less (Eq. 2.11).

2. Accretion Strength and Disk Turbulence («)
In this work, prescription given by Ida et al. (2018)2° is followed. Two different o values
were adopted: one representing the disc accretion driven by the mass loss due to the
magnetic disc wind a,.. (Eg. 2.2), and the other representing the local disc turbulence
awrb (EQ. 2.13). The former is computed self-consistently in our N-body code, while

the second is an input parameter.

3. Gas Accretion Parameters (b and ¢)
These parameters affect the growth rate of the gas envelope around the planet core
(Eq. 2.10).
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. Pebble Accretion Efficiency(peb_flg)
Two pebble accretion efficiency prescriptions were tested, one given by Ida et al.
(2018)2° (Eq. 2.13) and Ormel et al. (2018)?2 (Eq. 2.14). Both these have a vary-

ing effect on the result of the simulation.

. Planetesimal Accretion
A solid protoplanet growth by accreting planetesimals (~ 1000 km sized objects) (Eq.
2.20). | used GENGA to run these simulations.

. Pebble Sticking Efficiency (f)

The pebbles are assumed to form from dust coagulation in a front sweeping outward
through the disc?*. The dust coagulation does not have to be perfectly efficient because
dust grains can bounce rather than stick. The parameter f gives the efficiency for

pebble growth due to dust grain coagulation in the front.

. Disk Taper

The disk taper is switched on and off by commenting out the exponential decrease
factor from the pebble mass flux equation. When the disk taper is "on,” from Equation
2.19, we see that the pebble flux at the outer edge of the pebble formation front de-
creases exponentially. Consequently, there are not many pebbles for accretion. When
the disk taper is “off,” the last argument in Equation 2.19 is commented out. Hence,
there’s no exponential decrease in pebble flux, and the embryos accrete enough peb-

bles to form giant planet cores.

. Disk Inner and Outer Edge
The inner edge defines the distance below which (r < r;) the test particles are lost
to the Sun. The outer edge defines the radius after which (r > r,) the test particle is

scattered out of the system.

. Mass of Gas disk (m;s)
The gas disk’s "initial mass” pertains solely to the gas component and does not include
contributions from pebble disks or the masses of planetesimals or embryos. The tem-

poral changes in this mass are governed by the surface mass density and the mass
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10.

11.

flux from the star.

Total initial mass of planetesimals

The total initial mass of planetesimals is a pivotal constraint in determining the initial
size distribution of the planetesimal disk, alongside various other factors. This measure
excludes the masses of the pebble and gas disks. As time progresses, the evolution
of this mass occurs through the accretion of pebbles and the formation of planet cores

and embryos.

Self-Gravitating planetesimals and m;,,

Particles that can accrete onto one another in conjunction with pebbles are referred to
as self-gravitating particles. The number of such particles is a function of the available
computational resources and time constraints. Ideally, all the particles would exhibit
self-gravitational effects, but this would prove to be computationally demanding. Con-
sequently, a value of my,, is arbitrarily established; only planetesimals exceeding this
threshold will exhibit self-gravitational behavior. In practice, most of the planetesimals

were self-gravitating.

3.4 Generating Initial Conditions

A total of 180 simulations featuring two-planet cores, 730 simulations featuring multiple-

embryo cores, and over 480 (and more still running) production simulations featuring

planetesimals were executed to assess the process of pebble accretion, alongside 20

additional simulations to evaluate planetesimal (core) accretion. In each simulation, a

Sun-like star was assumed, and the disc’s inner boundary was fixed at 5 AU. Every core

was randomly assigned an initial eccentricity within the range of e = [0,0.01], an associ-

ated inclination of i = 0.5¢ radians, and randomized phase angles. Additionally, planets

were designated as "removed” once their distance from the star exceeded 100 AU.

3.4.1 Pebble Accretion Simulations

Initial conditions comprise of
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(a) The mass, radius, and density of the gas disk at t=0. Additionally, other values pertain-
ing to the gas disk, as mentioned in the above section, were specified in the input files.

The dust-to-gas ratio was set to 0.01.

(b) Planetesimals, embryo cores, and planet cores that were enveloped within the gaseous
disk were produced through the utilization of a FORTRAN code in conjunction with pre-
existing subroutines. The following equations governed the orbital elements (radius, ec-
centricity, semi-major axis, inclination, etc.). A migration trap (equivalent to a pressure
bump in the gas disk) was set at 5 AU for large planets to prevent migration into the Sun

and avoid using very short time steps.

