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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.
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Disks drive jets that carry
away angular momentum
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(Padgett et al., HST)
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

Disks are clearly where
planets form.

(Marois et al 2008., Gemini)
Debris Disk around Star HR 8799
Spitzer Space Telescope * MIPS
.S (UnvofArizons) sg0s008

(Su et al. 2009, Spitzer)
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.
» Disks are short-lived.

« Disk dust emission in the infrared decreases as protostar evolves.
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Disk Dispersal

> Disks facilitate star formation and are the sites of planet formation.
» Disks are short-lived.

« Disk dust emission in the infrared decreases as protostar evolves.
* Infrared excesses decline with age.

(Hillenbrand 2008,
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.
» Disks are short-lived.

* Disk dust emission in the infrared decreases as protostar evolves.
* Infrared excesses decline with age.

(Hillenbrand 2008,
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Disk Dispersal
> Disks facilitate star formation and are the sites of planet formation.
» Disks are short-lived.
« Disk dust emission in the infrared decreases as protostar evolves.
« Infrared excesses decline with age.
(Hillenbrand 2008,
100%
Dust disk lifetime at all radii ~ 3-5 Myrs.
c 3
.. Qous 1
However, 99% of the mass is in the gas B oX ol
component. g . 5Myr
Sos PRe L
o X
S S &
. ®
° IRAC
k: THE 1 MIPS
. . ki
= 51 i . $ .
0 0% . * o @

Age.of Cluster

8/26/14 ISSI Beijing 2014 7



Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

» Disks are short-lived.

* Disk dust emission in the infrared decreases as protostar evolves.

* Infrared excesses decline with age.

* Accretion rate falls as disk evolves. (Hillenbrand 2008)
(Mendigutia et al. 2012)
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Disk Dispersal
» Disks facilitate star formation and are the sites of planet formation.
» Disks are short-lived.
* Disk dust emission in the infrared decreases as protostar evolves.
* Infrared excesses decline with age.
* Accretion rate falls as disk evolves.
* CO rotational lines (>30AU), Spitzer IRS (1-40) AU.
* Gas disk lifetimes are also short, < 10Myrs.
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

» Disks are short-lived.

* Disk dust emission in the infrared decreases as protostar evolves.

* Infrared excesses decline with age.

(Pascucci et al. 2006)
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

» Disks are short-lived.

» Planet formation is affected by presence of gas at late stages of disk evolution.

Giant Planet
Formation
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

» Disks are short-lived.

» Planet formation is affected by presence of gas at late stages of disk evolution.
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Photoevaporation

» Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation.

- T - T - T - -
(Mendigutia et al. 2012)

1
logM,; M, yr 1

Consistent with viscous disk evolution,
a significant fraction of disk mass is
probably accreted onto the star.
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Disk Dispersal

» Disks facilitate star formation and are the sites of planet formation.

» Disks are short-lived.

» Planet formation is affected by presence of gas at late stages of disk evolution.

How are disks dispersed?
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Photoevaporation

» Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation.

- T - T - T - -
(Mendigutia et al. 2012)

Consumes mass in solids.
~3x10* M, for solar system
(Chiang & Youdin 2010)

-1
logM, . IM, yr ]

Consistent with viscous disk evolution,
a significant fraction of disk mass is
probably accreted onto the star.
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Photoevaporation Photoevaporation

» Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation. » Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation.

» Disks are most likely dispersed by photoevaporation due to heating by high energy photons. » Disks are most likely dispersed by photoevaporation due to heating by high energy photons.

* Central star photoevaporation by O and B stars (Hollenbach et al. 1994) * Central star photoevaporation by O and B stars (Hollenbach et al. 1994)

* Photoevaporation by external OB star irradiation, EUV and FUV photons.
(e.g., Johnstone et al. 1998, Richling & Yorke 2000, Adams et al. 2004)
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Photoevaporation Photoevaporation

» Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation. » Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation.

» Disks are most likely dispersed by photoevaporation due to heating by high energy photons. » Disks are most likely dispersed by photoevaporation due to heating by high energy photons.

 Central star photoevaporation by O and B stars (Hollenbach et al. 1994)

 Central star photoevaporation by O and B stars (Hollenbach et al. 1994)
* Photoevaporation by external OB star irradiation, EUV and FUV photons. * Photoevaporation by external OB star irradiation, EUV and FUV photons.
(e.g., Johnstone et al. 1998, Richling & Yorke 2000, Adams et al. 2004) (e.g., Johnstone et al. 1998, Richling & Yorke 2000, Adams et al. 2004)
* Viscous accretion coupled with EUV photoevaporation for 1M, star — Gap opening

* Viscous accretion coupled with EUV photoevaporation for 1M, star — Gap opening
(Clarke et al. 2001) (Clarke et al. 2001)

o : : T T T T * Direct irradiation by EUV of the inner disk rim after gap — Shorter disk lifetimes
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Photoevaporation EUV, FUV and X-ray Photoevaporation Models

» Disk mass is removed by the processes of viscous accretion, photoevaporation and planet formation. » Photoevaporative flows begin at the disk surface, depend sensitively on gas
density and temperature.

