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Figure 3. False color image with 70 µm (blue), 160 µm (green), and 250 µm (red) of the mapped area. The locations of the sources in Table 2 are marked with a red
“×,” and those that are not in the Spitzer YSO list of H. Broekhoven-Fiene et al. (2013, in preparation) are also surrounded with a black square.

Figure 4. Upper image: column density image with positions of Bolocam 1.1 mm sources marked with squares (3C111 is indicated with the diamond). The area
covered by our 1.1 mm Bolocam mapping is outlined with the dash-dot line. The highest column areas (white) have NH2 ∼ 5 × 1022 cm−2 while the lowest column
areas represent values ∼1 × 1021 cm−2. Lower image: dust temperature image with maximum Td ∼ 28 K at LkHα101 near the left end of the image and minimum
temperatures of the order of 10 K in the darkest parts of the filaments. The median derived dust temperature over most of the area is ∼14.5 K.

associated with it. We discuss these 1.1 mm sources below in
Section 3.2.

3. COMPACT SOURCES

3.1. The 70 µm Objects

The goal of our investigation of the compact sources in the
AMC is to complete the search for pre-main-sequence and
protostars that began with the Spitzer Gould Belt program
(H. Broekhoven-Fiene et al. 2013, in preparation) and, in
particular, to search for the most dust-enshrouded objects that
might have been missed by that program because they emit most
of their luminosity in the far-IR. Herschel at 70 µm provides the
highest resolution imaging in the far-IR of any current or planned
facility, and, conveniently, the 70 µm resolution (λ/D ∼ 4′′) is
also nearly identical to that of Spitzer at 24 µm. Although the
resolution of Parallel-Mode observations is not quite as high
as Herschel’s diffraction limit because of image blur from the

fast scan speed in Parallel Mode, the resolution achieved is
not much below that limit. Therefore, an additional goal of
this investigation is to use this resolution to measure fluxes in
the far-infrared more reliably than Spitzer in confused regions.
With a complete and reliable census of all of the stages of
star formation in the AMC, we will be able to make the most
informative comparison of it with the OMC.

The source extractor c2dphot operates in two modes. In the
first mode, it searches through the image at sequentially lower
flux levels for local maxima, characterizes them as point-like
or extended (ellipsoidal), and subtracts them from the image.
In the second mode, the code is given a list of fixed positions
at which it fits the point-source function (PSF) to whatever flux
above the background exists at that position. This mode is useful
for determining upper limits and for testing for faint objects in
the wings of bright ones. In both modes, an aperture flux is
calculated as well as the PSF- or ellipsoidal-shape-derived flux.
To find the most complete set of possible objects to correlate with
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The Auriga-California Molecular Cloud

source does not show the spectrum of a H ii region is another
matter.

If the radio continuum spectrum of the core source in LkH!
101 is the free-free emission of a spherically symmetric H ii
region, then the Lyman continuum (Lyc) flux required to
maintain that ionization can be obtained (Harris 1976; Brown
et al. 1976; Knapp et al. 1976). All found, on the basis of the
properties of OB stars tabulated by Panagia (1973), that the
required Lyc flux could be supplied by a single star, if near
the ZAMS, of type B0 or B1.1 Assuming that the optical

continuum is indeed that of a B0.5 ZAMS star, Cohen (1980)
found from the narrowband colors of LkH! 101 that
AV ¼ 9:1 " 0:5 mag. He found also from recombination the-
ory that the Balmer decrement, those lines assumed optically
thin, gave AV ¼ 12:5 " 1 mag. Subsequent investigators
(Thompson et al. 1976; McGregor et al. 1984; Rudy et al.
1991; Kelly et al. 1994) using various procedures have found
values of AV ranging from 9.7 to 15.8 mag.
If one simply assumes that AV ¼ 10 mag and a distance

of 700 pc (obtained later in this paper), then the observed
value of V ¼ 15:7 leads to MV ¼ #3:5. This is not incom-
patible with a normal B0.5 V, given the crudity of this cal-
culation plus the scatter in the values of MV found in the
literature for that spectral type: Panagia (1973) gave #3.5 and
Vacca et al. (1996) gave #4.1, while Andersen (1991) found
#3.2 and #2.9 from two eclipsing binaries. The mass of a

1 More recent calculations (Vacca et al. 1996) based on later values of Te
and L and improved atmospheric models (Sternberg et al. 2003) predict sub-
stantially higher Lyc fluxes for OB stars, so a somewhat later B type for LkH!
101 would follow. It is not possible to be more specific until such calculations
are extended to types later than B0.5.

