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IntroductionIntroduction



Still among the best images of a PPDStill among the best images of a PPD

Image taken withImage taken with
the the Hubble SpaceHubble Space
TelescopeTelescope..

Location: in the Location: in the 
Orion NebulaOrion Nebula



Infrared spectrum of a disk: DiagnosticsInfrared spectrum of a disk: Diagnostics

Calvet et al. 1991Calvet et al. 1991
Malbet & Bertout 1991Malbet & Bertout 1991
Chiang & Goldreich 1997Chiang & Goldreich 1997



Probing different parts of the diskProbing different parts of the disk



Radial distribution of matterRadial distribution of matter

Andrews et al.Andrews et al.
(2009)(2009)

SED +SED +
millimetermillimeter
resolved resolved 
maps maps 
(=visibility(=visibility
values)values)

VSSG 1VSSG 1

WSB 60WSB 60

SED fittingSED fitting mmmm--interferometryinterferometry
(visibility fitting)(visibility fitting)



Radial distribution of matterRadial distribution of matter

asteroidsasteroids

Earth+MarsEarth+Mars
+Venus+Venus

MercuryMercury JupiterJupiter

SaturnSaturn

Uranus+Uranus+
NeptuneNeptune

Andrews et al.Andrews et al.
(2009)(2009)



What about the gas?What about the gas?

•• HH22 gas is notoriously difficult to detectgas is notoriously difficult to detect
•• CO gas is easy, but:CO gas is easy, but:

–– Photodissociation in the surface layersPhotodissociation in the surface layers
–– FreezeFreeze--out in outer regions of the diskout in outer regions of the disk

•• HH22 O gas is doable, but:O gas is doable, but:
–– Complex interplay between freezeComplex interplay between freeze--out, out, 

photodesorption, chemistry etcphotodesorption, chemistry etc

•• Other molecules have similar problemsOther molecules have similar problems
•• Atomic lines [OI]Atomic lines [OI]6363 [CII][CII]158158 only from very only from very 

tenuous hot surface layerstenuous hot surface layers



Dust as raw material of planetsDust as raw material of planets

11mm 1m1mmm 11mm 1k1kmm 1000k1000kmm

Observational constraints:Observational constraints:

Directly observableDirectly observable
through IR and mmthrough IR and mm

observationsobservations
ExoExo--

planetsplanets

Solar system constraints (but only 1 object! And 4.5 billion yeaSolar system constraints (but only 1 object! And 4.5 billion years ago!)rs ago!)

??
Modeling effortModeling effort



Main problem: high velocitiesMain problem: high velocities

Particle size [meter]Particle size [meter]

30 m/s =30 m/s =
100 km/h !!100 km/h !!



MeterMeter--size barriersize barrier

1m 1mm 1m 1km

Growth from ‘dust’ to planetary building blocks

Brownian
motion

Differential
settling Turbulence

Aggregation

Meter-size barrier

Sweep-up growthFragmentation

Rapid radial drift



Dust coagulation+fragmentation modelDust coagulation+fragmentation model

Birnstiel et al. 2010Birnstiel et al. 2010
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1010--44 1010--22 101000

1010--88

1010--66

1010--44

1010--22
ΣΣ d

us
t

du
st

[g
/c

m
[g

/c
m

22 ]]



Dust coagulation+fragmentation modelDust coagulation+fragmentation model

Birnstiel et al. 2010, see also Zsom et al. 2010 for the Birnstiel et al. 2010, see also Zsom et al. 2010 for the ““bouncing barrierbouncing barrier””
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Opposing goals:Opposing goals:

•• Planet formation scientists:Planet formation scientists: ““Find a way to break Find a way to break 
through the barrier, and thus start planet through the barrier, and thus start planet 
formation for real!formation for real!””

•• Observational astronomers: Observational astronomers: ““But not too But not too 
efficiently, because we know that disks are efficiently, because we know that disks are 
‘‘dustydusty’’ for several million years!for several million years!””



Key elements of a possible solutionKey elements of a possible solution

•• Snow line:Snow line:
May be a region of strong dust/ice density May be a region of strong dust/ice density 
enhancement, and therefore preferential place for enhancement, and therefore preferential place for 
planet formationplanet formation

•• Pressure bumps / vortices:Pressure bumps / vortices:
Could trap dust, creating dust enhancements but also Could trap dust, creating dust enhancements but also 
making making ““tranquiltranquil”” environment for dust coagulation environment for dust coagulation 
and preventing the radial drift catastrophe.and preventing the radial drift catastrophe.