> Disks are most likely dispersed by photoevaporation due to heating by high energy photons. » FUV/X-ray heated gas can be ~ 100 - 5000 K, complex gas chemistry and
many different coolants.
« Central star photoevaporation by O and B stars (Hollenbach et al. 1994)

* Photoevaporation by external OB star irradiation, EUV and FUV photons. > Need to solve accurately for gas structure, detailed models needed.
(e.g., Johnstone et al. 1998, Richling & Yorke 2000, Adams et al. 2004)

* Viscous accretion coupled with EUV photoevaporation for 1M, star — Gap opening
(Clarke et al. 2001)

« Direct irradiation by EUV of the inner disk rim after gap — Shorter disk lifetimes
(Alexander et al. 2006)

* X-ray and FUV photoevaporation, earlier onset of disk dispersal, higher mass loss rates.
(Ercolano et al. 2008, Gorti & Hollenbach 2009, Owen et al. 2010)

X-rays and FUV penetrate deeper into the disk, act at earlier epochs.
Chromospheric activity and accretion result in high luminosities.
Measured fluxes, unlike EUV.
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EUV, FUV and X-ray Photoevaporation Models EUV, FUV and X-ray Photoevaporation Models

» Photoevaporative flows begin at the disk surface, depend sensitively on gas

density and temperature. 10% g
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EUV, FUV and X-ray Photoevaporation Models

EUV + FUV + X-rays
tyisk = 4.2 Myr
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EUV, FUV and X-ray Photoevaporation Models
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(Gorti et aIZOQQ)
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EUV, FUV and X-ray Photoevaporation Models
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?

Different morphologies with different implications for planet formation.

8/26/14
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?

» What are typical mass loss rates? ~1071° M, yr for EUV, 10 for FUV/X-rays.

Higher disk mass at gap-opening epochs, availability of gas for planet formation
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?

» What are typical mass loss rates? ~101° M, yr for EUV, 10 for FUV/X-rays.

» [Nell] 12.8um emission is blue-shifted, indicates EUV or X-ray heating of wind.

» [OI]6300A blue-shifted emission predicted by the X-ray models (Ercolano & Owen 2010)

[Nell] is blue-shifted, but OI6300A is not!
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?
» What are typical mass loss rates? ~1071° M, yr for EUV, 10 for FUV/X-rays.

» [Nell] 12.8um emission is blue-shifted, indicates EUV or X-ray heating of wind.
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?
» What are typical mass loss rates? ~101° M yr* for EUV, 10 for FUV/X-rays.
» [Nell] 12.8um emission is blue-shifted, indicates EUV or X-ray heating of wind.

» [OI]6300A blue-shifted emission predicted by the X-ray models (Ercolano & Owen 2010)
[Nell] is blue-shifted, but OI6300A is not!
EUV-heating?

Free-free emission indicates EUV is likely too low.
(Pascucci et al. 2012)

X-ray heating. But [OI]?
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Current Work: Observational diagnostics

» What drives photoevaporation? EUV, FUV or X-rays?

» What are typical mass loss rates? ~1071° M, yr for EUV, 10 for FUV/X-rays.

» [Nell] 12.8um emission is blue-shifted, indicates EUV or X-ray heating of wind.

» [OI]6300A blue-shifted emission predicted by the X-ray models (Ercolano & Owen 2010)

» Does [Ol] trace an FUV flow?

(Rigliaco et al., 2013)
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Ol flux is correlated with FUV, but not with X-rays.
[0116300 could arise from photodissociation of OH.
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Summary

» Disks disperse in a few million years, before which they must form planets.

» Photoevaporation and viscosity are mainly responsible for disk dispersal.

» EUV, FUV and X-rays have all been suggested as photoevaporation agents, disk evolutionary

scenarios and predicted mass loss rates in each case differ.

» Stellar mass and radiation field, disk properties, magnitude of viscosity, and dust evolution all

play significant roles in determining the evolution of the disk and its lifetime.

» Observational diagnostics of photoevaporative flows include [Nell] and perhaps [Ol]. These
are at present inconclusive and better diagnostics are needed.
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Current Work: Theory

(D’Angelo & Gorti)

10000

! " 00060
10M core grows to 1M, }‘38:2
o

1.30e6
1.60e6
1.70e6
1.75e6
1.76e6
1.77¢6 ——

Log t (years)

8/26/14

(Gorti et al. 2014)
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Dust evolution with viscosity and photoevaporation.
Flaring angle affects interception of photons.
Dust opacity affects disk structure, penetration depths.
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100 1000

Giant planet exerts torques on disk.
Gap created may accelerate dispersal.
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