Fig. 1.—False-color image of NGC 1579 constructed from 300 s B-, V-, and R-band exposures. The frame is roughly 7A5 (1.5 pc for a distance of 700 pc) on a
side, with north up and east to the left.
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Figure 1. NICER infrared extinction map of the California molecular cloud. Contours start at an infrared extinction of AK = 0.2 mag and increase uniformly in steps
of 0.2 mag. The locations of prominent Lynds dark clouds as well as the location of NGC 1579, a reflection nebula illuminated by the early B star, LK Hα 101, are
indicated. The approximate location of the famous California Nebula is also indicated.

constructed. The resulting map produced by the NICER method
is presented in Figure 1.

Besides the California Nebula located at its southern edge, the
previously cataloged dark clouds L1441, L1442, L1449, L1456,
L1459, L1473, L1478, L1482, and L1483 all appear to be part of
the CMC complex. In addition, the reflection nebula NGC 1579
which is illuminated by LK Hα 101 is embedded at the eastern
edge of the cloud.

2.2. CO Maps

CO maps were obtained from the archive of the Galactic plane
survey performed with the 1.2 m Millimeter-wave Telescope
at the Center for Astrophysics (Dame et al. 2001). The data
were uniformly sampled with a spatial frequency equal to
the beamwidth of 8 arcmin and with a velocity resolution of
0.65 km s−1. These maps represent a significant improvement
over the undersampled maps of Ungerechts & Thaddeus (1987).
Figure 2 shows the spatial map of 12CO emission from the
CMC in Galactic coordinates and a position-velocity (pv) map
through the cloud complex made along galactic longitude. The
pv map has been integrated over 3 deg in Galactic latitude
as shown in the figure and roughly parallels the primary axis
of the cloud. The CO spatial map shows basically the same
overall morphology as the extinction map despite the large (×6)
difference in angular resolutions between the maps. (This is
perhaps most clearly evident by comparison with Figure 6 where
the extinction map is plotted in Galactic coordinates.) The pv
map shows that the cloud is continuous in velocity as well as
spatially in projection and this provides strong evidence that the
emission originates in a single contiguous cloud at the same
distance. There is a significant velocity gradient along Galactic

longitude between lII = 156 and 163 deg. The magnitude of
this gradient is approximately 0.9 km s−1 deg−1 or roughly
0.1 km s−1 pc−1, which is typical, if not relatively modest, for a
GMC.

3. BASIC PHYSICAL PARAMETERS

3.1. Distance

We derive the distance to this cloud using the density of
foreground stars in a manner similar to the classical method of
Wolf (1923) and following the method used by Lombardi (2009;
also M. Lombardi et al. 2009, in preparation) to determine the
distances to the Taurus–Auriga, Perseus, Orion, and Mon R2
clouds. The Taurus–Auriga and Perseus clouds are in the same
general direction of the Galaxy as the California cloud and
the distances LAL09 derive for these clouds are in excellent
agreement with VLBI parallax measurements.

Briefly, we first identify foreground stars in regions of high
extinction. To do this, we select all the high extinction pixels
(AK > 0.6 mag) in the map and search for stars projected
on these pixels that show “no” extinction, that is stars whose
extinction is less than 3σ above the background. We then
calculate the density of foreground stars taking into account the
area of the sky occupied by the high extinction pixels. In this
way, we found 119 foreground stars within an area of 0.27 deg2

yielding a foreground star density of ρ = 440 ± 30 deg−2.
The foreground density was also found to be uniform over the
extent of the cloud indicating that the entire complex is likely
at a single distance. We compared this density to the Galactic
model of Robin et al. (2003) which predicts stellar densities as a
function of distance and direction in the Galaxy. Figure 3 shows
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Figure 1. NICER infrared extinction map of the California molecular cloud. Contours start at an infrared extinction of AK = 0.2 mag and increase uniformly in steps
of 0.2 mag. The locations of prominent Lynds dark clouds as well as the location of NGC 1579, a reflection nebula illuminated by the early B star, LK Hα 101, are
indicated. The approximate location of the famous California Nebula is also indicated.

constructed. The resulting map produced by the NICER method
is presented in Figure 1.