The mass-radius relationship for embryos and planet cores that we use here is given
by Seager et al. (2007)33. The following equation is satisfied by cold terrestrial planets

M < 20M,, of all compositions.

10g(3.3RR@) =kt %mg(%) - kQ(%Y (3.1)

where M and R are the mass and radius of the planet, and where k; = —0.20945, ky =
0.0804, and k3 = —0.394. This equation is true for the total mass of planets up to M, =
20M,,. Seager et al. (2007)% convincingly tested the same equation for gas giants with
fixed core masses of 5, 10, 20, 50, and 100 M.

The maximum radius of planetesimals was set to 2000 km. Consequently, the maximum

mass of planetesimals in the initial distribution is given by the equation®:

S \-3/2 B 6/7
My nie = 18.8Ms (14+ ——) " LYMT (1) (3.2)

Olturb lau

where S is the Stokes number and a1, is the accretion strength due to turbulence.

The slope of the initial size distribution was set in radial distribution and not mass (slope
for mass dist. is approx. three times in a log-log plot). Both shallow and steep size

distributions were tested. The total mass of the planetesimal disk and the minimum and
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maximum radius of the planetesimals were kept as variable parameters. The maximum
radius was set such that the resulting planetesimals are smaller than Mars’s mass cores.

The radii are generated from a random number as

Tpltms = Tmingil/ﬁ (33)

where ( is a random number from an uniform distribution between (0, 1) and g is the size-
frequency distribution slope. The other orbital elements (semi-major axis, eccentricity,
inclination, the longitude of the node, the argument of perihelion, and mean anomaly) are

uniformly generated with their appropriate multiplicative factors and limits.

However, due to the above-mentioned constraints, the initial distribution of planetesimals

was not a direct power law but a truncated Pareto distribution.
Explanation of the Truncated Pareto Distribution3:
Let 2 be a random variable taking values in the interval [a; 00|, a > 0. Then the Pareto

distribution function has a probability density function (PDF) given by

f(z;a;¢) = ca®z™ ") with e > 0, (3.4)

Both the cumulative distribution, P(X > z), also called the survival function, and the
probability density function will give us a straight line on a log-log plot (linear fit on the plot

3.1) but their slopes differ by 1. The survival function is given by

P(X > z) = ac “withe > 0, (3.95)

A truncated Pareto random variable is defined in the interval [«; b], and the corresponding
PDF is

Cacx—(c-i—l)

fT<l‘, a; b, C) = 1_—(2)0
b
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On a log-log plot, the distribution function P(X > x) for this exhibits an almost linear trend,
with a sharp drop when = — b.

1 —ax™¢

P(X >z) = = (@) (3.7)
b

The above discussion is illustrated in the following figure for the initial size-frequency

distribution of planetesimals.

10°

Max for slope 2.5
Max for slope 4.5

=
o
~

Count (N>M)
/
/
;'
yd
//

1
10 slope (inr) = 2.5

slope (inr) = 4.5
—— (0.194*x**-1.306)
10° (0.030*x**-1.542)

10° M (Earth masses) 10°

Figure 3.1: Initial size distribution for radial distribution with slope 5 = 2.5 (green) and 4.5
(red). Both data sets follow a truncated Pareto distribution, as expected. The slope for
the initial size distribution set to 5 = 2.5 in the graph is 3.6. This is a consequence of
truncated Pareto distribution on a fairly narrow range.

| have a fixed number of planetesimals and total mass while generating planetesimals,
with the radius changing. Since 5 = 4.5 is steeper, and their maximum radius was fixed to
2000 km, to keep the number of bodies the same, in the distribution, | get heavier bodies
for the steeper slope than g = 2.5.

3.4.2 Core Accretion Simulations

With improved computational power, availability of GPU cores, and a competent GENGA

code®, | decided to test the Core Accretion theory?®. The runs were done with different
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planetesimal populations with varying mass, size distributions, and numbers, between 5.5
AU and 30 AU. These simulations were run for 10 million yrs and concentrated only on
the formation of giant planet cores, not the consecutive gas accretion. The total mass of
planetesimals was fixed to 30 or 40 M, and their maximum radius was fixed to 2000 km.
We varied the number of planetesimals from 10K to 45K. The disk’s inner edge was set
to 3.5 AU and the outer edge to 100 AU. The Core Isolation Mass (the mass at which the

growth rate decreases rapidly) is set to approximately 20,
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Resulis

In the preceding chapter, | explicated the parameters within the selected parameter space.
The optimal values of these parameters were chosen to achieve the most accurate repli-
cation of our objective. This chapter will focus on the simulations conducted, their respec-
tive outcomes, and the underlying justification for selecting the final set of parameters for

each simulation.

