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Abstract

Our understanding of the planet formation has been rapidly evolving in recent years. The
classical planet formation theory, developed when the only known planetary system was our
own Solar System, has been revised to account for the observed diversity of the exoplanetary
systems. At the same time, the increasing observational capabilities of the young stars and their
surrounding disks bring new constraints on the planet formation process. In this chapter, we
summarize the new information derived from the ion and the ci disks
observations. We describe the new developments in planet formation theory, from dust evolution
to the growth of planetary cores by accretion of planetesimals, pebbles, and gas. We review the
state-of-the-art models for the formation of diverse planetary systems, including the population
synthesis approach which is necessary to compare theoretical model outcomes to the exoplanet
population. We emphasize that the planet formation process may not be spatially uniform in the
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The emerging paradigm of pebble accretion

Chris W. Ormel

Abstract Pebble accretion is the mechanism in which small particles (‘pebbles’)
accrete onto big bodies (planetesimals or planetary embryos) in gas-rich environ-
ments. In pebble accretion, accretion occurs by settling and depends only on the
mass of the gravitating body, not its radius. I give the conditions under which peb-
ble accretion operates and show that the collisional cross section can become much
larger than in the gas-free, ballistic, limit. In particular, pebble accretion requires
the pre-existence of a massive planetesimal seed. When pebbles experience strong
orbital decay by drift motions or are stirred by turbulence, the accretion efficiency
is low and a great number of pebbles are needed to form Earth-mass cores. Pebble
accretion is in many ways a more natural and versatile process than the classical,
planetesimal-driven paradigm, opening up avenues to understand planet formation
in solar and exoplanetary systems.

1 Introduction

Ormel 2017, Johansen & Lambrechts 2017, Drazkowska et al. 2023
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Pebble Flux

The dust mass evolution in disk is consistent with a pebble flux of 100 Mearth/Myr

| Class 0

] w== Class |

J === Tau+Lup+Cha
4 = CrA

4 ==== Upper Sco

0.50 1 Class Il
[ Debris

o

N

Ul
]

0:25 =

Cumulative Fraction of Stars

0.00 . "
0.01 1 100

Mass in dust and pebbles (Mg)

Drazkowska et al. 2023



y(H)

0.050

0.025

0.000

—0.025

—0.050
—0.050

—0.025

log(2p/(2p))

0.000
X(H)

Terrestrial Planet Formation
From Pebbles and Planetesimals to Planets

w

N

[aey

o

0.025 0.050



Core Accretion: From Planetesimals to Planets
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Abstract

New numerical simulations of the formation of the giant planets are presented, in
which for the first time both the gas and planetesimal accretion rates are calculated
in a self-consistent, interactive fashion. The simulations combine three elements:
(1) three-body accretion cross sections of solids onto an isolated planetary embryo,
(2) a stellar evolution code for the planet's gaseous envelope, and (3) a planetesimal
dissolution code within the envelope, used to evaluate the planet's effective capture
radius and the energy deposition profile of accreted material. Major assumptions
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Terrestrial Planet Formation

Core Accretion: From Planetesimals to Planets

 Hill Dynamics (how cores grow)
« Growth rates (how fast cores grow)

 Isolation mass (how massive cores grow)



Problem

* Growing planets by planetesimal collisions.
* There are a trillion planetesimals.
* Statistical treatment needed

Aims

* Find collision rate for planetesimal distribution
* Determine outcome of collisions
* Putitalltogetherin a model



Growth rate
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From runaway growth to oligarchic growth

= ——SQnR?f

dm /3
dt 2

The growing embryo “heats” the planetesimal disk.

