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Disk demographics provide the initial 
conditions for planet synthesis models
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 1. An Interstellar Cloud Collapses  
 Time: 0 (starting point of planet 
formation sequence)

Our solar system belongs to a galaxy of some 
100 billion stars threaded with clouds of gas and 
dust, much of it the debris of previous genera-
tions of stars. “Dust” in this context simply 
means microscopic bits of water ice, iron and 
other solid substances that condensed in the 
cool outer layers of stars and were blown out 
into interstellar space. When clouds are suffi-
ciently cold and dense, they can collapse under 
the force of gravity to form clusters of stars, a 
process that takes 100,000 to a few million 
years [see “Fountains of Youth: Early Days in 
the Life of a Star,” by Thomas P. Ray; Scientif-
ic American, August 2000]. 

Surrounding each star is a rotating disk of left-
over material, the wherewithal for making plan-

ets. Newly formed disks contain mostly hydro-
gen and helium gas. In their hot and dense inner 
regions, dust grains are vaporized; in the cool 
and tenuous outer parts, the dust particles sur-
vive and grow as vapor condenses onto them.

Astronomers have discovered many young 
stars that are surrounded by such disks. Stars be-
tween one million and three million years old have 
gas-rich disks, whereas those older than 10 mil-
lion years have meager, gas-poor disks, the gas 
having been blown away by the newborn star or 
by bright neighboring stars. This span of time de-
lineates the epoch of planet formation. The mass 
of heavy elements in these disks is roughly com-
parable to the mass of heavy elements in the plan-
ets of the solar system, providing a strong clue 
that the planets indeed arose from such disks.
 Ending point: Newborn star surrounded 
by gas and micron-size dust grains

COSMIC DUST BUNNIES
[STAGE 2]

Even the mightiest planets have humble roots: as micron-size 
dust grains (the ashes of long-dead stars) embedded in a swirl-
ing disk of gas. The disk's temperature falls with distance from 

the newborn star, defining a “snow line” beyond which water 
stays frozen. In our solar system, the snow line marks the 
boundary between the inner rocky planets and outer gas giants.

3    At the snow line, local conditions are 
such that the drag force reverses 
direction. Grains tend to accumulate 
and readily coagulate into larger 
bodies called planetesimals.1   Grains collide, clump and grow.

Disk of gas and dust

Dust spirals      
inward2–4 AU

2    Small grains are swept along by the gas, but 
those larger than a millimeter experience  
a drag force and spiral in.
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Dust and gas are spatially, thermally, and 
kinematically decoupled



Outline

• Dust mass evolution!

‣ timescale for grain growth!

• Measuring the gas mass!

‣ Low gas-to-dust ratios?!

• A little speculation



⇒ disk half-life ~6 Myr

But... IR observations 
only show the existence 
of warm dust, and not 

the amount

Infrared excess ➞ disk lifetime

revised (older) ages from Bell et al. 2013



Andrews & Williams 2005, 2007 
Mann & Williams 2009, 2010 
Lee, Williams & Cieza 2011 
Mathews, Williams et al. 2012 
(also work by John Carpenter and Josh Eisner)

Measuring the disk dust mass distribution

Disk demographics in the submillimeter
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Fig. 2.— Top: HST images from Bally et al. (2000) of Fields 1 and 2 that were observed with ALMA

in Cycle 0. Bottom: Corresponding ALMA 0.005 FWHM resolution 856µm observations. These fields

have image sizes of 2000⇥2000. The ALMA images are the highest resolution observations taken at

submillimeter wavelengths of the central regions of the Orion Nebula cluster.

Mann et al.  2014
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Mann et al.  2014

Disk destruction by O6 star only 
significant within ~ 0.03pc



Hernandez et al. 2007
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850µm survey of discs in �Orionis 5

Table 3. Detected discs

Name IDa SpT Classa R.A. (J2000) Dec. (J2000) F850 F1300 FCO2�1

(deg) (deg) (mJy) (mJy) (Jy km s�1)

V510 Ori 1153 . . . I 84.91600 �2.52280 33.9± 3.0 17.4± 1.2 0.56± 0.16
V2731 Ori 540 . . . II 84.62143 �2.27104 32.6± 4.5 10.7± 0.8 0.95± 0.13
V606 Ori 1274 . . . II 84.97777 �2.77618 31.4± 4.8 14.3± 0.8 0.36± 0.07
HD 294268 411 F8 TD 84.55875 �2.26657 19.4± 5.8 5.0± 0.8 < 0.30
V602 Ori 1152 M3 II 84.91411 �2.28464 17.4± 4.5 7.8± 0.8 0.34± 0.08
J0539-0230 984 K9 II 84.82854 �2.51480 13.0± 2.7 8.0± 1.0 < 0.81
J0538-0225 609 M6 III 84.64726 �2.42280 10.1± 2.6 . . . . . .
RV Ori 1156 . . . II 84.91740 �2.34667 10.0± 3.0 . . . . . .
V597 Ori 844 . . . II 84.75575 �2.30771 9.3± 3.0 . . . . . .

a Source identification number and class from H07.

