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Part IIIPart III
(2) Dust Disks(2) Dust Disks

What areWhat are debris disksdebris disks? ? (MC Wyatt)(MC Wyatt)

Why are they interesting? Why are they interesting? (MC Wyatt)(MC Wyatt)

A A porous dust modelporous dust model for debris disks; for debris disks; 
Results for Results for 4 prototypical4 prototypical debris disks;debris disks;
Porous aggregate model for Porous aggregate model for cometarycometary dust;dust;



Debris Disks/Debris Disks/““VegaVega--typetype”” DisksDisks



““VegaVega--typetype”” StarsStars
““VegaVega--PhenomenonPhenomenon””
–– VegaVega: : A0V MS star, photometric standard, A0V MS star, photometric standard, age age ≈≈ 350Myr350Myr; ; 
–– IRASIRAS: : IR excessIR excess at at λλ≥≥2525μμmm ((AumannAumann et al. 1984);et al. 1984);

→→ blackblack--body body TT≈≈ 85 K;85 K;
→→ dust ringdust ring at ~ 85 AU;at ~ 85 AU;

→→ PoyntingPoynting--Robertson drag Robertson drag dust diameterdust diameter ≥≥1.2 mm;1.2 mm;
→→ 0.0120.012≤≤mmringring/m/mEarthEarth≤≤300;300;

MS stars with IRMS stars with IR--Excess from dust disksExcess from dust disks: : Common!Common!

–– ““BigBig--FourFour”” Vega, Vega, FomalhautFomalhaut, , ββ PictorisPictoris, , εε EridaniEridani (Gillett 1986); (Gillett 1986); 

–– ≥≥15% A15% A--K stars with disks!K stars with disks!



““VegaVega--typetype”” Disks: Disks: Debris Disks!Debris Disks!

Primordial Primordial or or 2nd 2nd 
generationalgenerational??
–– Radiation pressureRadiation pressure
→→ dust expulsion;dust expulsion;

–– PoyntingPoynting--Robertson Robertson 
drag  drag  →→ dust spiraling in;dust spiraling in;

–– RadRad--PrsPrs, P, P--R drag R drag 
timescaletimescale «« stellar age stellar age 

2nd generational!2nd generational!

Require replenishment!Require replenishment!



Astrophysical Significance Astrophysical Significance 

Debris disks: a signpost for the existence of Debris disks: a signpost for the existence of 
extrasolarextrasolar planetary systems!planetary systems!
–– Planets formed out of Planets formed out of protoplanetaryprotoplanetary dust disks;dust disks;
–– Density variations in debris disks (cavities, Density variations in debris disks (cavities, 

clumps, warps, rings etc)clumps, warps, rings etc) the presence of the presence of 
planets;planets;

IR emission IR emission (images, SED)(images, SED) & dust properties& dust properties
–– infer disk structures, dust properties; infer disk structures, dust properties; 
–– infer disk lifetimeinfer disk lifetime planetary formation planetary formation 

processes at young ages; processes at young ages; the presence of the presence of 
comets/asteroids/comets/asteroids/planetesimalsplanetesimals;;

–– IR spectral featuresIR spectral features the formation of comets the formation of comets 
and/or and/or planetesimalsplanetesimals;;



Astrophysical Significance Astrophysical Significance 
To understand the formation process of To understand the formation process of 
planetary systems planetary systems need to understand the need to understand the 
physical, chemical and dynamical properties physical, chemical and dynamical properties 
of of circumstellarcircumstellar disks and disks and their constituent their constituent 
dust grains dust grains need a working dust model!need a working dust model!