Besides the California Nebula located at its southern edge, the
previously cataloged dark clouds L1441, L1442, L1449, L1456,
L1459, L1473, L1478, L1482, and L1483 all appear to be part of
the CMC complex. In addition, the reflection nebula NGC 1579
which is illuminated by LK Hα 101 is embedded at the eastern
edge of the cloud.

2.2. CO Maps

CO maps were obtained from the archive of the Galactic plane
survey performed with the 1.2 m Millimeter-wave Telescope
at the Center for Astrophysics (Dame et al. 2001). The data
were uniformly sampled with a spatial frequency equal to
the beamwidth of 8 arcmin and with a velocity resolution of
0.65 km s−1. These maps represent a significant improvement
over the undersampled maps of Ungerechts & Thaddeus (1987).
Figure 2 shows the spatial map of 12CO emission from the
CMC in Galactic coordinates and a position-velocity (pv) map
through the cloud complex made along galactic longitude. The
pv map has been integrated over 3 deg in Galactic latitude
as shown in the figure and roughly parallels the primary axis
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overall morphology as the extinction map despite the large (×6)
difference in angular resolutions between the maps. (This is
perhaps most clearly evident by comparison with Figure 6 where
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emission originates in a single contiguous cloud at the same
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this gradient is approximately 0.9 km s−1 deg−1 or roughly
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foreground stars in a manner similar to the classical method of
Wolf (1923) and following the method used by Lombardi (2009;
also M. Lombardi et al. 2009, in preparation) to determine the
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clouds. The Taurus–Auriga and Perseus clouds are in the same
general direction of the Galaxy as the California cloud and
the distances LAL09 derive for these clouds are in excellent
agreement with VLBI parallax measurements.

Briefly, we first identify foreground stars in regions of high
extinction. To do this, we select all the high extinction pixels
(AK > 0.6 mag) in the map and search for stars projected
on these pixels that show “no” extinction, that is stars whose
extinction is less than 3σ above the background. We then
calculate the density of foreground stars taking into account the
area of the sky occupied by the high extinction pixels. In this
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yielding a foreground star density of ρ = 440 ± 30 deg−2.
The foreground density was also found to be uniform over the
extent of the cloud indicating that the entire complex is likely
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Identifying the protoplanetary disk sample - Spitzer
– 34 –

Fig. 18.— Left: The positions of YSOs and IRAC fields in Auriga. The greyscale is the MIPS

160µm map, in units of MJy sr−1, and the YSOs are marked according to their classification: Green

circles denote Class I; blue +s, Flat-Spectrum; red ×s, Class II; yellow triangles, Class III. IRAC

fields are outlined in black and labelled (see also Figures 2 - 5). Right: Close-up of the region

around LkHα 101. The greyscale is the log (base 10) of the flux (in MJy sr−1). The centre of the

field is entirely saturated. As is evident, there are some YSOs outside the IRAC coverage area.

This list of MIPS-only YSOs has been trimmed by using WISE data to remove more objects that

are likely background galaxies. The earlier classes (Class I and Class F) are more concentrated

along the filament, whereas the later classes (Class II and Class III) are not. The latter have had

time to move away from the filament.
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Herschel

• large scale structure

• 60 compact sources (12 new)

• identify brightest targets for mm and cm observations
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Figure 3. False color image with 70 µm (blue), 160 µm (green), and 250 µm (red) of the mapped area. The locations of the sources in Table 2 are marked with a red
“×,” and those that are not in the Spitzer YSO list of H. Broekhoven-Fiene et al. (2013, in preparation) are also surrounded with a black square.

Figure 4. Upper image: column density image with positions of Bolocam 1.1 mm sources marked with squares (3C111 is indicated with the diamond). The area
covered by our 1.1 mm Bolocam mapping is outlined with the dash-dot line. The highest column areas (white) have NH2 ∼ 5 × 1022 cm−2 while the lowest column
areas represent values ∼1 × 1021 cm−2. Lower image: dust temperature image with maximum Td ∼ 28 K at LkHα101 near the left end of the image and minimum
temperatures of the order of 10 K in the darkest parts of the filaments. The median derived dust temperature over most of the area is ∼14.5 K.

associated with it. We discuss these 1.1 mm sources below in
Section 3.2.