4 )

Low v, (f>>1)

1 dm
——xXm
m dt

1/3

Largest body grows fastest

\ Runaway growth J

(High Vims (f ~ 1)\

1dm _
—
m dt m

Largest body grows slowest

1/3

\ Oligarchic growth




Growth regimes
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Hill (local) approximation
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Planetesimal Accretion
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Planetesimal Accretion is inefficient

Planetesimal scattered by protoplanet

Gravitational\cross-section (capture radius)
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Hill radius



Isolation Mass
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Isolation Mass

Of the order of the Hill radius

Protoplanet accretes all planetesimals in its feeding zone
(evenis collisions happen, the amount of gravitational binding
energy is such that the fragments reaccumulate)

Onion Shell Rubble Pile




Core Accretion and Oligarchic Growth
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Core Accretion and Oligarchic Growth
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Core Accretion and Oligarchic Growth
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Planetesimal accretion is TOO SLOW in the outer solar system

Problem

Low growth rates for Uranus and Neptune
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Planetesimal Accretion is inefficient

Planetesimal scattered by protoplanet
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Pebble Accretion

« pebble
« planetesimal

Rapid growth of gas-giant cores by pebble accretion

Abstract
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detected by direct imaging at wide orbital distances. In this paper, we numerically study the growth of cores by the accretion of cm-

sized pebbles loosely coupled to the gas. We measure the accretion rate onto seed masses ranging from a large planetesimal to a m
Graphics fully grown 10-Earth-mass core and test different particle sizes. The numerical results are in good agreement with our analytic t
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Pebble Accretion
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Bondi Accretion

e On spherically symmetrical accretion

I Abstract
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Pebble Accretion: Geometric, Bondi, and Hill regime

Bondi accretion - Bound against headwind
Hill accretion - Bound against stellar tide
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THE DENSITY OF MID-SIZED KUIPER BELT OBJECT 2002 UX25
AND THE FORMATION OF THE DWARF PLANETS

M. E. BROWN
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ABSTRACT

The inferred low rock fraction of the 2002 UX25 system o moiins
makes the formation of rock-rich larger objects difficult to ), e for
explain in any standard coagulation scenario. For example, * ;3%0kn

? ould provide

to create an object with the volume of Eris would require racterizaion,

a diameter of

assembling ~40 objects of the size of 2002 UX25. Yet the ol systen
assembled object, even with the additional compression, would cpresntation
still have a density close to 1 g cm™ rather than the 2.5 g cm ™ """

density of Eris (Sicardy et al. 2011). ss: formation

»  Extremely low porosity;
» Biased sample;
»  Compaction through giant impacts

None of these alternatives appears likely. We are left in
the uncomfortable state of having no satisfying mechanism to
explain the formation of the icy dwarf planets. While objects up
to the size of 2002 UX2S5 can easily be formed through standard
coagulation scenarios, the rock-rich larger bodies may require a
formation mechanism separate from the rest of the Kuiper belt.

Density (g cm™3)

The size-density relationship of Kuiper Belt objects

3.0
2.5 *
Eris
2.0 * *Triton
Quaoar Haumea Pluto
* Charon
1.5 A
* * +Orcus
1.0 1 Salacia
Ceto
* Varda
2002 UX25
XX
0.5 1
Sila)
Typhon
Altjira  Lempo
00 T T L L L | T T T L AL |
1074 1073 102 1071 100

Caflas+Lyra et al. (2024)

Mass (Mpjuto)

Data; Thomas (2000), Stansberry et al. (2006), Grundy
et al. (2007), Brown et al. (2011), Stansberry et al.
(2012), Brown (2013), Fornasier et al. (2013), Vilenius,
etal. (2014), Nimmo et al. (2016), Ortiz et al. (2017),
Brown and Butler (2017), Grundy et al. (2019),
Morgado et al. (2023), Pereira et al. (2023).



The size-density relationship of Kuiper Belt objects

Extremely low porosity?
Biased sample?

Compaction through giant impacts?
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Current best bet:
Porosity removal by gravitational compaction

Problem 3000 a)
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Core Accretion Rocky planets
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Abandoning Constant Composition

Heating and UV irradiation remove ice on Myr " 10716
timescales (Harrison & Schoen 1967) r=30au drift limi :
7 riit 1m1tI 10-17
« Small grains lofted in the atmosphere lose ice I <
6_ | %
* Big grains are shielded and remain icy. S 5k | 10718 é
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Y (AU)

t = 0.016 Orbits

Split into icy and silicate pebbles
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Density (g cm™3)

The first planetesimals are icy
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Core Accretion (...15 yrs ago) Rocky planets
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Core Accretion
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Integrate pebble accretion

