Contents

1  The Determination of Protoplanetary Disk Masses..................... 1
Edwin A. Bergin and Jonathan P. Williams
1.1 IntroducCtion..........coiiiiiiiiiiii e 1
1.2 The Determination of Dust Masses...............c.ccovveeeeeeinnnnn.. 3
1.2.1  Dust Mass Dependence on Stellar Mass................... 5
1.2.2  DustMass Evolution ..................oooiiiiiieiiinn... 6
1.2.3  DustDensity Profiles .............cccoiiiiiiiiiiiii .. 6
1.3 The Determination of Gas Masses...............covviieeeeninnnnn.. 8
1.3.1 HpasaDirectProbe..........cooviiiiiiiiiiiiiiiiiiin 8
1.3.2  Calibration of Tracers ...........ccoeeiiiiiiiiiieeenninnnn.. 9
1.3.3  Gas Mass Measurements Using HD ....................... 13
1.3.4  Gas Mass Measurements Using CO ....................... 17
1.3.5 Comparisonof COand HD ..., 23
1.4 Reconciliation? ............ooiiiiiiiiiiii i 24
1.5  Conclusion and Future Prospects..............coceeiviiiiiiiean. 28
R ereNCeS .. oo 29
2 The ALMA Revolution: Gas and Dust in Transitional Disks.......... 39
Nienke van der Marel
2.1 IntroduCtion.............coiiiiiiiiiiii e 39
2.2 DusSt ODbSEIVAtIONS ....uuueetetiiee e e et iiieeee e e iiiiaaeeaeeas 42
2.2.1  Rings and ASYMMELries .......ccevvruuieeeerrnnieeeeennnn. 42
2.2.2  Trapping Efficiency............cooiiiiiiiiiiiiiiiiiin. 45
2.3 Gas ODbSEIrVatiONS .....uuuee et tiie e et iiee e e iiiee e 46
2.3.1 GasInside Dust Cavities ..........ccoveeeeeiiiiiinneeannnn, 47
232 GasCavities.....ooeiiiiiiiii e 50
233  Small Dust Grains ...........cooviiiiiieneeeiiiiiaaeaananns 53
2.4 Large SUIVEYS .ttt ettt et et e e 54
R ereNCeS .. o 55

ix



Contents

Wind-Driven Global Evolution of Protoplanetary Disks...............
Xue-Ning Bai
3.1 INtroduCtion......oooeeeeeiie it
3.2 Basic Model Ingredients ............coooiiiiiiiiiiiiiiiiii i,
3.2.1 Disk Evolutionary Equations...................oooeeeeenn.
322 Disk StruCture........ooovveiiiiiiiiiiiiii e
3.2.3  Effective VISCOSItY ..oevinniiiiiiiiiiiiiie i
3.3 Modelof Disk Wind .........oooiiiiiiiiiiiicc s
33,1 Wind Kinematics .......oooeviiiiiiiiiiiiiiiiiiiiiiean.
3.3.2  Parameter Dependence .............oooeiiiiiiiiiiiiian.
34  Global Evolution .........cooviiiiiiiiiiiiiiiii i
3.4.1  Transport Properties in a Static Disk ......................
3.4.2 Global Disk Evolution..............oooieiiiiiiiiiinnn.
3.5  Summary, Discussion, and Future Directions.......................

