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2. Protoplanetary Disks



Protoplanetary Disk (iR E R M)

® Disks around young stars (of age < |0 Myr)
e Consist of gas (~99wt%) and dust (~|wt%)
e Radial extent ~ 100 au

e Rotate at nearly Keplerian velocity
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Example: thermal emission from dust around young star HL Tau (140 pc away from us)
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Why Do Young Stars Have Rotating Disks?

e A star forms from the gravitational o —
collapse of a molecular cloud core (a :

b “
cold, dense cloud of gas and dust) . 0 < db%ore -]

e 2 centn(ugal
e During the collapse, the core’s mass M - : force

and angular momentum L ~ MR2Q) (R: Reore™ TOj ORI

Rotation axas

radius, (): angular speed) is conserved

e |
= The core spins up ({2 increases) as 2 K ‘

the core shrinks (R decreases)

= The increased centrifugal force Rotation axis
prevents collapse in the direction

. . . |sk :
perpendicular to the rotation axis " <—’star
qusk~100 a

= A rotating disk forms with a star




The Minimum-mass Solar Nehula Model

(Weidenschilling 1977b; Hayashi 1981)

Solar System

* reconstruction

Solar Nebula

Key Assumptions:

- All solids in the disk (nebula) were used to make
the planets (planet formation was 100% efficient).

- The planets were born at the present position.

- Gas (H2, He) mass ~ 100 x dust mass



Gas surface density 2.5 [g cm2]

The Minimum-mass Solar Nebula Model

Surface density X: mass per unit area of disk
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® The following power-law fit
is commonly used:

Zgas =1700 (r/au)—3/2 o cm-2
| Xdust ~ 20 (r/au)-32¢g cm2 |

e Total disk mass
Mgas = 0.013 Mo (rout/30au)l’2

[ M dust ~ 4() M@ (l"out/3oaU)1/2 ]



Dust Mass in Disks from mm Observations

Assuming that the dust disk 1s optically thin at A ~ mm
and that the dust temperature 7qust 1S spatially uniform,
the total dust mass Maust In a disk can be estimated as

M dust — |
. /‘iny (Taust) o

Fy: flux density (observable)
d: distance to disk

kv. dust opacity (in principle depends on dust size)
By(T): Planck function

2hu’ 1

B — (energy flux per unit frequency and
© 2 ehlkgT — ] unit solid angle)




Dust Mass in Disks from Radio Obhservations

Dust masses Mdus: of disks belonging to different star-forming regions
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Disk’s Vertical Structure

4z

fpressure,z (> O)

A pressure grad. force
t g\’a\l“v :
S‘e“a/égrav,z (SO)

r

Vertical forces acting on disk gas of unit volume:

GM.z
Py 2pn

e Stellar gravity | forav; = ~ —pQiz | (r<z)

Qk = (GM./r3)2: Keplerian orbital frequency

Joressure,z = _(9_2 — G oz

e Pressure gradient force |

cs= (dP/dp)!’? : sound speed



Disk’s Vertical Structure

In hydrostatic equilibrium, ferav,z T fpressure,z = 0,
the vertical profile of gas density becomes Gaussian

oy T P i O S =
2 |
|

_ <
p(Z) = Pz=0 €XP Y [2 -

where H = ¢;/Qk: is called the scale height (~disk
thickness)

+z fpressure,z (>O)

<
A
: H
/é{fgrawz (fo) R
: / p(2)
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Sub-Keplerian Rotation of the Gas Disk

There are three components of radial forces
acting on disk gas:

<\ans gas disk

stellar gravity _ centrifugal force
<‘P-------- ::::i=-£5'>

. pressure gradient force
High P

star

Because of the presence of pressure gradient, the
rotation speed deviates from Keplerian.
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Sub-Keplerian Rotation

stellar gravity _ centrifugal

pressure grad.

Per unit volume, the radial forces are:

Qxk: Kepler freq.

¢ Centrifugal force fcent,r — +pQ§aSl’ Qq.s: orbital frequency of gas
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Sub-Keplerian Rotation (Gont.)

¢ ﬁgrav,r T fpressure,r + fcent,r =0=

Normally 0P/0r <0 = (Qoas < LK (sub-Keplerian rotation)

e Rotational velocity of gas: Uy = r€2gas

Assuming [Qqas—Qk| < Qk , we approximately have

1 1 P 12 9lP
B 2 Qgp Or 2y Olnr |

Up = VK + u’¢,

vk = rQx

Kepler velocity rotation velocity relative to Keplerian
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Sub-Keplerian Rotation of the Gas Disk

Fl‘om I‘adia| force balance férav,r +f£)ressure,r _I_](cent,r — O,

Normally 0P/dr <0
= L2535 < L2k (sub-Keplerian rotation)
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Sub-Keplerian Rotation Speed

Rotational velocity of gas: Uy = 1€2gas

Assuming |Qgas—C2k| < Qk , we approximately have
Up = VK + U ¢,

where vk = r{2k is the Kepler velocity, and

., 11 0P 1c29InP |
C2Qkp Or  2vk Olnr

is the deviation from Keplerian (normally negative)
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Magnitude of Sub-Kepler Rotation Speed

U l(cs)zdlnP (cS )2

= UK B 2 UK dlnr UK

At | au around a solar-type star,

-T=300K = ;=1 km/s = }]~10_3
- vk = 30 km/s

u'y ~—10-3x30 km/s ~— 30 m/s

This small deviation has little effect on gas disk evolution.

Nonetheless, we will see that this has an enormous effect
on dust dynamics!
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