Bulk Density (g / cm?)
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Pebble Accretion: Pebbles of different size accrete differently

Bondi Regime
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Polydisperse (Multi-Species) Pebble Accretion

ps(a, z) = j(;a m(a’) F(a', z) da’.
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Analytical theory of polydisperse (multi-species) pebble accretion

Monodisperse (single species)
M3D = lim M = 7TRaZOde06v’
§—0

lim M = 2Racc2d6v,

M, =
2D ¢ oo

Lambrechts & Johansen (2012)

Polydisperse (multiple species)

M o 6(1—[7) Stmax
DRNT 94 54-3k \ 0.1

b+l b+l -
M NC 71 (IT’JlafIIaX) +C ’7[ (.Ti.]za‘:nax)
3D,Bondi ~ C1 (bi+D)/s 2 (b2+1)/s
5Jh SJ2
o (22, j3a5a) o (2, jaahny)
3 (b3+1)/s +Ca (ba+1)/s
53 Sl

Lyra et al. (2023)

2/3
) QRLZY,.

3

M (Mg yr)

Polydisperse Numerical vs Analytical - 20AU - a,,,x=1 cm
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Analytical Solution for
General Monodisperse (single species) Pebble Accretion

Pebble Accretion Rate

2.5
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y = (x/2)**2

# Modified Bessel function of the first kind of real order. -1 ' i 0
I0 = sp.special.iv(0, y) 10 10
Il = sp.special.iv(1l, y)
' Racc/2Hp

Sint = np.exp(-y) * (I0 + Il)
rho_int = rhop * Sint
Mdot = pi*r**2 * rho_int * deltav

Lyra et al. (2023)
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gammall = sp.special.gammainc((bl+1l)/s,jl*a**s)*sp.
gammal2 = sp.special.gammainc((b2+1)/s,j2*a**s)*sp.
gammal3 = sp.special.gammainc((b3+1)/s,j3*a**s)*sp.
gammal4 = sp.special.gammainc((b4+1)/s,jd*a**s)*sp.
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Mbondi3d = G1 + G2 + G3 + G4

Analytical Solutions for
2D and 3D Polydisperse (multi-species) Pebble Accretion
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M (Mg /yr)

Accretion Rates

Accretion at 5AU - Polydisperse max(a.)=10 cm
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Accretion Rates
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Accretion Timescales

Accretion Timescale - amax=1.0cm
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Density (g cm™3)

Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years
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Pebble Internal Density

Ice Volume Fraction

Mass Accretion rate

M (Mpiutolyr)
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Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years

Density (g cm™3)
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Resulting Densities vs Mass relations
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M (Mpiytolyr)

The window of silicate accretion
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Conclusions

Polydisperse Bondi accretion 1-2 orders of magnitude more efficient than
monodisperse

» Best accreted pebbles are those of drag time ~ Bondi time, not the largest ones
+ The largest ones dominate the mass budget, but accrete poorly
T = 5.3513e+02 Years
Onset of Bondi accretion 1-2 orders of magnitude lower in mass compared to 3.0 100.0
monodisperse

90.0
» Bondi accretion possible on top of Streaming Instability planetary embryos 231 * 80.0
within disk lifetime
+ Reaches 100-350km objects within Myr timescales - 4 70.0
Analytical solution to = * % 60.0
5 *
(=)
* Monodisperse general case E =) * 20.0
« Polydisperse 2D Hill and 3D Bondi = +
9] 40.0
° 1o ‘+’ 0.0
KBO density dichotomy problem: o o * '
20.0
«  Two different pebble populations, maintained by ice desorption off small grains 0.57]
«  Streaming instability: icy-rich small objects; nearly uniform composition 10.0
* Polydisperse pebble accretion: silicate-rich larger objects; varied composition
. Meltlng avoided by 6.0 10'—4 10'—3 10'—2 10'—1 1(')0 0.0

* ice-rich formation
«  2Alincorporated mostly in long (>Myr) phase of silicate accretion
» KBOs best reproduced between 15-25 AU

Mass (MPIuto)

Lyra et al. (2023), Canias et al. (2024)
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