3. COMPACT SOURCES

3.1. The 70 µm Objects

The goal of our investigation of the compact sources in the
AMC is to complete the search for pre-main-sequence and
protostars that began with the Spitzer Gould Belt program
(H. Broekhoven-Fiene et al. 2013, in preparation) and, in
particular, to search for the most dust-enshrouded objects that
might have been missed by that program because they emit most
of their luminosity in the far-IR. Herschel at 70 µm provides the
highest resolution imaging in the far-IR of any current or planned
facility, and, conveniently, the 70 µm resolution (λ/D ∼ 4′′) is
also nearly identical to that of Spitzer at 24 µm. Although the
resolution of Parallel-Mode observations is not quite as high
as Herschel’s diffraction limit because of image blur from the

fast scan speed in Parallel Mode, the resolution achieved is
not much below that limit. Therefore, an additional goal of
this investigation is to use this resolution to measure fluxes in
the far-infrared more reliably than Spitzer in confused regions.
With a complete and reliable census of all of the stages of
star formation in the AMC, we will be able to make the most
informative comparison of it with the OMC.

The source extractor c2dphot operates in two modes. In the
first mode, it searches through the image at sequentially lower
flux levels for local maxima, characterizes them as point-like
or extended (ellipsoidal), and subtracts them from the image.
In the second mode, the code is given a list of fixed positions
at which it fits the point-source function (PSF) to whatever flux
above the background exists at that position. This mode is useful
for determining upper limits and for testing for faint objects in
the wings of bright ones. In both modes, an aperture flux is
calculated as well as the PSF- or ellipsoidal-shape-derived flux.
To find the most complete set of possible objects to correlate with
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SCUBA-2: JCMT Gould Belt Legacy Survey

• sources less blended

• probing optically thin 
emission

• sensitive to younger 
sources

Figure 1: A comparison of the LkHα 101 region
within Auriga at 500 µm from Herschel (left) and
at 450 µm from SCUBA-2 (right).

Membership: The GBS currently has ∼60 ob-
serving members and five theorist members. We have
four affiliate members to promote collaboration with
related surveys / instruments – Philippe André, PI
of the Herschel Gould Belt survey; Lori Allen, PI of
the Spitzer Gould Belt survey; David Naylor (FTS-
2); and Ewine van Dishoeck (Herschel WISH/WILL)
– and two former full members who now have affiliate
status due to moves outside the partner countries.

Communication: The GBS communicates effec-
tively via the jcmtsurv gould mailing list, region-
specific mailing lists, and an internal wiki which is the
main repository of all survey information. We have
had monthly telecons about the survey for the past
six years. We have had also five face-to-face meetings
since the survey inception (three in the UK, one in
Canada, and one in the Netherlands).

b. utilization of manpower

The submillimetre community is stretched thin
with the near-simultaneous arrival of Herschel data,
ALMA, and SCUBA-2. Although we have many
members, fractions of time spent on JCMT GBS data
are often small. We have, however, a structure for
publishing science results on our regions which re-
lies on this small amount of input from many experts
and the effort available, including that of a number
of survey PhD students.

Science papers: The GBS is organized into
teams by star-forming region, each with a designated
team leader. These team leaders are responsible for
ensuring region-specific papers are published. Other
science papers involving GBS data, including those
with non-survey co-authors, are encouraged accord-
ing to publication rules as stated on our wiki.

Observing is managed for the GBS by Harold
Butner. With 25 GBS members signed up for ob-
serving, we have not yet had difficulty staffing the
telescope.

c. access to analysis resources

SCUBA-2: We have sufficient computing hardware
to reduce our SCUBA-2 data (machines at Manch-
ester, UCL, Cambridge, Exeter, Cardiff→UCLan).
Bulk processing of survey data will be accomplished
by Helen Kirk, a postdoc hired specifically for
this purpose at NRC in Victoria. Significant frac-
tions of Orion A, Ophiuchus, Serpens/Aquila, Tau-
rus/Auriga, Perseus, Cepheus, and IC5146 are now
available to he survey membership as Internal Re-
lease 1 (IR1). For software, the current SCUBA-
2 mapmaker (SMURF+PICARD) produces satisfac-
tory maps from GBS data (though large scale struc-
ture reconstruction is still a difficult area). Frequent
interaction with the developers (Tim Jenness, David
Berry) and other surveys (JLS, NGS) has been hugely
valuable in optimising the data reduction strategy.