Key elements for a dust model for Key elements for a dust model for 
debris disks: debris disks: 
–– Morphology;Morphology;
–– Chemical composition;Chemical composition;
–– Size distribution;Size distribution;
–– Spatial distribution;Spatial distribution;



Dust Sources for Debris DisksDust Sources for Debris Disks
CollisionalCollisional grinding down of grinding down of asteroidalasteroidal bodies;bodies;
EvaporationEvaporation of of cometarycometary bodies;bodies;



A A PorousPorous--Dust ModelDust Model for Dust Disksfor Dust Disks

Interplanetary Dust Particles:Interplanetary Dust Particles:
fluffy structure, density 2 fluffy structure, density 2 g/cmg/cm33 →→
porosity P=porosity P=VVvacuumvacuum/V/Vtottot ~ 0.4~ 0.4
(Brownlee 2003); (Brownlee 2003); 

CometaryCometary nuclei: nuclei: density 0.5 g/cmdensity 0.5 g/cm33

→→ P ~ 0.9P ~ 0.9 (Rickman 2003; Whipple (Rickman 2003; Whipple 
1999) 1999) for for cometarycometary dust;dust;
Dust coagulation experiments Dust coagulation experiments 
→→ 0.8 0.8 ≤≤ P P ≤≤ 0.930.93 (Blum et al. 2003);(Blum et al. 2003);

Dust coagulation modeling Dust coagulation modeling 
→→ 0.85 0.85 ≤≤ P P ≤≤ 0.950.95 (Cameron & (Cameron & 
SchneckSchneck 1965; Henning et al. 2003);1965; Henning et al. 2003);

Morphology:Morphology: fluffy fluffy 
dust with P=0.9;dust with P=0.9;



Dust Composition and SizesDust Composition and Sizes

–– Composition: Composition: porous aggregates of porous aggregates of unalteredunaltered or or 
significantlysignificantly--modifiedmodified interstellar silicate, carbon interstellar silicate, carbon 
and ice grains;and ice grains;

–– Size distribution: Size distribution: dn(a)/dadn(a)/da ~ a~ a--αα; ; 
11μμmm ≤≤ a a ≤≤ 1cm;1cm;

–– Dust Spatial distribution Dust Spatial distribution dn(r)/drdn(r)/dr: : images ofimages of
optical/nearoptical/near--IRIR scattered starlight;scattered starlight;
midmid--IR/IR/submmsubmm dust thermal emission;dust thermal emission;

Mie theory + Effective Medium TheoryMie theory + Effective Medium Theory QQabsabs((λλ));;



HD141569AHD141569A
PrePre--MS MS HerbigHerbig AeAe/Be star/Be star, , age ~5 age ~5 MyrMyr, , B9.5V, TB9.5V, Teffeff≈≈10000K, d10000K, d≈≈99pc, L99pc, L* * ≈≈
22.4L22.4L๏๏,, inclination 62inclination 62oo;;
2 rings at 200, 325AU 2 rings at 200, 325AU ((AugereauAugereau et al. 1999, Weinberger et al. 1999, et al. 1999, Weinberger et al. 1999, 
MouilletMouillet et al. 2001);et al. 2001);

Fisher et al. (2000):Fisher et al. (2000): a 3rd ring at <100AU, a 3rd ring at <100AU, 10.8, 18.210.8, 18.2μμmm emission;emission;



Results: HD141569AResults: HD141569A
(Li & (Li & LunineLunine 2003, 2003, ApJApJ, 594, 978), 594, 978)

Model ParametersModel Parameters
–– P=0.90;P=0.90;

–– dn/dadn/da ~ a~ a--3.33.3;;
–– dn/drdn/dr:: nearnear--IR, midIR, mid--IR IR 

imaging imaging →→ 3 3 ““ringring--likelike’’’’
components;components;

–– PAHsPAHs;;

ResultsResults
–– mmdd≈≈ 3.6 3.6 mmEarthEarth, , mmPAHPAH ≈≈

7E7E--6 6 mmEarthEarth;;
–– dmdmdd/dt/dt: RadPr: RadPr≈≈8E8E--6, 6, 

PRPR≈≈1.4E1.4E--8 8 mmEarthEarth/yr; /yr; 
–– total supply 39mtotal supply 39mEarthEarth;;