4.1 Simulations with Pebble Accretion onto Two Planet
Cores

The objective of these computer simulations was to create giant planets in a gaseous disk
using two planet cores. They initiated with Jupiter (0.01M) and Mars (0.001M,,) cores at
5.6 AU and 1.5 AU, respectively, in order to determine three important disk parameters:
ta, urh, @nd gas accretion parameters b and c. Both Ida and Ormel pebble accretion
models (peb_flg = 0, 1) were tested. To avoid the cores from experiencing type | migration
during the accretion process, migration was disabled. The simulations were conducted for
a period of 5 Myrs to observe the final planetary evolution. The results for these simulation

sets are summarized in the following table.

In the table 4.1, we list the values for the given parameters that we tested, and below that,

we list the best-fit parameters:
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Table 4.1: Disk Parameters for Two Planet Simulations

S.No. Parameter Values of Par. Remarks
1 tair 10° Gas diffused too quickly for the planets to accrete
106 Forming Jupiter-sized planets
107 Gas stays for long period; not very reasonable
2 Qurb 107° Planets did not accrete a lot
1074 Forming Jupiter-sized planets
1073 There is no physical explanation for a high accretion strength due to turbulence
3 Gas Acc. Par. b 108 Giving positive results
10° Giving negative results
c 2.0 Gives negative results for the Ida prescription of pebble accretion
3.0 Giving positive results
4.0 Forms very heavy gas giants that are not seen in solar system
4 peb flg 0 Forming gas giants and Earth-sized cores across the disk
1 Forming gas giants near the inner edge of the disk

taig = 1 Myr b= 10%yr

Qb = 1074 =3

Figure 4.1 indicates the mass and semi-major axis of planets formed with the chosen

parameters.
103 (a) Peb_flg=0 103 (b) Peb_flg=1
o
[
10? 102
10! 10!
w m
[ [
ﬁ 10° ﬁ 10°
1S €
© ©
ﬁ 1071 § 10-1
€ €
1072 1072
1073 1073
-4 -4
10 4 6 8 0 2 4 6 8 10
a (AU a (AU
(AU) @ )core M core (Av)

Figure 4.1: Result at the end of 5 Myrs. For both the pebble accretion prescriptions, we
can see that Jupiter core (green) grows above 300 Earth masses. The Mars core (orange)
does not grow because the pebble migration is shut off by the growing Jupiter.
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Table 4.2: Disk Parameters for Multiple Embryo core Simulations

S.No. Parameter Values of Par. Remarks
1 tair 100 Forming Jupiter-sized planets
0.5 x 10¢ Decreased the diffusion time of gas to constrain growth of gas giants; produces gas planets in desired mass range.
2 Qturb 1071 Decided in above section
3 Gas acc. par. b 108 Decided in above section
107 Small test was done with slower accretion rate to see if planets accrete as desired. It didn't.
4 ¢ 3.0 Decided in above section

5 peb_flg 0 Forming gas giants and earth-sized cores across the disk
1 Forming gas giants near the inner edge of the disk

6 N 7 Accretion was as expected

14 Accretion was as expected
7 Tout 100 Reasonable value to obtain gas giants

500 For same disk mass, disk surface density reduces significantly and does not produce giant planets.
8 Maisk 0.05 Reasonable value to obtain gas giants

0.1 High disk mass resulted in overly massive planets
9 to on Giving negative results

off Giving positive results
10 f 1 Ideal Value

0.1 Giving negative results

0.5 Giving positive results

4.2 Simulations with Pebble Accretion onto multiple em-
bryo cores

The subsequent stage involved examining whether the parameters outlined in 4.2 led to
the formation of gas giants via pebble accretion onto embryos in the protoplanetary disk.
The simulations were once again conducted for both accretion efficiency models. Lunar-
sized embryos, each 0.01 M., were evenly distributed between 5 AU and 30 AU and
permitted to undergo migration while undergoing pebble accretion. The inner boundary
of the disk was established at 5 AU in order to prevent further inward migration. The
growth pattern of planets was consistent with an inside-out process, as pebbles were
drawn toward the Sun due to inward drift. The subsequent table provides an overview of

the parameter range and corresponding outcomes.