3.5.1 Future Directions: Magnetic Flux Transport in PPDs ....
References........ooiuiii

Particle Trapping in Protoplanetary Disks: Models

vS. Observations ........... ...
Paola Pinilla and Andrew N. Youdin
4.1 IntroducCtion.........oooiuuiiiiiiiii e
4.2 Radial Drift and Particle Trapping ...........cccceevviiiiieeennnn.
4.3  Overview of Dust Evolution ............ccoooiiiiiiiiiiiiiinn.
4.4  Observational Evidence of Millimeter Grains
in Protoplanetary Disks ...........oooiiiiiiiiiiii i
4.5  Global Pressure Bumps and Zonal Flows ....................c.....
4.5.1 The Extreme Case of Brown Dwarf Disks ................
4.6  Transition Disks ...
4.6.1 Trapping by Embedded Planets............................
4.6.2  Pre-transition Disks: The Role of the Snow Line .........
4.6.3 Multiple Planets ..........ooiviiiiiiiiiiiiiiiiiiiiiee...
4.6.4  Trapping at the Outer Edge of a Dead Zone...............
4.7  Asymmetries: Spiral Arms in Self-gravitating Disks
AN VOTTICES .. ..ttt ete ettt e
477.1  Trapping in Self-gravitating Spiral Arms..................
472  Trapping in Anti-cyclonic Vortices ........................
4.8  The Formation of Planetesimals .................cooiiiiiiiiiena.
4.8.1 The Gravitational Collapse of Solids into
Planetesimals ...
4.8.2  Streaming Instabilities and Planetesimal Formation ......
4.8.3  Secular Gravitational Instabilities .........................
4.9  Summary and Future Perspectives...............coooiiiiiiiiinn.

R OIENCES .. it



Contents xi

5  Dust Coagulation with Porosity Evolution............................... 143
Akimasa Kataoka

5.1 INtroduction........ooueueieiiiii e 143

5.2 Porosity EVOIution........ccooiiiiiiiiiiiiiii e 145

5.3  Growth Barriers in Dust Coagulation .................ooccevviini.. 148

5.3.1 Radial Drift Barrier............ccoooiiiiiiiiiiiiiiienn. 148

5.3.2  Fragmentation Barrier ..................ooooiiiiiiiii 149

5.3.3 Bouncing Barrier ... 150

5.3.4  Short Summary and Discussion.................ooeeeennn. 151

54  Opacity EVOIUtON .......ooviiii i 152

5.5 Future DireCtions .........cooviiuiiiiieiiiiii i 154

RefeIeNCeS ... coiii e 155

6  Chondrules: Ubiquitous Chondritic Solids Tracking

the Evolution of the Solar Protoplanetary Disk ......................... 161
Martin Bizzarro, James N. Connelly, and Alexander N. Krot
6.1  Introduction.............c.oiiiiiiiiiiiiiii 161
6.2  Basic Petrological and Chemical Features of Chondrules.......... 165
6.3  Chronology of Chondrule Formation...................ocoviiiu.. 167
6.3.1 U-Corrected Pb-PbDating .............ccccoviiieeeaa. 167
6.3.2  The 2°Al-*Mg Decay System ...................cccccenn... 170
6.3.3  The /8?Hf-/82W Decay System ............................ 172
6.4  Mechanism and Style of Asteroidal Accretion...................... 174
6.5  Accretion Regions of Chondrite Parent Bodies..................... 175
6.6  Multiplicity of Chondrule-Forming Mechanisms................... 179
6.7  Tracking Mass Transport and Recycling ....................oouiee 180
6.8  Outward Mass Transport Mechanisms ................ooceevviinnne. 183
6.9  The Chondrule-Matrix Complementarity ...............cccooouue. 184
6.10 Summary and Perspectives ..........c.ccoovviiiiiiiiiiiiiiiiiniinn. 185
References........ooiuiii 188
7  The Emerging Paradigm of Pebble Accretion........................... 197
Chris W. Ormel
7.1 INtroduction.........cooouiiiiiiiiiii i 197
7.1.1  What Is Pebble Accretion (Not)? ..............coeeeeennnn. 198
7.1.2  Aerodynamically Small and Large ........................ 199
7.1.3  The Case for Pebble Accretion..................oovueee. 201
7.1.4  Misconceptions About Pebble Accretion.................. 202
7.2 The Physics of Pebble Accretion .............cccoviiiiiiiiiiiinn. 203
7.2.1  Requirements and Key Expressions ....................... 203
7.2.2  Pebble Accretion Regimes ..............cccoviiiiiiiaa. 205
7.2.3 The AccretionRate ............oooiiiiiiiiiiiii. 207
724  ThePebble FIux .......c.ccooiiiiiiiiiiiiiiiiiii. 208
7.2.5  The Pebble Isolation Mass ..............cooeeviiiiiinn... 208