HARP: Thanks to Malcolm Currie’s contin-
ued commitment to the project the GBS HARP
pipeline was completed in summer 2013, incorporat-
ing bad-baseline and flat-fielding algorithms. Con-
sistent survey reductions are now available on the
survey VOspace (hosted at the CADC) for all the
GBS HARP data (Orion A (13CO / C18O), Orion B,
Serpens, Ophiuchus, and Taurus) and Malcolm is
working through incorporating GT and PI data for
other regions (i.e., Perseus and IC5146 complete,
Orion A (12CO), Pipe, Serpens South). These prod-
ucts are currently being written up (White, Drabek
et al. 2013, in preparation) and are being used for
CO line subtraction from SCUBA-2 IR1 850 micron
maps. Hardware resources to analyse GBS HARP
12CO / 13CO / C18O data are available at many in-
stitutions, including the JAC and Cambridge.

The GBS envisaged a number of advanced data
products1, most of which are already in hand with the
maps produced by the HARP pipeline and SCUBA-
2 IR1. The outstanding issues are SCUBA-2 spec-
tral index maps, SCUBA-2 point/extended source
catalogues, and HARP/ACSIS extended source cat-
alogues.

SCUBA-2 spectral index maps: Jenny Hatchell and
her students at Exeter have produced a script to
make 450/850 ratio maps (and related temperature

1see the ADP requirements document at http://www.jach.
hawaii.edu/JCMT/surveys/docs/ADP reqs.pdf

850 μm 450 μm

450 μm500 μm
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• probing optically thin 
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• sensitive to younger 
sources

Figure 1: A comparison of the LkHα 101 region
within Auriga at 500 µm from Herschel (left) and
at 450 µm from SCUBA-2 (right).

Membership: The GBS currently has ∼60 ob-
serving members and five theorist members. We have
four affiliate members to promote collaboration with
related surveys / instruments – Philippe André, PI
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survey VOspace (hosted at the CADC) for all the
GBS HARP data (Orion A (13CO / C18O), Orion B,
Serpens, Ophiuchus, and Taurus) and Malcolm is
working through incorporating GT and PI data for
other regions (i.e., Perseus and IC5146 complete,
Orion A (12CO), Pipe, Serpens South). These prod-
ucts are currently being written up (White, Drabek
et al. 2013, in preparation) and are being used for
CO line subtraction from SCUBA-2 IR1 850 micron
maps. Hardware resources to analyse GBS HARP
12CO / 13CO / C18O data are available at many in-
stitutions, including the JAC and Cambridge.

The GBS envisaged a number of advanced data
products1, most of which are already in hand with the
maps produced by the HARP pipeline and SCUBA-
2 IR1. The outstanding issues are SCUBA-2 spec-
tral index maps, SCUBA-2 point/extended source
catalogues, and HARP/ACSIS extended source cat-
alogues.

SCUBA-2 spectral index maps: Jenny Hatchell and
her students at Exeter have produced a script to
make 450/850 ratio maps (and related temperature

1see the ADP requirements document at http://www.jach.
hawaii.edu/JCMT/surveys/docs/ADP reqs.pdf
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Figure 1: A comparison of the LkHα 101 region
within Auriga at 500 µm from Herschel (left) and
at 450 µm from SCUBA-2 (right).

Membership: The GBS currently has ∼60 ob-
serving members and five theorist members. We have
four affiliate members to promote collaboration with
related surveys / instruments – Philippe André, PI
of the Herschel Gould Belt survey; Lori Allen, PI of
the Spitzer Gould Belt survey; David Naylor (FTS-
2); and Ewine van Dishoeck (Herschel WISH/WILL)
– and two former full members who now have affiliate
status due to moves outside the partner countries.

Communication: The GBS communicates effec-
tively via the jcmtsurv gould mailing list, region-
specific mailing lists, and an internal wiki which is the
main repository of all survey information. We have
had monthly telecons about the survey for the past
six years. We have had also five face-to-face meetings
since the survey inception (three in the UK, one in
Canada, and one in the Netherlands).

b. utilization of manpower

The submillimetre community is stretched thin
with the near-simultaneous arrival of Herschel data,
ALMA, and SCUBA-2. Although we have many
members, fractions of time spent on JCMT GBS data
are often small. We have, however, a structure for
publishing science results on our regions which re-
lies on this small amount of input from many experts
and the effort available, including that of a number
of survey PhD students.

Science papers: The GBS is organized into
teams by star-forming region, each with a designated
team leader. These team leaders are responsible for
ensuring region-specific papers are published. Other
science papers involving GBS data, including those
with non-survey co-authors, are encouraged accord-
ing to publication rules as stated on our wiki.