Snow line:Snow line:

Theory Theory 
andand

perhaps observations?perhaps observations?



What What is is the snow line?the snow line?

““Minimum massMinimum mass
solar nebulasolar nebula””

GasGas

DustDust

Dust+iceDust+ice
S

now
 line (ice line)

S
now

 line (ice line)



What What is is the snow line?the snow line?
M=10-9M

 

/yr   α=0.01

Min et al. 2011Min et al. 2011

IceIce

VaporVapor



Phase diagram of common volatilesPhase diagram of common volatiles

From: Davis 2005, formulae from Bauer et al. 1997;From: Davis 2005, formulae from Bauer et al. 1997;
ColapreteColaprete; ; LoddersLodders & & FegleyFegley 1998.1998.
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What What is is the snow line?the snow line?
M=10-9M

 

/yr   α=0.01

Min et al. 2011Min et al. 2011

IceIce

VaporVapor



What What is is the snow line?the snow line?
M=10-7M

 

/yr   α=0.01

Min et al. 2011Min et al. 2011

IceIce

VaporVapor



Phase diagram of common volatilesPhase diagram of common volatiles

From: Davis 2005, formulae from Bauer et al. 1997;From: Davis 2005, formulae from Bauer et al. 1997;
ColapreteColaprete; ; LoddersLodders & & FegleyFegley 1998.1998.
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What What is is the snow line?the snow line?
M=10-7M

 

/yr   α=0.01

Min et al. 2011Min et al. 2011

IceIce

VaporVapor



Where Where isis the snow line?the snow line?

Davis 2005Davis 2005
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GasGas--phase water in T phase water in T TauriTauri disksdisks

AA TauAA Tau

DR TauDR Tau

AS 205AS 205

Model: Snow line + Model: Snow line + ““cold finger effectcold finger effect””

Model: No snow lineModel: No snow line
Li
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m

RequiresRequires
strongstrong
jump injump in
HH22 O vaporO vapor
density atdensity at
~ 1 AU~ 1 AU

MeijerinkMeijerink et al. 2009et al. 2009



...and its absence in outer disk regions...and its absence in outer disk regions

Bergin, Bergin, HogerheijdeHogerheijde et al. 2010et al. 2010

DM TauDM Tau



So, where is the vapor?So, where is the vapor?
M=10-9M

 

/yr   α=0.01

Idea: Idea: ““vertical cold finger effectvertical cold finger effect”” (cf. Pontoppidan, Bergin)(cf. Pontoppidan, Bergin)

IceIce



Pressure bumps:Pressure bumps:

Preferred places ofPreferred places of
planet formationplanet formation



Remember the 1Remember the 1--zone dust growth model?zone dust growth model?

BirnstielBirnstiel, , DullemondDullemond & & OrmelOrmel 20102010
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Full 2Full 2--D dust evolution modelsD dust evolution models

RR

ParticleParticle
SizeSize

Includes: growth, fragmentation, drift and mixingIncludes: growth, fragmentation, drift and mixing

BrauerBrauer, , DullemondDullemond & Henning 2008& Henning 2008



Full 2Full 2--D dust evolution modelsD dust evolution models

RR

ParticleParticle
SizeSize

Includes: growth, fragmentation, drift and mixingIncludes: growth, fragmentation, drift and mixing

BrauerBrauer, , DullemondDullemond & Henning 2008& Henning 2008



Full 2Full 2--D dust evolution modelsD dust evolution models

RR

ParticleParticle
SizeSize

Includes: growth, fragmentation, drift and mixingIncludes: growth, fragmentation, drift and mixing

CollisionalCollisional
fragmentationfragmentation

Inward driftInward drift
and growthand growth

BrauerBrauer, , DullemondDullemond & Henning 2008& Henning 2008



Particles move toward pressure peakParticles move toward pressure peak

P(r)

r

supersuper--
KeplerKepler subsub--KeplerKeplersubsub--KeplerKepler



Particles move toward pressure peakParticles move toward pressure peak

•• In vortices:In vortices: KlahrKlahr & Henning 1997& Henning 1997
•• Near ice line: Near ice line: KretkeKretke & Lin 2008& Lin 2008
•• Dead zone edge:Dead zone edge: DzyurkevichDzyurkevich et al. 2010; Kato et al. 2010; Kato 

et al. 2010et al. 2010
•• Zonal flows: Zonal flows: Johansen et al. 2009Johansen et al. 2009