7.2.6  Summary: Accretion Regimes .......................... 209



xii

Contents
7.3 RESUIES .« 211
7.3.1  The Collision Cross Section ...........ccccoovvuuueeeeannn. 211
7.3.2  Accretion Efficiencies: 2D and 3D ................oolll 212
7.3.3  The Pebble Accretion Growth Mass, Mpgrw «..vvovvnnn.n. 214
734 SUMMATY .ottt 218
T4 APPHCAtIONS ..ottt 219
7.4.1  Solar SyStem .......ooviiiii 219
7.4.2  Exoplanetary SyStems ........cceeiiiiiiiiiiiiiiiiiiieean. 220
RefEIeNCES ... coiii e 223
White Dwarf Planetary Systems: Insights Regarding the Fate
of Planetary SyStems ...............ouuuiiiiiiiiiiiiiiiiiieeeeees 229
Amy Bonsor and Siyi Xu
8.1 INtrodUCHON .. oottt 229
8.2  Planetary Systems Post-main Sequence................cccoovvunnn. 230
8.2.1  Dynamical Instabilities Following Stellar Mass Loss..... 231
8.3  Circumstellar Material .............ccoviiiiiiiiiiiiiiiiiii s 235
83,1 DUSE Lttt 235
8.4  Compositions of the Accreting Planetesimals ...................... 239
8.4.1  Bulk COmMPOSIIONS . ..uuvveeeeeiiiiiietiieeeaaiias 240
8.4.2  Differentiation and ColliSions.............ooveeeeeiinnnn. 241
8.4.3  ImplicationsS .........ooveuiiiiiiiiiiii i 242
8.5 WD 1145+017: A White Dwarf with an Actively
Disintegrating Asteroid ..........c.ooviiiiiiiiiiiiiiiiii e 243
8.5.1 Intriguing Light Curve .............coooiiiiiiiiiiiiiinn, 243
8.5.2 Infrared EXCeSS ...oovunuiiiiiiiiiiiiii i 245
8.5.3  Polluted Atmosphere ............oooiiiiiiiiiieininnn. 245
8.54 Circumstellar Gas..........ccooviiiiiiiiiiiiiiiii i, 246
8.6 CoNCIUSIONS ...ttt et 246
RefeIeNCeS .. .. coiii e 247
Observational Signatures of Planet Formation in Recent
Resolved Observations of Protoplanetary Disks ........................ 253
Ruobing Dong, Zhaohuan Zhu, and Jeffrey Fung
0.1  INtroduCtion.........o.uuuieiiiii e 253
9.2  General Modeling Scheme and Numerical Methods ............... 256
0.3 AP ettt 258
0.3.1  ODbSEIrVAtiONS ......eeeeeiiniiiiee e e e iiieeeens 258
0.32  Modeling ....ouueiiiiiiii e 261
0.3.3  DISCUSSION .uuuttitteeeeie e e e eeeeeas 264
0.4 SPIral ATMS ..ot 266
0.4.1  ODSErvations .......ccoeviuuiiiieeaiiieeeeiiiiieeeannn. 266
942  Modeling .....o.vvviieiiii 267
0.4.3  DISCUSSION «.uuutiiitettiit e e ieeeeaaas 269