Observing is managed for the GBS by Harold
Butner. With 25 GBS members signed up for ob-
serving, we have not yet had difficulty staffing the
telescope.

c. access to analysis resources

SCUBA-2: We have sufficient computing hardware
to reduce our SCUBA-2 data (machines at Manch-
ester, UCL, Cambridge, Exeter, Cardiff→UCLan).
Bulk processing of survey data will be accomplished
by Helen Kirk, a postdoc hired specifically for
this purpose at NRC in Victoria. Significant frac-
tions of Orion A, Ophiuchus, Serpens/Aquila, Tau-
rus/Auriga, Perseus, Cepheus, and IC5146 are now
available to he survey membership as Internal Re-
lease 1 (IR1). For software, the current SCUBA-
2 mapmaker (SMURF+PICARD) produces satisfac-
tory maps from GBS data (though large scale struc-
ture reconstruction is still a difficult area). Frequent
interaction with the developers (Tim Jenness, David
Berry) and other surveys (JLS, NGS) has been hugely
valuable in optimising the data reduction strategy.

HARP: Thanks to Malcolm Currie’s contin-
ued commitment to the project the GBS HARP
pipeline was completed in summer 2013, incorporat-
ing bad-baseline and flat-fielding algorithms. Con-
sistent survey reductions are now available on the
survey VOspace (hosted at the CADC) for all the
GBS HARP data (Orion A (13CO / C18O), Orion B,
Serpens, Ophiuchus, and Taurus) and Malcolm is
working through incorporating GT and PI data for
other regions (i.e., Perseus and IC5146 complete,
Orion A (12CO), Pipe, Serpens South). These prod-
ucts are currently being written up (White, Drabek
et al. 2013, in preparation) and are being used for
CO line subtraction from SCUBA-2 IR1 850 micron
maps. Hardware resources to analyse GBS HARP
12CO / 13CO / C18O data are available at many in-
stitutions, including the JAC and Cambridge.

The GBS envisaged a number of advanced data
products1, most of which are already in hand with the
maps produced by the HARP pipeline and SCUBA-
2 IR1. The outstanding issues are SCUBA-2 spec-
tral index maps, SCUBA-2 point/extended source
catalogues, and HARP/ACSIS extended source cat-
alogues.

SCUBA-2 spectral index maps: Jenny Hatchell and
her students at Exeter have produced a script to
make 450/850 ratio maps (and related temperature

1see the ADP requirements document at http://www.jach.
hawaii.edu/JCMT/surveys/docs/ADP reqs.pdf
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Table 1
Disk Fluxes and Masses

Proplyd Field Fobs rms Fff Fbg Fdust Mdisk
Name (mJy) (mJy) (mJy) (mJy) (mJy) (10−2 M")
(1) (2) (3) (4) (5) (6) (7) (8)

155–338 D 39.6 5.3 4.0–14.0 2.6 23.0 1.13 ± 0.34
158–323 B 25.5 2.4 4.3–11.5 −5.6 19.5 0.96 ± 0.21
158–326/7 B 31.9 2.4 4.0–12.0 −0.5 20.3 1.00 ± 0.19
159–350 D 69.8 5.3 3.2–11.0 0.3 58.4 2.86 ± 0.29
161–328 B 38.7 2.4 0.1–1.5 −1.2 38.4 1.88 ± 0.15
163–249 I 34.8 2.0 0.0 −1.6 36.4 1.78 ± 0.13
163–323 B 22.1 2.4 2.4–3.0 0.2 18.9 0.93 ± 0.15
167–317 B 37.2 2.4 14.5–25.5 −5.4 17.0 0.83 ± 0.18
168–328 B 13.7 2.4 1.9–2.5 1.0 10.3 0.50 ± 0.12
170–249 I 14.6 2.0 0.0–2.5 −0.6 12.6 0.62 ± 0.10
170–337 A 19.1 1.5 4.0–9.0 3.0 7.1 0.32 ± 0.08
171–340 A 46.4 1.5 0.0 −2.8 49.2 2.23 ± 0.08
174–236 I 25.2 2.0 0.0 2.9 22.2 1.09 ± 0.13
174–414 C 12.7 1.5 0.0 1.6 11.1 0.51 ± 0.09
175–355 A 9.4 1.5 0.0 −0.1 9.5 0.43 ± 0.11
176–543 G 15.8 1.7 0.0 −0.6 13.4 0.89 ± 0.09
177–341 A 26.9 1.5 5.0–13.0 −4.9 19.8 0.90 ± 0.07
182–413 C 13.3 1.5 0.0 −3.0 16.4 0.74 ± 0.07
183–419 C 6.2 1.5 0.0 0.2 6.1 0.28 ± 0.07
197–427 E 57.7 1.9 0.0 −1.5 59.3 2.72 ± 0.10
198–448 F 16.4 2.0 0.0 −2.9 19.3 0.94 ± 0.12
203–506/4 F 14.3 2.0 0.0 −2.9 17.2 0.84 ± 0.12
205–421 E 54.8 1.9 0.0 −1.7 56.5 2.59 ± 0.10
206–446 F 63.3 2.0 0.0 0.0 63.3 3.10 ± 0.12
218–339 H 6.9 0.9 0.0 0.0 6.6 0.34 ± 0.04
218–354 H 42.9 0.9 0.0 −0.9 48.1 2.10 ± 0.04