HR 4796AHR 4796A
Young MS A0V star,Young MS A0V star, age ~8Myrage ~8Myr, T, Teffeff≈≈959500K00K, d, d≈≈6767pc, Lpc, L* * ≈≈ 21L21L๏๏,,
inclination 27inclination 27oo;;

A sharp ring at ~70AU A sharp ring at ~70AU with FWHMwith FWHM ≤≤17AU17AU (Schneider et al. 1999, (Schneider et al. 1999, 
TelescoTelesco et al. 2000);et al. 2000);



Results: HR4796AResults: HR4796A
(Li & (Li & LunineLunine 2003, 2003, ApJApJ, 590, 368), 590, 368)

Model ParametersModel Parameters
–– P=0.90;P=0.90;

–– dn/dadn/da ~ a~ a--2.92.9;;
–– dn/drdn/dr:: nearnear--IR, midIR, mid--

IR imaging IR imaging 
→→ a sharp ring; a sharp ring; 

ResultsResults
–– mmdd≈≈ 0.7m0.7mEarthEarth;;
–– dmdmdd/dt/dt: : RadPrRadPr≈≈8E8E--7, 7, 

PRPR≈≈9E9E--9 9 mmEarthEarth/yr;/yr;
–– total supply 6.7mtotal supply 6.7mEarthEarth;;



ββ PictorisPictoris
MS A5VMS A5V star, star, age ~15Myrage ~15Myr, T, Teffeff≈≈828200K00K, d, d≈≈19.319.3pc, Lpc, L* * ≈≈ 9L9L๏๏;;

An extended (>1000AU) edgeAn extended (>1000AU) edge--on disk on disk (Smith & (Smith & TerrileTerrile
1984; 1984; MouilletMouillet et al. 1997; Holland et al. 1998);et al. 1997; Holland et al. 1998);



Results: Results: ββ PictorisPictoris
(Li & Greenberg 1998, A&A, 331, 291)(Li & Greenberg 1998, A&A, 331, 291)

Model ParametersModel Parameters
–– P=0.90;P=0.90;

–– dn/dadn/da ~ a~ a--2.92.9;;
–– dn/drdn/dr:: optical optical 

imaging;imaging;
ResultsResults
–– mmdd≈≈ 0.4m0.4mEarthEarth;;
–– 30% crystalline 30% crystalline 

silicates;silicates;



εε EridaniEridani
MSMS K2VK2V, , age ~800Myrage ~800Myr, T, Teffeff≈≈50005000KK, d, d≈≈3.23.2pc, Lpc, L* * ≈≈ 0.33L0.33L๏๏;;
A (nearly) faceA (nearly) face--on ring at ~60AU; on ring at ~60AU; a central cavity at ~30AUa central cavity at ~30AU
(Greaves et al. 1998); (Greaves et al. 1998); 

A JupiterA Jupiter--mass planetmass planet (~6.9yr);(~6.9yr);



Results: Results: εε EridaniEridani
(Li, (Li, LunineLunine, & , & BendoBendo, 2003, , 2003, ApJApJ, 598, L51), 598, L51)

Model ParametersModel Parameters
–– P=0.90;P=0.90;

–– dn/dadn/da ~ a~ a--3.13.1;;
–– dn/drdn/dr:: submmsubmm

imaging;imaging;
ResultsResults
–– mmdd≈≈7E7E--3m3mEarthEarth;;



Disk Mass EvolutionDisk Mass Evolution
MMdd decreases with agedecreases with age (Li, (Li, BendoBendo, & , & LunineLunine 2004);2004);



PAHsPAHs are ubiquitous in spaceare ubiquitous in space
((DraineDraine & Li 2006)& Li 2006)



Why Do We Care about Why Do We Care about PAHsPAHs
in Dust Disks?in Dust Disks?