Contents xiii

10

11

9.5 Large Scale Disk ASYyMmetry.........covvvuuiiiiiiiiiiieeennnnnn. 275
0.5.1  ODbSErvations ........ccevvuuiiieeeeiiieeeeiiiieeeennn. 275
9.52  Modeling ....oouvuiiiiiiii e 276
9.5.3  Spiral-Vortex Interaction...............ccccoviiiiieeennn. 279
9.54  Disk Gravity ........c.cooiuiiiiiiiiiiii i 280
9.6  Summary and DiSCUSSION «......uvvveiiiiii i 282
RefEIeNCES .. .. ceiii e 283
Super-Earths: Atmospheric Accretion, Thermal Evolution
and Envelope Loss ... 295
Sivan Ginzburg, Niraj K. Inamdar, and Hilke E. Schlichting
10.1 INtroducCtion .......coouinnueiiee et e e e 295
10.2 Gas ACCIEHON ..ueetetttte ettt et e e 296
10.3  Atmosphere Heating ...........oooviiiiiiiiiiiiiiiiiiiiiiieen. 298
10.3.1 Heating by Planetesimals...............coooeeiiiiiiiie... 298
10.3.2 Tidal Heating .........ccooviiiiiiiiiiiiiiiiiiiiiiiieee.. 300
104 Evaporation ..........oooueuueeeeeii e e e 301
10.4.1 Thin Atmosphere ...........ooooiiiiiiiiiiiiiiiiiiiie... 302
10.4.2 The Goldilocks Region............ccoovviiiiiiiiiiiea... 304
10.5 Late EvOIution .......ooiuuuiiiiiiiii e 305
10.6 Diversity of the Super-Earth Population and Giant Impacts ....... 307
10.6.1 Giant Impacts and Atmospheric Mass Loss ............... 307
107 SUMMATY ..ot e e 310
RefEIeNCES .. .. eeiii e 311
Constraints from Planets in Binaries.................................. 315
Kaitlin M. Kratter
111 INtroducCtion .......coeuinueeiee ettt 315
11.2 Binary Formation Models..............ccooviiiiiiiiiiiiiiiiienn. 318
11.2.1 Primordial Formation Models.............................. 318
11.2.2 Secondary Formation Models.......................oooo.t. 319
11.3  Constraints on Planets in Binaries from Formation Models........ 320
11.3.1 Disk Formation and Evolution ............................. 320
11.3.2 From DusttoPlanets ..............ccoooiiiiiiiiiiii... 324
11.4 Binary Planet Dynamics .............ccoeiiiiiiiiiiiiiiiiiiiieennn. 326
11.4.1 Single Planet Stability ............cccoiiiiiiiiiiiiie... 326
11.4.2 Multi-Planet Systems...........ceeeiiiiiiiiniiinee... 326
11.4.3 Secular Interactions in Systems with Mutual
Inclination........o.ueeeiiiii e 327
11.5 Triple System Case Studies ...........eeeeiiiiiiiiiiiiiiiieenn. 328
11.5.1 Kepler44d ..o e 328
11.5.2 HDI131399 o 329
11.6 DISCUSSION . .ueetttettett ettt e e e 330

R OIENCES .. et 331



Xiv Contents

12 Planet Population Synthesis via Pebble Accretion ...................... 339
Bertram Bitsch and Anders Johansen

12,1 IntroducCtion..........ooiiiiiiiiiii e 339
12.2 Disc EVOIUtiON .. ... 341
12.3  Planet Growth MechanisSms.............ccooeeiiiiiiiiiiaeeeninnnnn.. 343
12,4 Planet MAgration .........uuueeeetiiee i iiieeeens 345
12.5 Population Synthesis .........cooviiiiiiiiiiiiiiiii e 348
12.5.1 DiscLifetime .........cooiiiiiiiiiii i 349
12,52 MetalliCity ..oouveeeiee i 351
12.5.3 Accretion viaPebbles ...................... 352
12.5.4 Accretion of Planetesimals................................. 357
12.5.5 Comparison to Observations ..............cceeevviunueen... 360
12,6 SUMMATY .. nneeeeee ettt e e 362
R ereNCeS .. o 364



2 Springer
http://www.springer.com/978-3-319-60608-8

Formation, Evolution, and Dynamics of Young Solar
Systems

Pessah, M.; Gressel, 0. (Eds.)

2017, XM, 374 p. 80 illus. in color., Hardcover
ISBEMN: 278-3-319-60608-8



	Foreword
	Contents
	The Determination of Protoplanetary Disk Masses
	The ALMA Revolution: Gas and Dust in Transitional Disks
	Wind-Driven Global Evolution of Protoplanetary Disks
	Particle Trapping in Protoplanetary Disks: Modelsvs. Observations
	Dust Coagulation with Porosity Evolution
	Chondrules: Ubiquitous Chondritic Solids Tracking the Evolution of the Solar Protoplanetary Disk
	The Emerging Paradigm of Pebble Accretion
	White Dwarf Planetary Systems: Insights Regarding the Fate of Planetary Systems
	Observational Signatures of Planet Formation in Recent Resolved Observations of Protoplanetary Disks
	Super-Earths: Atmospheric Accretion, Thermal Evolutionand Envelope Loss
	Constraints from Planets in Binaries
	Planet Population Synthesis via Pebble Accretion
	Index

