Contents

Preface

Observations of Planetary Systems

11
1.2
13
14

15
16
1.7

1.8

1.9

Solar System Planets

The Minimum Mass Solar Nebula
Minor Bodies in the Solar System
Radioactive Dating of the Solar System
1.4.1 Lead-Lead Dating

1.4.2 Dating with Short-Lived Radionuclides
Ice Lines

Meteoritic and Solar System Samples
Exoplanet Detection Methods

1.7.1 Direct Imaging

1.7.2 Radial Velocity Searches

1.7.3 Astrometry

1.7.4 Transits

1.7.5 Gravitational Microlensing
Properties of Extrasolar Planets

1.8.1 Parameter Space of Detections
1.8.2 Orbital Properties

1.8.3 Mass-Radius Relation

1.8.4 Host Properties

Habitability

1.10 Further Reading

Protoplanetary Disk Structure

2.1
2.2

Disks in the Context of Star Formation
Observations of Protostellar Disks

2.2.1 Accretion Rates and Lifetimes

2.2.2 Inferences from the Dust Continuum
2.2.3 Molecular Line Observations

page Xi

O o PN -

12
13
14
16
18
19
21
26
27
32
34
35
37
40
42
44
48

49
49
ol
52
53
55



Contents

2.2.4 Transition Disks 56
2.2.5 Disk Large-Scale Structure 56
2.3 Vertical Structure 57
2.4  Radial Force Balance 59
2.5 Radial Temperature Profile of PassiveDisks 60
2.5.1 Razor-Thin Disks 61
2.5.2 Flared Disks 63
2.5.3 Radiative Equilibrium Disks 65
2.5.4 The Chiang-Goldreich Model 68
2.5.5 Spectral Energy Distributions 69
2.6 Opacity 71
2.7  The Condensation Sequence 73
2.8  lonization State of Protoplanetary Disks 75
2.8.1 Thermal lonization 75
2.8.2 Nonthermal lonization 76
2.9  Disk Large-Scale Structure 80
2.9.1 Zonal Flows 80
2.9.2 Vortices 81
2.9.3 Ice Lines 83
2.10 Further Reading 85
Protoplanetary Disk Evolution 86
3.1  Observations of Disk Evolution 86
3.2 Surface Density Evolution of a Thin Disk 88
3.2.1 The Viscous Time Scale 90
3.2.2 Solutions to the Disk EvolutionEquation 91
3.2.3 Temperature Profile of Accreting Disks 95
3.3 Vertical Structure of Protoplanetary Disks 96
3.3.1 The Central Temperature of Accreting Disks 97
3.3.2 Shakura-Sunyaev a Prescription 98
3.3.3 Vertically Averaged Solutions 100
3.4  Hydrodynamic Angular Momentum Transport 102
3.4.1 The Rayleigh Criterion 102
3.4.2 Self-Gravity 103
3.4.3 Vertical Shear Instability 106
3.4.4 Vortices 107
3.5 Magnetohydrodynamic Angular Momentum Transport 109
3.5.1 Magnetorotational Instability 109
3.6  Effects of Partial lonization and DeadZones 114
3.6.1 Ohmic Dead Zones 114
3.6.2 Non-ideal MHD Terms 117

3.6.3 Non-ideal Induction Equation 118



3.7

3.8

3.9

Contents

3.6.4 Density and Temperature Dependence of Non-ideal
Terms

3.6.5 Application to Protoplanetary Disks

Disk Winds

3.7.1 Condition for Magnetic Wind Launching

3.7.2 Net Flux Evolution

Disk Dispersal

3.8.1 Photoevaporation

3.8.2 Viscous Evolution with Photoevaporation

Magnetospheric Accretion

3.10 Further Reading

Planetesimal Formation

4.1

4.2

4.3

4.4
4.5

4.6

4.7

4.8
4.9

Aerodynamic Drag on Solid Particles

4.1.1 Epstein Drag

4.1.2 Stokes Drag

Dust Settling

4.2.1 Single Particle Settling with Coagulation
4.2.2 Settling in the Presence of Turbulence
Radial Drift of Solid Particles