Emission features of Emission features of PAHsPAHs: tracers of small : tracers of small 
grains grains diagnostics of grain settling and/or diagnostics of grain settling and/or 
coagulationalcoagulational growth in disksgrowth in disks process of process of 
planetary formation;planetary formation;
Photoelectrons of Photoelectrons of PAHsPAHs: heating the gas;: heating the gas;
Large surface areas of Large surface areas of PAHsPAHs, electrons, electrons play play 
an important role in disk an important role in disk astrochemistryastrochemistry;;



PAHsPAHs in in ProtoplanetaryProtoplanetary Dust Disks Dust Disks 
around around HerbigHerbig AeAe/Be Stars /Be Stars 

HerbigHerbig AeAe/Be Stars: /Be Stars: young young 
intermediate 2intermediate 2--88MM๏๏    prepre--main main 
sequence starssequence stars; ; 
GroundGround--based and spacebased and space--borne borne 
spectraspectra →→ Brooke et al. (1993)Brooke et al. (1993)
detected the 3.3detected the 3.3μμmm CC--H H 
stretching feature in stretching feature in ~~20% of 20% of 
42 42 HAeBeHAeBe starsstars;;
ISO spectraISO spectra →→ AckeAcke & van den & van den 
AnckerAncker (2004)(2004) reported PAH reported PAH 
spectra in spectra in ~57% of 46 ~57% of 46 HAeBeHAeBe
starsstars;;
Spitzer Spitzer →→ Sloan et al. (2005) and Sloan et al. (2005) and 
Keller et al. (2005);Keller et al. (2005);



PAHsPAHs in in HAeBeHAeBe Disks: Disks: 
Spectral variations Spectral variations (Sloan et al. 2005)(Sloan et al. 2005)



PAHsPAHs in in ProtoplanetaryProtoplanetary Disks Disks 
around T around T TauriTauri StarsStars

T T TauriTauri StarsStars: low: low--mass premass pre--MS starsMS stars;;
SpitzerSpitzer →→ GeersGeers et al. (2005);et al. (2005);

LkHalphaLkHalpha: very different PAH spectrum!: very different PAH spectrum!



PAHsPAHs in Planetary Disks in Planetary Disks 
around Vegaaround Vega--type Starstype Stars

HD34700:HD34700: G0V, G0V, T_effT_eff=5940K =5940K (Smith et al. 2004);(Smith et al. 2004);

F, G type stars: lack of ultraviolet photons!F, G type stars: lack of ultraviolet photons!
How are How are PAHsPAHs excited?excited? Do not need energetic photons?Do not need energetic photons?



PAHsPAHs in Planetary Disks in Planetary Disks 
around Vegaaround Vega--type Starstype Stars

VegaVega--type Starstype Stars: MS stars with dust disks: MS stars with dust disks;;
SAO 206462:SAO 206462: F8V, F8V, T_effT_eff=6250K =6250K ((CoulsonCoulson & Walther 1995);& Walther 1995);



PAH ExcitationPAH Excitation
(Li & (Li & DraineDraine 2002)2002)

Cool reflection Cool reflection 
nebula nebula vdbvdb 133133
((TTeffeff=6800K);=6800K);
PAHsPAHs can be can be 
excited by excited by 
visible/nearvisible/near--IR IR 
photons!photons!



AttogramAttogram (10(10--1818 g)g) Dust?Dust?

Nanometer sized dust grainsNanometer sized dust grains do do notnot absorb absorb 
radiation effectively enough to be pushed radiation effectively enough to be pushed 
out by radiation pressure.out by radiation pressure.

They are heated by single photons to high They are heated by single photons to high 
enough temperatures to emit at the silicate enough temperatures to emit at the silicate 
features (e.g. BD+20 307). features (e.g. BD+20 307). 

They are detected in disks They are detected in disks (Forrest et al. 2007)!(Forrest et al. 2007)!