Figure 2. A larger view of the SCUBA-2 850µm map with an overlay showing the detections of one Class I source (white square), 6
Class II sources (yellow circles), one transition disc (yellow square), one Class III YSO (green square), and three possible extragalactic
sources (blue circles). The white cross indicates the location of �Orionis. The dashed contour outlines the region within which the noise
level is an approximately uniform 2.9mJy beam�1. The noise level increases beyond this to about 4.4mJy beam�1 at the map boundary.

c� 2013 RAS, MNRAS 000, 1–9

Williams et al. 2013
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σ Ori"
850µm

Map contains:"
332 stars!
92 IR sources!
8 detections…

Stacked image!
(84 individual non-detections)

F850 = 1.0 +/- 0.3 mJy/beam

Williams et al. 2013



Young, t < 3 Myr!
fIR > 50%

Old, t > 5 Myr!
fIR < 30%

M
M

SN

Average mass

(d > 0.03pc)
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850 µm survey of discs in σ Orionis 5

Figure 3. Infrared–millimetre wavelength spectral energy distributions of
the nine detected YSOs in the SCUBA-2 map. Error bars are shown when
they are larger than the symbol size. The optical photometry is from Sherry
et al. (2004), the near-infrared from the 2MASS survey and the mid-infrared
from Spitzer observations by H07. Where available, the Spitzer IRS spectrum
is plotted with a red line. The SCUBA-2 and SMA (where available) flux
densities are plotted as blue circles. The green lines are the model stellar
photospheres based on spectral types where known else optical colour,
normalized to the J band (1.1 µm). The grey region outlines the similarly
scaled lower and upper quartile SED for optically thick discs in the cluster.

massive discs, at least initially (Andrews et al. 2013). We do not
find a similar demarcation between detected and undetected discs
in terms of infrared colour, however. The diversity of SED types
suggests that there is no detailed correlation between the inner disc
geometry and bulk dust mass, as noted previously by Cieza et al.
(2008) and attributed to a range of evolutionary pathways as the
mass in small grains diminishes.

3.1.2 Stacking analysis

Most of the cluster members, including those with infrared excesses
from optically thick discs, are not detected in the SCUBA-2 map.
However, by analysing the statistics of the measured flux densities
towards their positions in the map (as listed in Table 2), we can
constrain average properties of the ensemble. There are 288 sources
that were not individually detected at 3σ significance. Based on the
H07 classification, 83 of these are optically thick discs (mostly
Class II but including one Class I and 5 TD) and 190 are Class III,
the remainder being 13 optically thin ‘evolved discs’ (also termed
anemic discs by Lada et al. 2006) and 2 DD. The mean flux density
and standard error of the mean for the two main subgroups are
listed in Table 4. There is a positive mean flux density towards

Table 4. Stacking analysis.

Type N µ σµ

(mJy) (mJy)

Optically thick 83 1.03 0.30
Class III 190 0.10 0.15

Figure 4. Stacked map of SCUBA-2 850 µm emission towards the 83
Class II YSOs that were not detected individually. The central peak flux
density is 1.3 mJy beam−1, significant at the 4σ level, and confirms the
analysis of the photometry statistics.

the optically thick discs, significant at the 3.3σ level. We directly
verified this result by shifting the map to each source location and
adding to produce the stacked map in Fig. 4. The peak flux density
of this map is 1.3 mJy beam−1, which is slightly higher than (but
consistent with) the statistical mean of the photometry.

There is no significant detection in the stacked map or in the
statistics of the photometry of the Class III sources. As these lack
an infrared excess, it may not be surprising that we do not detect
these sources, but these data provide a stringent limit to their average
850 µm flux density and therefore dust mass (see Section 4). These
results on the collective properties of the discs provide a useful
reference point for evolutionary studies in this relatively evolved
cluster where 74 per cent of discs have dispersed.

3.1.3 Submillimetre Array

Six of the SCUBA-2 sources were observed with the SMA at
1300 µm and all were clearly detected (column 8 of Table 3). The
resolution of these data, ∼2.′′5 = 1000 au, was too coarse to resolve
the discs. However, it verifies the continuum detection and allows us
to measure the SED slope, αmm, where Fν ∝ να

mm. The six discs have
similar, very shallow slopes with mean value ⟨αmm⟩ = 1.9 ± 0.5.
This is close to the blackbody value of 2 which suggests significant
grain growth, at least several millimetres in size (Draine 2006).
To go beyond suggestion, however, requires longer wavelength
observations (e.g. Ricci et al. 2010) and, ideally, resolved multi-
wavelength data (Pérez et al. 2012).