As is clear from the above table 4.2, | selected the following values for the given parame-

ters that yielded the best outcome:
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taig = 0.5 Myr b =100 Myr c=3.0
Qe = 1074 pebflg = 1 f=1,05
Disk taper = off mgix = 0.05Mg  rp = 100 AU

With this value of ¢4 the accretion rate onto the star becomes approximately 107 M, yr—!
after about 5 Myr of evolution. At this accretion rate, photo-evaporation of the disc may
be set in Matsumura et al. (2021)°, and the disc density decreases rapidly. As such, | ran
our production simulations for 5 Myr. Figure 4.2 indicates the mass, semi-major axis, and

eccentricity of planets formed with the chosen parameters.

(a)

10°

Jupiter

Saturn hd

=
?.

m (earth masses)

-
A

10°
100 10! 102
a (AU)

Figure 4.2: Simulations with Pebble Accretion onto Embryo Cores: With (a)7 cores, gas
giants are formed. With f = 1 (green), both Jupiter and Saturn mass planets are formed,

while with f = 0.5 (orange), only Saturn is formed. Error bars are a measure of eccentric-
ities.
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(b)
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Figure 4.2: Simulations with Pebble Accretion onto Embryo Cores: With (b) 14 cores,
gas giants are formed. With f = 1 (green), both Jupiter and Saturn mass planets are
formed, while with f = 0.5 (orange), only Saturn is formed. Error bars are a measure of
eccentricities.

4.3 Production Simulations: Pebble Accretion onto Plan-
etesimals

The previous simulations resulted in the production of eccentric giant planets. However,
if the simulations were continued for over 5 Myrs, some of these gas giants could have
been scattered out of the system, leaving only one or a few planets behind. This outcome
conflicts with the observation of the solar system, which contains two gas planets (Jupiter

and Saturn) with very low eccentricities.

To address this discrepancy, the introduction of planetesimals and pebbles into the system
is hypothesized to dampen the eccentricities of the gas giants by decreasing their angular
momentum while also growing their masses®. In this set of simulations, the focus was
on generating the optimal population of planetesimals that can accrete to form both gas
giants and icy planets. The simulation parameters were selected based on the variation

of the total mass, size distribution, and total number. The planetesimals were located
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between 5 AU and 25 AU, and a few runs with peb_flg = 0 were conducted to evaluate

their reproducibility in the new environment.

As a part of the Production Simulation study, over 400 runs were conducted using 30
different parameter combinations. All simulations were optimized for the formation of
Saturn. The parameter space used and analyzed in these simulations is presented in the

flowchart shown in Figure 4.3.

4.3.1 Pebble Accretion is sensitive to different parameters

| started with a detailed examination of individual parameters. This entails the comparison
of the final mass (size) distribution functions, corresponding to various parameters, at the

end of 5 Myrs.

The figures (Fig. 4.4) depict cumulative functions combined from the output of 15 simu-
lations, comparing f, peb_flg, m., slope 5 and N.. Nearly all of the representative data
sets exhibit a probability of over 60% for the formation of Saturn-mass planets. How-
ever, subtle variations arise when analyzing each parameter individually. In particular, the
peb_flg parameter shows little variation, except when the sticking efficiency f is maximal.
The number of planetesimals N and the initial size distribution of planetesimals 5 do not
display significant differences in the formation of Saturn and heavier gas giants. As an-
ticipated, an increase in the total mass of planetesimals m;,; leads to the formation of
heavier planets. Notably, the probability of obtaining Saturn increases with higher sticking
efficiencies f. The outcome seems to be most sensitive to the original planetesimal disk

mass, my.t, and sticking efficiency, f.
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Figure 4.4: Final Size distributions of planetesimals and planet cores. The graphs give a
comparison between (a) peb_flg and f, and (b) f
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4.3.2 Probability of forming Saturn

