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young star

Testi et al. (2014)

● Disks around young stars (of age < 10 Myr)
● Consist of gas (~99wt%) and dust (~1wt%)
● Radial extent ~ 100 au
● Rotate at nearly Keplerian velocity 

Protoplanetary Disk (原始惑星系円盤)



Imaging Disks with ALMA Telescope
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Kwon et al. (2011)

Example: thermal emission from dust around young star HL Tau (140 pc away from us)

CARMA
(resolution ≈ 20 au)

ALMA Partnership et al. (2015)

10 au 
(~Saturn’s 

ALMA 
(resolution ≈ 4 au)

Atacama Large Millimeter/sub-millimeter Array (2011–)
spatial resolution ~ 0.01 arcsec (視力6000)



Why Do Young Stars Have Rotating Disks?
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● A star forms from the gravitational 
collapse of a molecular cloud core (a 
cold, dense cloud of gas and dust)

● During the collapse, the core’s mass M 
and angular momentum L ~ MR2Ω (R: 
radius, Ω: angular speed) is conserved

➡ The core spins up (Ω increases) as 
the core shrinks (R decreases)

➡ The increased centrifugal force 
prevents collapse in the direction 
perpendicular to the rotation axis 

➡ A rotating disk forms with a star

Rcore~10,000 au

Ω cloud core

Rdisk~100 au
←star

disk

centrifugal 
force



The Minimum-mass Solar Nebula Model
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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 × dust mass

(Weidenschilling 1977b; Hayashi 1981)

Solar System

Solar Nebula

reconstruction
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The Minimum-mass Solar Nebula Model
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 Surface density  Σ:  mass per unit area of disk

● The following power-law fit 
is commonly used:

Σgas = 1700 (r/au)–3/2 g cm–2 

[ Σdust ~ 20 (r/au)–3/2 g cm-2 ]

● Total disk mass
Mgas  = 0.013 M⊙ (rout/30au)1/2 

[ Mdust ~ 40 M⨁ (rout/30au)1/2 ] 



Dust Mass in Disks from mm Observations
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in the LSRK frame) when creating zero-moment maps for our
gas non-detections with unknown RVs. We measure 12CO,
13CO, and C18O integrated fluxes from these zero-moment
maps using the aforementioned aperture photometry method,
but with an aperture size fixed to the beam size. We found no
additional detections, andthus took upper limits as 3× the
image rms.

Table 2 gives our integrated line fluxes or upper limits. Of
the 92 targets, only 6 are detected in 12CO, 3 are detected in
13CO, and none are detected in C18O with >4σ significance.
All sources detected in 12CO are detected in the continuum, and
all sources detected in 13CO are detected in 12CO. The zero-
and first-moment maps of the gas detections are shown in
Figure 3.

5. Properties of σ Orionis Disks

5.1. Dust Masses

Because dust emission at (sub-)millimeter wavelengths can
be optically thin, the bulk dust mass of a disk (Mdust) can be
estimated from its (sub-)millimeter continuum emission at a
given wavelength (Fν), as shown in Hildebrand (1983):
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where B TdustO ( ) is the Planck function for a characteristic dust
temperature of Tdust=20 K (the median for Taurus disks;
Andrews & Williams 2005). We take the dust grain opacity, κν,
as 10 cm2 g−1 at 1000 GHz and use an opacity power-law
index of β=1 (Beckwith et al. 1990). The source distance, d,
is taken as 385pc based on the updated parallax of the σOri
triple system (Schaefer et al. 2016). Equation (1) can therefore
be approximated as M F1.34 10dust

5
1.33 mmx q � , where

F1.33 mm is in mJy and Mdust is in Me.

Table 2
Gas Properties

Source F12CO F13CO FC18O Mgas Mgas,min Mgas,max

(mJy km s−1) (mJy km s−1) (mJy km s−1) (MJup) (MJup) (MJup)

Gas Detections

540 1204±85 276±54 <78 2.4 1.0 10.5
1274 861±88 326±68 <48 5.5 1.0 31.4
1152 633±82 314±65 <60 7.1 1.0 31.4
1153 557±57 <99.0 <72 ... ... 1.0
818 514±58 <108.0 <81 ... ... 1.0
1075 165±33 <93.0 <66 ... ... 10.5

Gas Non-detections

1036 <72.0 <81.0 <57 ... ... 3.1
1050 <72.0 <81.0 <60 ... ... 3.1
1154 <69.0 <75.0 <57 ... ... 3.1
1155 <69.0 <78.0 <57 ... ... 3.1
1156 <72.0 <84.0 <60 ... ... 3.1
1182 <69.0 <78.0 <60 ... ... 3.1
1193 <72.0 <81.0 <60 ... ... 3.1
1230 <72.0 <81.0 <57 ... ... 3.1
1248 <72.0 <81.0 <60 ... ... 3.1
1260 <69.0 <78.0 <60 ... ... 3.1

(This table is available in its entirety in machine-readable form.)