See Mann et al. See Mann et al. (2006, Planet. Space (2006, Planet. Space SciSci.).) for a for a 
review on review on nanonano--sized dust in solar system. sized dust in solar system. 



Opposing ForcesOpposing Forces

βrp



Grains a> 0.3 µm:

pulled into the star by 
Poynting-Robertson 
drag, or too cold to 
emit silicate features;

Grains 0.1<a< 0.3µm: 

will be pushed out by 
radiation pressure;

Nanometer sized grains 
will stay in the disk!
Porous aggregates are 
easier to be pushed out 
(Mukai et al. 1992).

Attogram Dust Stays in the Disk!

Ortega & Li 2006



BD+20 307BD+20 307
Using the space motion, lithium content and XUsing the space motion, lithium content and X--ray flux of ray flux of 

the star Song et al. were able to estimate the the star Song et al. were able to estimate the ageage of the of the 
star at about star at about 300 million years300 million years..

This is more than enough time to have depleted the This is more than enough time to have depleted the 
primordial dust of a few microns in size!primordial dust of a few microns in size!

The question is:

How can a star 
this old show such 
a silicate feature?

Figure from: Song et al. Nature 
436, 363-365 (2005)



SummarySummary

Debris disks are Debris disks are 22ndnd generational;generational;
Debris disks contain important clues Debris disks contain important clues 
for the origin and evolution of for the origin and evolution of 
exoplanetsexoplanets;;
The porousThe porous--dust model is robust!dust model is robust!
–– Composition: Composition: fluffy aggregates of interstellarfluffy aggregates of interstellar--like like 

silicate, carbon, ice dust mixtures;silicate, carbon, ice dust mixtures;
–– Morphology; Morphology; porous (P ~ 0.90);porous (P ~ 0.90);
–– Size distribution: Size distribution: dn/dadn/da ~ a~ a--αα, , 

aaminmin ≤≤ a a ≤≤ aamaxmax;; aaminmin=0.01=0.01--11μμmm, , aamaxmax=1cm;=1cm;

Dust spatial distributions;Dust spatial distributions;



More to Be DoneMore to Be Done……

A A systematic modelingsystematic modeling of debris disks of of debris disks of 
various masses and ages;various masses and ages;
–– with with PAHsPAHs taken into account; taken into account; 
–– Observational:Observational: Spitzer; Spitzer; CanariCamCanariCam--GCT, LBT, Keck, Gemini, GCT, LBT, Keck, Gemini, 

Subaru, VLT; Subaru, VLT; PolarimetricPolarimetric imaging/imaging/spectrospectro.;.;

SED vs. Disk structure vs. SED vs. Disk structure vs. planets; planets; 
Mineralogy: origins of crystalline silicates, Mineralogy: origins of crystalline silicates, 
PAHsPAHs; their possible relations to ; their possible relations to 
comets/comets/planetesimalsplanetesimals, ISM;, ISM;
Extend the Porous dust model toExtend the Porous dust model to opticallyoptically--thickthick
gaseous disks/envelopes;gaseous disks/envelopes;
Ultimate goal Ultimate goal understand & characterize the understand & characterize the 
origin and evolution of planetary systems!origin and evolution of planetary systems!



Part IIIPart III
(3) (3) CometaryCometary DustDust

Porous aggregate model of Porous aggregate model of cometarycometary dustdust

Mann et al. 2006



Porous aggregate model of Porous aggregate model of 
cometarycometary dustdust

Mann et al. 2004, Kimura et al. 2006, Mann et al. 2004, Kimura et al. 2006, LasueLasue & & 
LevasseurLevasseur--RegourdRegourd 2006: 2006: successfully successfully 
reproduces the reproduces the observedobserved angular and wavelength angular and wavelength 
dependencies of intensity and polarization of dependencies of intensity and polarization of 
scattered solar light by scattered solar light by cometarycometary dust.dust.
D.H. D.H. WoodenWooden’’ss lecture: lecture: IR emission.IR emission.