To determine the success rate of the formation of Saturn, probability distribution graphs
were generated. While the simulations were designed specifically for attempting to form
Saturn, the resulting figures demonstrate the formation distribution of Saturn, Jupiter, and
ice giants analogs for all sets. The four variables analyzed include accretion efficiency
(peb_flg), the slope of the initial planetesimal distribution (), the total mass in planetes-
imals (my), and sticking efficiency (f). The Frequency of occurrence depicted in these

graphs, refers to the # sets with Planets per Run (binned) value.
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Figure 4.5: Frequency of occurrence vs probability of forming of planets: Cumulative
distribution of all sets for (c) m., and (d) f.
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The highest probability (refer x-axis of fig. 4.5) of forming Saturn is for the parameters:
pebflg =1, 8 = 4.5, my,y = 4 and f = 0.75. However, | only form Jupiter analogs with
reasonable probability when peb_flg = 0, but at the expense of forming Saturn analogs.
Ice giant formation seems to be a low-probability occurrence for all combinations of pa-
rameters. It is not clear why the steeper slope produces better Jupiter analogs. The
higher sticking efficiency produces more Jupiter analogs seems clear because accretion

is generally faster than with higher sticking efficiency.

4.3.3 We do not get all three types of giant planets together

From the above two-fold analysis, | used the following two sets of combinations of input

parameters to display the final orbital distribution of planets.

pebflg=0 f=1 Myt =4 f=45 N =15K
pebflg=1 f=07 my =4 =45 N =24K

The following figure (Fig. 4.6) shows the final orbital element distribution for the above 2

sets.
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Figure 4.6: Log-log Mass vs. semi-major axis as a measure of eccentricity for the two
selected sets. Initial Conditions: (a) peb flg =0, f =1, mys =4 Mg, = 4.5, N = 1.5K
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Figure 4.6: Log-log Mass vs. semi-major axis as a measure of eccentricity for the two
selected sets. Initial Conditions:(b) peb_flg = 1, f = 0.75, myos = 4 Mg, B = 4.5, N = 2.4K.

Although both groups contain a significant number of gas giants and ice giants with mod-
erately high eccentricities, their combined distribution across all 15 trials is displayed in
Fig. 4.6. In order to obtain a more accurate comprehension of the planet’s distribution

after 5 Myrs, | scrutinized each experiment separately, as illustrated in Figure 4.7.
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Figure 4.7: Mass vs semi-major axis distribution for each run of the two selected sets.
Initial parameters: (a)peb flg =0, f =1, mys = 4 Mg, = 4.5, N = 1.5K; (b)peb_flg = 1,
f = 0.75, my, = 4 Mg, 8 = 4.5, N = 2.4K. Mass ranges: Saturn (75,115) M; Jupiter
(254,380) M,; ice giants (10,20) M.
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It is evident that there are significant variations among all the trials in terms of the number
of giant planets, their eccentricities, and the remaining mass of planetesimals. The runs
with more planetesimals have a lower number of giant planets as well as they are less
massive. Notably, we have not observed the formation of gas giants and ice giants in
the same trial. The likelihood of obtaining Saturn with peb_flg = 0 and f = 1 is only 30%,
with a greater chance of producing more massive gas giants. Conversely, the likelihood
of obtaining Saturn with peb_flg = 1, f = 0.75 is more than 60%, with a considerable

probability of generating ice giants.

4.4 Saturn Formation Time analysis

The successful formation of Saturn within a time frame of 5 Myrs has been demonstrated.
In this section, | assess a theory outlined in the Introduction, which suggests that the
Hf-W reset age of the Eagle Station Pallasite provides constraints on the time of Saturn’s
formation, estimated to be 2.8 Myrs. The final mass attained by a planet core with a mass
of 75Mg, as a function of its formation time was examined, as illustrated in Figure 4.8 (a).
The second graph, depicted in Figure 4.8 (b), presents a normal distribution fit for the time
of Saturn’s core formation. Both of these graphs were generated from the experiments

that resulted in the formation of Saturn within 5 Myrs.

The figure (Fig. 4.8) reveals a linear relationship between the accretion time and the final
mass achieved by a 75M, core, whereby earlier formation results in a more massive core
at 5 Myrs. As such, it seems that the giant planets in the solar system could have formed
sequentially. However, the formation time of Saturn has a wide distribution, with greater
variability observed for f = 0.5 than for f = 0.75 or 1. The mean formation time of Saturn
is presented in the lower panel as (tsatum) = 3.09 + 1.33 Myrs, which is in agreement with
the Hf-W reset age of 2.8 + 1.6 Myrs, lending support to our hypothesis. The standard
deviation in the normal distribution is attributed to the differing influences of peb_flg, my.t,
and f.
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consists of data sets with different f. (b) Normal distribution of Formation time of Saturn.
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The data set is constrained for Saturn Masses between 90,100 M.