Figure 3. The six sources in our sample detected in CO (Section 4.2). The first
column shows the 1.33mm continuum emission in 4σ, 10σ, and 25σ contours.
The second and third columns show the 12CO and 13CO zero-moment maps
with 4σ continuum contours. The last column shows the 12CO first-moment
maps within 4σ continuum contours. Images are 2″×2″ and the typical beam
size is given in the first panel.
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The Astronomical Journal, 153:240 (15pp), 2017 May Ansdell et al.

Fν: flux density (observable)  
d: distance to disk 
κν: dust opacity (in principle depends on dust size) 
Bν(T): Planck function

Assuming that the dust disk is optically thin at λ ~ mm 
and that the dust temperature Tdust is spatially uniform, 
the total dust mass Mdust in a disk can be estimated as 

Bν =
2hν3

c2

1
ehν/kBT − 1

(energy flux per unit frequency and 
unit solid angle)



Dust Mass in Disks from Radio Observations
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slope=1.7 slope=1.8 slope=1.8

slope=2.0 slope=2.4

d=145 pc

d=160 pcd=150 pcd=140 pc

d=385 pc

(SMA) (ALMA) (ALMA)

(ALMA) (ALMA)

For M∗ = M⊙,   Mdust ~ 10M⨁  
Ansdell et al. (2017) 

assumption:  κν = 3 (λ/1mm)–1 cm2 g–1,  Tdust = 20 K

Dust masses Mdust of disks belonging to different star-forming regions



Disk’s Vertical Structure
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z

r

 Vertical forces acting on disk gas of unit volume: 

stellar gravity
fgrav,z (<0)

pressure grad. forcefpressure,z (>0)

● Stellar gravity (r≪z)

ΩK = (GM∗/r3)1/2 :  Keplerian orbital frequency

● Pressure gradient force 

cs = (dP/dρ)1/2 : sound speed



Disk’s Vertical Structure
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In hydrostatic equilibrium, fgrav,z + fpressure,z = 0, 
the vertical profile of gas density becomes Gaussian

where H = cs/ΩK: is called the scale height (~disk 
thickness)

z

ρ(z)

H
z

r
fgrav,z (<0)

fpressure,z (>0)



Sub-Keplerian Rotation of the Gas Disk
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stellar gravity centrifugal force 

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

star
gas diskΩgas

pressure gradient force 
High P

Low P

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



Sub-Keplerian Rotation
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r

stellar gravity
pressure grad. 

centrifugal

Per unit volume, the radial forces are:

● Pressure gradient force

● Stellar gravity ΩK: Kepler freq.

● Centrifugal force Ωgas: orbital frequency of gas



Sub-Keplerian Rotation (Cont.)
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●  fgrav,r + fpressure,r + fcent,r = 0 ⇒

Normally ∂P/∂r < 0  ⇒  Ωgas < ΩK  (sub-Keplerian rotation) 

● Rotational velocity of gas:  uφ = rΩgas

Assuming  |Ωgas–ΩK| ≪ ΩK , we approximately have

 uφ ≈ vK + uʹφ, 
vK = rΩK 
Kepler velocity rotation velocity relative to Keplerian 



Sub-Keplerian Rotation of the Gas Disk
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From radial force balance  fgrav,r + fpressure,r + fcent,r = 0,

Normally ∂P/∂r < 0   
⇒  Ωgas < ΩK  (sub-Keplerian rotation) 



Sub-Keplerian Rotation Speed
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Rotational velocity of gas:  uφ = rΩgas

Assuming  |Ωgas–ΩK| ≪ ΩK , we approximately have

 uφ ≈ vK + uʹφ, 

where vK = rΩK is the Kepler velocity, and 

is the deviation from Keplerian (normally negative) 



Magnitude of Sub-Kepler Rotation Speed
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At 1 au around a solar-type star,
- T ≈ 300 K  ⇒  cs ≈ 1 km/s 

 - vK  ≈ 30 km/s
⇒  η ~ 10–3

u′φ  ~ –10–3 × 30 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!