The SMA target list was defined from the early SCUBA-2 maps
and therefore biased towards what turned out to be the strongest
sources. Unfortunately, we are not yet able to independently verify
the three faintest 850 µm sources. These each lie within the central
region of the map where the noise variations are small but, never-
theless, there is a non-negligible probability of a chance alignment
of a 3σ noise spike with the location of a cluster member. In par-
ticular, there is about a 25 per cent chance that a false detection

Curious aside: are 
massive planets 

keeping the outer 
disks from accreting?



revised (older) ages from Bell et al. 2013

Disk dust masses 
decrease very rapidly 

Most of the mass is 
locked up in particles > 
mm sizes by a few Myr

M
disk  > M

M
SN
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What about the gas?

A little tested extrapolation by 2 orders of magnitude!

Average mass



SMA survey of Taurus

Williams & Best 2014

13CO C18OCOcontinuum



Azimuthal symmetry, hydrostatic equilibrium, 
Keplerian rotation, some chemistry...

A simple disk gas model

freeze-out

dissociation



8 parameters:   Mgas, R, γ, Tatm, Tmid, q, i, M★

A simple disk gas model
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C18O/CO ratio reduced by x3

Evidence for selective 
photodissociation of 
C18O  (Visser+ 2009)



105 106 107

L(13CO 2-1) [Jy km/s pc2]

104

105

106

L(
C

18
O

2-
1)

[J
y

km
/s

pc
2 ]

TW Hydra

V4046 Sgr

Haro 6-13

DM Tau

GG Tau

IM Lup

HD163296

Mgas

1 ⇥ 10�1M�

3 ⇥ 10�2M�

1 ⇥ 10�2M�

3 ⇥ 10�3M�

1 ⇥ 10�3M�

3 ⇥ 10�4M�

1 ⇥ 10�4M�

13CO and C18O 
line luminosities 
depend mostly 
on the gas mass

Williams & Best 2014

C
O

/C
18O

Disk
 ga

s m
as

s

A simple way to 
estimate gas masses 

(to within x 3-10)



•The “famous” disks are 
bright because they are 
either intrinsically massive 
or happen to be close.          

The take-away
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•“Typical” disks in Taurus 
have low gas masses and 
low gas-to-dust ratios.

(e.g., TW Hya would barely 
be detectable in Taurus…)
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Possible explanations 
for low g/d ratios

‣ Photoevaporation of gas-rich 
atmosphere? (but dM/dt too low)!

‣ Layered accretion of gas-rich 
atmosphere? (incomplete theory…)!

‣ Cold-finger effect (“dry-out”)??? 
=> low CO/H2 (Favre et al. 2013)



B Y  E R I C  H A N D

By now, it’s not surprising that NASA’s 
Kepler space telescope is turning up 
extrasolar planets by the bushel. Last 

week, at the first Kepler science conference 
at NASA’s Ames Research Center in Moffett 
Field, California, mission scientists announced 
that the space telescope has identified 2,326 
candidate planets, nearly doubling its haul 
since February.

But what has puzzled observers and theo-
rists so far is the high proportion of planets 
— roughly one-third to one-half — that are 
bigger than Earth but smaller than Neptune. 
These ‘super-Earths’ are emerging as a new 
category of planet — and they could be the 
most numerous of all (see ‘Super-Earths ris-
ing’). Their very existence upsets conventional 
models of planetary formation and, further- University of California, Berkeley. “We hope in the outer parts of their solar system, accret-

A S T R O P H Y S I C S

Super-Earths give theorists 
a super headache
An abundance of medium-sized worlds is challenging planet-formation models.

Planets coalesce out of dust swirling around their parent stars — but where super-Earths form is unclear.
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Can disk observers give them a cure?



http://www.jpl.nasa.gov/news/news.php?release=2013-308

Disk chemistry and planetary habitability



Disk demographics with ALMA
• Ability to image continuum and 13CO/C18O lines at subarcsecond 

resolution in typical disks in minutes; Mars mass sensitivity in the 
dust, Saturn in the gas — and map out their gas/dust structures!

!
• Allows complete surveys of all protoplanetary disks in nearby star 

forming regions!
‣ dependence on stellar mass!
‣ evolution of mass, g/d ratio, structure!
‣ serendipity!



Conclusions
• Millimeter fluxes decease rapidly!
‣ Very few MMSN disks exist after ~3 Myr!

‣ Most of the solid mass is in particles > mm in size!

• Gas masses and gas-to-dust ratios are low!
‣ for “typical” disks (not the big, bright, famous ones…)!

‣ Evidence for selective photodissociation of C18O!

‣ Lack of gas may explain abundance of super-Earths?