Particles move toward pressure peakParticles move toward pressure peak

•• In vortices:In vortices: KlahrKlahr & Henning 1997& Henning 1997
•• Near ice line: Near ice line: KretkeKretke & Lin 2008& Lin 2008
•• Dead zone edge:Dead zone edge: DzyurkevichDzyurkevich et al. 2010; Kato et al. 2010; Kato 

et al. 2010et al. 2010
•• Zonal flows: Zonal flows: Johansen et al. 2009Johansen et al. 2009

•• Coagulation break through: Coagulation break through: BrauerBrauer et al. 2008et al. 2008
•• GravoturbulentGravoturbulent PF:PF: Johansen et al. 2007; Johansen et al. 2007; LyraLyra 

et al. 2009 et al. 2009 



Breaking through the barrierBreaking through the barrier

BrauerBrauer, Henning & , Henning & DullemondDullemond 20082008



Trapping planets in a typeTrapping planets in a type--I I migrmigr. trap. trap

PaardekooperPaardekooper et al. 2010a+b; et al. 2010a+b; LyraLyra et al. 2010; et al. 2010; MorbidelliMorbidelli et al. 2008et al. 2008

 ~ 0.85  d lg
d lg r

 0.9 d lgT
d lg r



Remember:Remember:

P(r)

r

supersuper--
KeplerKepler subsub--KeplerKeplersubsub--KeplerKepler



Now for the migration: Now for the migration: 

P(r)

r



First results...First results...

SandorSandor etet
al. (2011)al. (2011)

See alsoSee also
MorbidelliMorbidelli
et al. (2008)et al. (2008)



First results...First results...

SandorSandor et et 
al. (2011)al. (2011)

See alsoSee also
MorbidelliMorbidelli
et al. (2008)et al. (2008)



Is there evidence forIs there evidence for
the existence of suchthe existence of such

pressure bumps / pressure bumps / 
vortices?vortices?



Mm view of AB Mm view of AB AurigaeAurigae: a huge vortex?: a huge vortex?

FukagawaFukagawa et al. 2004et al. 2004



Mm view of AB Mm view of AB AurigaeAurigae: a huge vortex?: a huge vortex?

PietuPietu, , GuilloteauGuilloteau & & DutreyDutrey 20052005



Mm view of AB Mm view of AB AurigaeAurigae: a huge vortex?: a huge vortex?

PietuPietu, , GuilloteauGuilloteau & & DutreyDutrey 20052005



Recently, many more are found...Recently, many more are found...

Brown et al. 2008Brown et al. 2008

LkHLkHαα330330



Recently, many more are found...Recently, many more are found...

Brown et al. 2009Brown et al. 2009



Recently, many more are found...Recently, many more are found...

Brown et al. 2009Brown et al. 2009



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=4000 yrt=4000 yr



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=15000 yrt=15000 yr



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=0.1 t=0.1 MyrMyr



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=0.3 t=0.3 MyrMyr



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=0.5 t=0.5 MyrMyr



Vortex by Vortex by RossbyRossby wave instability?wave instability?

RegalyRegaly, , JuhaszJuhasz,,
SandorSandor & CPD& CPD
A&A submittedA&A submitted

t=0.6 t=0.6 MyrMyr



May explain large clumpy rings...May explain large clumpy rings...
Observations:Observations: Model:Model:

Observations: Observations: 
Brown et al. 2009Brown et al. 2009
Model: Model: 
RegalyRegaly, , JuhaszJuhasz, , SandorSandor &&
CPD A&A CPD A&A submsubm..



SummarySummary

•• Slowly but surely the distribution of matter in Slowly but surely the distribution of matter in 
disks is being observationally measureddisks is being observationally measured
•• ALMA will help a lot!ALMA will help a lot!

•• Pressure bumps and/or snow Pressure bumps and/or snow line(sline(s) may help ) may help 
to form to form planetesimalsplanetesimals from dustfrom dust
•• For planet formation people:For planet formation people: youyou’’d have preferred d have preferred 

regions of regions of planetesimalplanetesimal production!production!

•• Maybe such regions area already observed:Maybe such regions area already observed:
•• Snow line:Snow line: jump in water vapor density observedjump in water vapor density observed
•• Vortex:Vortex: clumpy rings   clumpy rings   



So, do planet factories really exist?So, do planet factories really exist?
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