Notes. (1) Proplyd designation based on the nomenclature of O’Dell & Wen
(1994). (2) Observed field in Figure 1. (3) Integrated continuum flux density,
corrected for SMA primary beam attenuation. (4) 1σ statistical error. (5) Range
of extrapolated contribution of free–free emission at 880 µm. (6) Estimated flux
contribution from cloud background. (7) Derived dust continuum flux from the
disk. (8) Disk mass.

& Carpenter (2000). We suspect that at least some of the HC
and MM sources in Eisner et al. (2008) are filtered small-
scale background fluctuations despite their precaution in using
localized measures of the noise. Second, the SEDs in Figure 3
show that several of the detections listed at 3 mm by Eisner
& Carpenter (2006) and 1.3 mm by Eisner et al. (2008) are
consistent with being free–free, rather than disk, emission.
Although they attempted to separate contributions from dust
and free–free emission, this process is much easier at shorter
wavelengths. Further, we were more conservative, using a range
to allow for variability in the radio emission. The difficulty in
separating out the contributions from the ionized gas and the dust
and, to a lesser extent, the cloud background, results in several
significant discrepancies in individual disk mass determinations
between our work and theirs.

4. DISCUSSION

We first address the flux-to-mass conversion in Equation (2).
Our prescription for the dust grain opacity, κ , is from Beckwith
et al. (1990) but its value depends on the grain composition and
size distribution. Detailed models by Pollack et al. (1994) and
Ossenkopf & Henning (1994) show that, excluding the diffuse
ISM, the range in κ(1 mm) is about a factor of 4. A low surface
area to mass is required to explain the observed low maximum
disk luminosity in the Trapezium cluster. Throop & Bally
(2005) have proposed that gas loss through photoevaporation

Figure 4. Differential disk mass distribution in Orion, Taurus and ρ Ophiuchus.
The error bars for the distributions are

√
N . The fraction of disks that would be

detected in our survey at each mass is indicated by the continuous line in the
top panel. Binning begins at 0.0084 M" to separate complete and incomplete
samples. The number of disks per logarithmic mass bin is approximately
constant for masses 0.004–0.034 M" in all three regions but there are no disks
with masses greater than 0.034 M" in Orion.

promotes dust coagulation but since the former mainly occurs
in the outer disk, it does not appear to be applicable to the
many small disks detected here. However, given that there are
several indications of significant grain growth in Taurus and
ρ Ophiuchus Class II disks (Andrews & Williams 2005, 2007a),
there is insufficient remaining leverage in κ to account for the
lower disk luminosities in the Trapezium cluster. Additional
evidence against a large range in κ is the similarity of the Taurus
and ρ Ophiuchus disk mass distributions (Andrews & Williams
2007a). We have assumed a low temperature, 20 K, derived
from the average for Taurus disks (Andrews & Williams 2005);
however, the high radiation field might significantly heat the
Orion disks. But a higher temperature would reduce the inferred
Trapezium cluster disk masses yet further. The only remaining
variable is the distance to the Trapezium, which has been
securely determined from recent VLBI parallax observations
(Menten et al. 2007; Sandstrom et al. 2007) and the small
error cannot account for the luminosity difference. Finally, we
note that different scalings do not change the shape of the
distributions and our finding that the Trapezium cluster disk
mass distribution is truncated at its upper end.