PAHsPAHs in Comets?in Comets?



Possible Possible evidenceevidence for for PAHsPAHs in comets:in comets:
–– mass spectrometry: mass spectrometry: PAHsPAHs in in IDPsIDPs of of cometarycometary

origin;origin;
–– 3.283.28μμm emission band: PAH m emission band: PAH CC--H stretching H stretching 

mode;mode;
–– UV emission spectrum: PAH fluorescence?UV emission spectrum: PAH fluorescence?
–– Spitzer IRS spectra of TempleSpitzer IRS spectra of Temple--1: ionized 1: ionized PAHsPAHs??



Possible Evidence for Possible Evidence for 
PAHsPAHs in Cometsin Comets

–– Mass spectrometry: identification of Mass spectrometry: identification of PAHsPAHs
in interplanetary dust particles (in interplanetary dust particles (IDPsIDPs) of ) of 
cometarycometary origin origin ((ClemettClemett et al. 1993)et al. 1993)

naphthalene naphthalene CC1010HH88,,
phenanthrenephenanthrene CC1414HH1010,,
pyrenepyrene CC1616HH1010;;



Possible Evidence for Possible Evidence for PAHsPAHs in Cometsin Comets

–– 3.283.28μμmm emission emission 
band observed in band observed in 
some cometssome comets

PAH CPAH C--H H 
stretchingstretching mode mode 
((CombesCombes 1988, 1988, 
EncrenazEncrenaz 1988, 1988, 
BockeleeBockelee--MorvanMorvan et al. et al. 
1995);1995);

BockeleeBockelee--MovanMovan et al. 1995: et al. 1995: PAHsPAHs <0.1% of dust prod. Rate<0.1% of dust prod. Rate



Possible Evidence for Possible Evidence for PAHsPAHs in Cometsin Comets

–– HalleyHalley (9 March 1986; (9 March 1986; 
rrhh=0.83AU): =0.83AU): nearnear--
ultraviolet ultraviolet 
fluorescence fluorescence 
spectrumspectrum
at 347, 356, 375nm at 347, 356, 375nm 

phenanthrenephenanthrene
CC1414HH1010??

Moreels et al. 1994: ~7% of dust prod. rate



Possible Evidence for Possible Evidence for PAHsPAHs in Cometsin Comets

–– HalleyHalley (9 March 1986; (9 March 1986; 
rrhh=0.83AU): =0.83AU): nearnear--UV UV 
fluorescence fluorescence 
spectrum spectrum 
at 371, 376, 382nm at 371, 376, 382nm 

pyrenepyrene CC1616HH1010??

Clairemidi et al. 2004: ~5.9E25 mol/s



PAHsPAHs in Tempelin Tempel--1 1 EjectaEjecta??
((LisseLisse et al. 2006, Science)et al. 2006, Science)

Lisse: 6.2, 7.7, 8.6μμm bandsm bands, Harker: weaker or 
no 11μμmm band →→ ionized PAHs?



PAHsPAHs in Tempelin Tempel--1 1 EjectaEjecta??
((LisseLisse et al. 2006, Science)et al. 2006, Science)

6.2, 7.7, 8.6μμm bandsm bands, weaker 11μμmm band →→ ionized PAHs?



PAHsPAHs Seen in Stardust Sample!Seen in Stardust Sample!
ScienceScience

December 15December 15thth Stardust Special issueStardust Special issue



Stochastic Heating of Stochastic Heating of PAHsPAHs by by 
Single Solar PhotonsSingle Solar Photons

(Li & (Li & DraineDraine 2007)2007)
PAH

s
at r_h=

1.5AU



Theoretical IR Emission spectra for Theoretical IR Emission spectra for PAHsPAHs
at 1.5 AU Heated by Solar Photonsat 1.5 AU Heated by Solar Photons

(Li & (Li & DraineDraine 2007)2007)
PAH

s
at r_h=

1.5AU
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