Protoplanetary Disk
* Basics *




Open questions...
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Why there must be a Disk?

cloud in rotation
W

¢ !>  fluid particle

looking from side

equator

hits equator
here

e particle in elliptical orbit with

Vo = rowsinBo

e assume particle barely bound

.. and StOPS somehow it particle from the other side r = ZGM*
damping by disk mass Y,
suddenly v; = 0 %




looking at the orbit face on

at ' = I'm
e orbit vertical to displacement

equator

Vin L I'm
r'mVm = rovo=j (angular momentum)
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A disk forms only when

re>R*

Right way of saying Is

e angular velocity W was large enough
e protostar is small enough

e cloud was large enough
(collection range ro large enough)
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How to make this disk evolves

with fixed rg

r04w23in260 re is maximum r04w2
Fe — — Fc —
GM: LT GM
2

centrifugal radius
this is as much as the fluid particle come close to the star

e energy can dissipate radiation
(gas kinetic energy) cooling

e angular momentum is

oy ransported




ransport angular momentum OUT

R, R

two rings A and B
in Keplerian rotation
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How to have ‘viscosity’ in disk...!?

ewithout viscosity particle in circular orbit forever
(The Earth is rotating around the Sun for 4 Gyrs)

egas viscosity is too low

ewe will create “effective” viscosity

£} Magnetic field
F3 Turbulence

E) Effective transport of angular momentum



Let be Magnetic Field Balbus & Hawley 1991

™" looking from star perturbation

f  cross section
dlsk
! rotation

erotate the upper disk a bit forward
. erotate the lower disk a bit backward
’ top view ’

‘6 side view 7

magnetic
tention



Instability == Turbulence
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Instability == Turbulence

disk not only accretes inward

spills outward as well
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disk heated

from inside o cloud to disk

e Mass accretes toward
center

e star forms

e disk mass decline

© estar massincrease
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Photoevaporation

is actually photoionization
atomic hydrogen ionized by UV radiation

Vesc = Cs " Vesc < Cs
¢s = 10 km/s constant

Te = 10,000 K
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Clarke et al. 2001

UV SWitChing Owen et al. 2010

disk evolves mainly via viscous accretion
\ photoevaporation is constant

/ as disk mass declines
\ viscous accretion slows down
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When you squeeze a patch of disk in disk

it increases g} gravitational pull

¥3 pressure push
E) centrifugal force  push

if
12 I3

gravitationally unstable




mass added inside the orbit
BB gravitational AM=2TTrArS
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V2

E) centrifugal force g, =\/

local angular momentum
j=mr(vi-v2)
= mr R(QQ; - €)))
dQr

mr R 2r

dR
= 2mr?QRr

R

rv const.
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grav. pres. cent.

pull push push
n b a + B unstable
€c’
€G2 > r—s + £rQg?
= . (-2 +c<0

re - r + <Q D iad




b b?
2 Clsi et e Sl
o G2 i Cs <0 2 4
2 2
QR Qr Qrec.
e — = | unstable
b C €3
r~b scale of instability

My = TTIRZ2.
et Gnenn
()R? é R3
M
T VR M+
R3

/10 of the radius of the disk



We have learned

e how disk is formed

e how disk evolves
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ELT is an extragalactic telescope

or high-z/cosmological/exoplanetary telescope

e protoplanetary disk is thermal infrared
e not hotter than 1000 K av;er?elfc?ermal background

; i becomes serious
e exception: jet, outflow, atmosphere

ELT-MOS
3000 [ m] Icﬁ;blséer\]{ers ELT-HlRES
H L ELERCe ERce)

even after all instrument
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ELT/METIS wrap up

e aperture 39 m

3 Um 5 Um 8 Um 14 pm
HD, NH CO SO @
AND |6 mas 26 mas 42 mas 74 mas

at 150 pc 24 AU 4.0 AU 6.3 AU |1 AU




What you should not do with ELT

Angular Spectral

Aperture Wavelength . .
P & Resolution® Resolution

4~ 1/26 | 3E+07

150-16000 m | 320 -3600 um
(1.5-160 meqv)) | (3.2 - 36 um)

JWST 6.5 m vis-MIR | same ~1/6 | 3000

ALMA

SOFIA 2.7 m NIR-FIR /14 100,000
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ELT/METIS sensitivity
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Sweet Spots

Aperture

Wavelength

Angular

Spectral

ALMA

150-16000 m

320 -3600 um

4~ 1/26

3E+07
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Observing

CO vibrational band ...

in Protoplanetary Disk hlgh ansum

resolution

n angular resolution + IR

warm targets that is
barely resolved so far

F Binfrared
r mld-

infrared
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