To further validate the results of our simulations, | did the same analysis for the formation
of an ice giant core (critical mass of 12M). Similar to the trend observed in Figure 4.8,
a linear relationship is observed between the accretion time and final mass achieved by
ice giants as well. Figure 4.9 indicates that Uranus and Neptune have very late formation

times. The mean formation time of ice giants is (ti..) = 4.90 & 0.03 Myrs. The uncertainty

is low because the ice giants formed at the very end of the simulations.
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Figure 4.9: (a) Time of Accretion of 12M,, core vs final mass reached. The distribution
limits are between 3-5 Myrs. (b) Normal distribution fit of formation time of ice giants.

To conclude the results section, the next figure (Figure 4.10) depicts the time evolution of
the orbital elements of planetesimals, cores, and planets for a selected set over a period
of 5 Myrs.
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Discussion

| verify that a particular combination of parameter values will ultimately lead to the creation

of Saturn after 5 million years. The parameter values are given in the following table
5.1.

Table 5.1: Accepted Parameter values for Saturn formation

Parameter Value
taif 0.5 Myr
urb 1074
b, c 108yr, 3
peb_flg 1
f 0.75
Mot 4 Mg
B 4.5
N 1-5K
Disk Taper Off
Mdisk, Tout 0.05Mg, 100 AU

It is imperative to distinguish between the outcomes of simulations conducted on systems

with high and low levels of self-gravitating particles. The accompanying figure (Fig. 5.1)
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portrays an anomaly that arises when there are limited self-gravitating planetesimals in the
system. Although the findings pertaining to the desired parameters of this investigation
(m > 10Mg) are comparable, it is worth noting the absence of accretion for particles with

masses lower than my;,,, which is deemed nonphysical.

® low #self-g

10° ® high #self-g

10?

10"

Count (N>M)

10?

10° 102 10" 10° 10! 10?
M (Earth masses)

Figure 5.1: Final Size distribution for simulations with low and high number of self gravi-
tating particles. The plot with low-self gravitating particles (green) is not physical. Initial
Conditions: my., =4 Mg, f = 0.75, peb flg =1, 8 = 4.5.

In the simulations with embryo cores, | opted for Ormel’s pebble accretion prescription
(peb_flg = 1) due to its suitability for planetesimals and growing planets having eccentric
and inclined orbits. As the growing planets migrate inwards, their eccentricities can solely
be reduced through the transfer of angular momentum to smaller particles through scat-
tering. In the absence of any particles besides the cores and pebbles in these simulations,
the eccentricities persisted at high levels (see the Embryo accretion experiments), thereby
enabling effective accretion with Ormel’s prescription. Nonetheless, the inclusion of plan-
etesimals in the system may render this approach ineffective, and as such, | conducted

simulations employing both prescriptions in the production simulations.
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5.1 Nuances in Production Simulations

The impact of five parameters, namely peb flg, f, m.., N and 3, on the formation of outer
solar system planets was studied using production simulations. The pebble accretion
formulation proposed by lda (peb_flg = 0) was found to be more efficient in forming Jupiter
analogues compared to Saturn analogues. However, since the study focused on the
formation of Saturn, Ormel’s prescription (peb_flg = 1) was chosen for higher probability
of Saturn formation. The effect of the parameter values on ice giant formation was not
significant. Similarly, the sticking efficiency was found to impact the formation probabilities
of Jupiter, Saturn, and ice giants. The data presented in Figure (4.5) showed that the
probability of formation of outer solar system planets was significantly impacted by varying
parameter values. It should be noted that the analysis of some sets, such as those with
pebflg = 0 and m,, = 0.5 Mg, was based on a limited number of samples. Further
simulations are planned to improve the statistical significance of the results presented in

this study, particularly for Jupiter formation.