4.3.1 Radial Drift with Coagulation

4.3.2 Particle Concentration at Pressure Maxima
4.3.3 Particle Pile-up

4.3.4 Turbulent Radial Diffusion

Diffusion of Large Particles

Particle Growth via Coagulation

45.1 Collision Rates and Velocities

4.5.2 Collision Outcomes

4.5.3 Coagulation Equation

4.5.4 Fragmentation-Limited Growth
Gravitational Collapse of Planetesimals

4.6.1 Gravitational Stability of a Particle Layer
4.6.2 Application to Planetesimal Formation
4.6.3 Self-Excited Turbulence

Streaming Instability

4.7.1 Linear Streaming Instability

4.7.2 Streaming Model for Gravitational Collapse
Pathways to Planetesimal Formation

Further Reading

Terrestrial Planet Formation

5.1

Physics of Collisions

5.1.1 Gravitational Focusing

vii

123
124
127
128
132
133
134
135
137
140

141
142
142
143
144
145
147
149
153
154
155
156
158
160
160
162
163
165
166
167
172
173
176
176
177
178
180

181
181
182



viii

5.2

5.3

54
5.5
5.6

5.7
5.8

Contents

5.1.2 Shear versus Dispersion Dominated Encounters
5.1.3 Accretion versus Disruption

Statistical Models of Planetary Growth

5.2.1 Approximate Treatment

5.2.2 Shear and Dispersion Dominated Limits
5.2.3 Isolation Mass

Velocity Dispersion

5.3.1 Viscous Stirring

5.3.2 Dynamical Friction

5.3.3 Gas Drag

5.3.4 Inelastic Collisions

Regimes of Planetesimal-Driven Growth
Coagulation Equation

Pebble Accretion

5.6.1 Encounter Regimes

5.6.2 Pebble Accretion Conditions

5.6.3 Pebble Accretion Rates

5.6.4 Relative Importance of Pebble Accretion
Final Assembly

Further Reading

Giant Planet Formation

6.1

6.2

6.3

6.4

Core Accretion
6.1.1 Core/Envelope Structure

6.1.2 Critical Core Mass

6.1.3 Growth of Giant Planets

Constraints on the Interior Structure of Giant Planets
6.2.1 Interior Structure from Gravity Field Measurements
6.2.2 Internal Structure of Jupiter

Disk Instability

6.3.1 Outcome of Gravitational Instability

6.3.2 Cooling-Driven Fragmentation

6.3.3 Disk Cooling Time Scale

6.3.4 Infall-Driven Fragmentation

6.3.5 Outcome of Disk Fragmentation

Further Reading

Early Evolution of Planetary Systems

7.1

Migration in Gaseous Disks

7.1.1 Planet-Disk Torque in the Impulse Approximation
7.1.2 Physics of Gas Disk Torques

7.1.3 Torque Formulae

7.1.4 Gas Disk Migration Regimes

183
186
190
191
193
197
198
199
202
203
204
205
207
210
212
213
216
216
217
219

220
221
226
230
233
237
238
239
240
241
242
243
245
246
246

247
248
248
251
255
257



7.2

7.3

7.4

7.5

7.6

1.7

Appendix A

Contents

7.1.5 Gap Opening and Gap Depth

7.1.6 Coupled Planet-Disk Evolution
7.1.7 Eccentricity Evolution

Secular and Resonant Evolution

7.2.1 Physics of an Eccentric Mean-Motion Resonance
7.2.2 Example Definition of a Resonance
7.2.3 Resonant Capture

7.2.4 Kozai-Lidov Dynamics

7.2.5 Secular Dynamics

Migration in Planetesimal Disks

7.3.1 Application to Extrasolar Planetary Systems
Planetary System Stability

7.4.1 Hill Stability

7.4.2 Planet-Planet Scattering

7.4.3 The Titius-Bode Law

Solar System Migration Models

7.5.1 Early Theoretical Developments
7.5.2 The Nice Model

7.5.3 The Grand Tack Model

Debris Disks

7.6.1 Collisional Cascades

7.6.2 Debris Disk Evolution

7.6.3 White Dwarf Debris Disks

Further Reading

Physical and Astronomical Constants

Appendix B The Two-Body Problem

Appendix C  N-Body Methods
References

Index

258
261
264
265
266
267
270
2172
275
276
280
281
282
287
289
289
290
291
292
293
293
298
299
300

301
302

311
319
329