The initial size-frequency distributions of planetesimals have subtle differences in their
effect on planet formation, despite the truncated Pareto effect. A heavier body distribu-
tion at the outset, such as with 5 = 4.5, increases the probability of forming gas giants
compared to 5 = 2.5. Although statistical analysis on the effect of m,.; was limited, it was
observed that m,; = 1 and 4 M., were both effective for the study’s purposes. The final
size distributions above 10 M, were similar for all parameters, but differences were noted
below that threshold. A higher sticking efficiency (f = 0.75/1), pebble accretion efficiency
(peb_flg = 0), slope (8 = 4.5), and a total planetesimal mass (m,, = 4 Mg) produced an
elevated distribution of objects between 0.1M and 1M, after 5 million years. This distri-
bution of remaining planetesimals impacts the migration of gas giants due to scattering,

which in turn affects the formation of terrestrial planets.
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5.2 Giant planet evolution

The selected parameter combinations produced the desired gas giants and ice giants, but
their distributions in orbital elements were unique. It is noteworthy that, with peb_fig = 0
and f = 1, where the pebble mass flux is higher, we obtain not only more giant planets,
but also a wider distribution across the semi-major axis. This is due to faster accretion
rates, which allows most planetesimals to grow. Conversely, with peb_flg = 1 and f = 0.75,
inward migration dominates over accretion, resulting in mostly giant planets within 10 AU
and a larger population of low-mass planetesimals remaining. This suggests that these

two systems will evolve differently after 5 million years.

| demonstrated that the average time for the formation of the Saturn analogues is 3.09 +
1.33 million years. However, the precise formation time depends heavily on the specific
combinations of parameters such as peb_flg, m., and f. | lacked sufficient data points
with a fixed Saturn mass range of 90 — 100 M, to compare the effects of different pa-
rameters on its formation time. Additional simulations are necessary to make definitive
conclusions. Additionally, it should be noted that these planets, particularly those formed
before 3.5 million years, can be ejected from the system due to high eccentricities during

their evolution.

5.3 GPU Core Accretion Simulations

The GENGA code was used to run core accretion simulations on GPU with various plan-
etesimal populations and disk conditions for 10 million years. The Cumulative Distribution
graph shown in Fig. 5.2 indicates that there were no planets larger than lunar-mass em-
bryos, leading to the conclusion that the formation of gas giant cores was primarily due to

pebble accretion rather than core accretion.
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Figure 5.2: Final size distribution at 10 Myrs for Core accretion simulations: No giant
planet cores were obtained
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Conclusions and Future Work

The primary objective of this research was to accurately replicate the formation of Saturn
within the gas disk of the outer solar system. The study yielded several fresh findings.
It was posited that in the absence of a planetesimal disk, the giant planets will attain
high eccentricity. It was confirmed that a particular combination of parameter values will
result in the emergence of Saturn after a span of 5 million years. The process of Pebble
Accretion was shown to be sensitive to various parameters and initial conditions of the
disk, particularly with regards to peb_flg and f, while showing limited variation in mtot,
and 5. Although N did not significantly impact the outcomes, it is worth considering the

potential effects of distinguishing them based on their order of magnitude.

The results suggest that the formation of gas giants could have occurred in a sequen-
tial manner, with Jupiter, being the most massive, formed first, followed by Saturn and
then the ice giants. The average formation time for Saturn is estimated to be (tsatum) =
3.09 + 1.33 Myrs, while the mean formation time for ice giants is (tc.) = 4.90 4 0.03 Myrs.
Notably, the formation time of Saturn aligns closely with the Hf-W reset age of the Ea-
gle Station pallasite, which presents an opportunity for further investigation into meteorite

chronology.

It proved to be a challenging task to replicate the formation of all four giant planets in
the outer solar system through a single simulation. Consequently, this implies that either

some crucial factor has been overlooked or further exploration of parameter space is
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required. Furthermore, it is possible that the remaining mass of planetesimals may impact
the eccentricities of gas giants and their migration. To fully understand the influence of
gas giant formation on the dynamics of the solar system, it is necessary to analyze a
time span of at least 10 million years. Such an investigation should explore the presence
of orbital resonances as well as the consequences of planetesimals and pebbles drifting

inwardly, including their impact on the composition of the terrestrial planets.

The presented investigation relied on data derived mostly from single CPU-core runs,
featuring exclusively self-gravitating particles. However, the utilization of parallel SyMBA
code enables us to conduct simulations that include all planetesimals as self-gravitating
entities, providing greater computational power and the ability to more accurately repli-
cate the formation of the solar system within an expedited time-frame. Consequently, we
intend to incorporate the parallel SyMBA code in forthcoming analyses for the purpose of

accelerating our research outcomes.
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