The lack of massive disks in the Trapezium cluster is in good
agreement with theoretical models of disk photoevaporation
(Adams et al. 2004; Johnstone et al. 1998). Photoevaporation is
thought to be the dominant external influence on disk evolution
in the Trapezium cluster as the rate of disk–disk encounters
is low (Scally & Clarke 2001). The models predict that mass
loss is highest for the largest disks because material at large
radii is unbound to the embedded star and provides a greater
surface area for photoevaporation. In contrast, the inner regions
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Figure 1: A comparison of the LkHα 101 region
within Auriga at 500 µm from Herschel (left) and
at 450 µm from SCUBA-2 (right).

Membership: The GBS currently has ∼60 ob-
serving members and five theorist members. We have
four affiliate members to promote collaboration with
related surveys / instruments – Philippe André, PI
of the Herschel Gould Belt survey; Lori Allen, PI of
the Spitzer Gould Belt survey; David Naylor (FTS-
2); and Ewine van Dishoeck (Herschel WISH/WILL)
– and two former full members who now have affiliate
status due to moves outside the partner countries.

Communication: The GBS communicates effec-
tively via the jcmtsurv gould mailing list, region-
specific mailing lists, and an internal wiki which is the
main repository of all survey information. We have
had monthly telecons about the survey for the past
six years. We have had also five face-to-face meetings
since the survey inception (three in the UK, one in
Canada, and one in the Netherlands).

b. utilization of manpower

The submillimetre community is stretched thin
with the near-simultaneous arrival of Herschel data,
ALMA, and SCUBA-2. Although we have many
members, fractions of time spent on JCMT GBS data
are often small. We have, however, a structure for
publishing science results on our regions which re-
lies on this small amount of input from many experts
and the effort available, including that of a number
of survey PhD students.

Science papers: The GBS is organized into
teams by star-forming region, each with a designated
team leader. These team leaders are responsible for
ensuring region-specific papers are published. Other
science papers involving GBS data, including those
with non-survey co-authors, are encouraged accord-
ing to publication rules as stated on our wiki.

Observing is managed for the GBS by Harold
Butner. With 25 GBS members signed up for ob-
serving, we have not yet had difficulty staffing the
telescope.

c. access to analysis resources

SCUBA-2: We have sufficient computing hardware
to reduce our SCUBA-2 data (machines at Manch-
ester, UCL, Cambridge, Exeter, Cardiff→UCLan).
Bulk processing of survey data will be accomplished
by Helen Kirk, a postdoc hired specifically for
this purpose at NRC in Victoria. Significant frac-
tions of Orion A, Ophiuchus, Serpens/Aquila, Tau-
rus/Auriga, Perseus, Cepheus, and IC5146 are now
available to he survey membership as Internal Re-
lease 1 (IR1). For software, the current SCUBA-
2 mapmaker (SMURF+PICARD) produces satisfac-
tory maps from GBS data (though large scale struc-
ture reconstruction is still a difficult area). Frequent
interaction with the developers (Tim Jenness, David
Berry) and other surveys (JLS, NGS) has been hugely
valuable in optimising the data reduction strategy.

HARP: Thanks to Malcolm Currie’s contin-
ued commitment to the project the GBS HARP
pipeline was completed in summer 2013, incorporat-
ing bad-baseline and flat-fielding algorithms. Con-
sistent survey reductions are now available on the
survey VOspace (hosted at the CADC) for all the
GBS HARP data (Orion A (13CO / C18O), Orion B,
Serpens, Ophiuchus, and Taurus) and Malcolm is
working through incorporating GT and PI data for
other regions (i.e., Perseus and IC5146 complete,
Orion A (12CO), Pipe, Serpens South). These prod-
ucts are currently being written up (White, Drabek
et al. 2013, in preparation) and are being used for
CO line subtraction from SCUBA-2 IR1 850 micron
maps. Hardware resources to analyse GBS HARP
12CO / 13CO / C18O data are available at many in-
stitutions, including the JAC and Cambridge.

The GBS envisaged a number of advanced data
products1, most of which are already in hand with the
maps produced by the HARP pipeline and SCUBA-
2 IR1. The outstanding issues are SCUBA-2 spec-
tral index maps, SCUBA-2 point/extended source
catalogues, and HARP/ACSIS extended source cat-
alogues.

SCUBA-2 spectral index maps: Jenny Hatchell and
her students at Exeter have produced a script to
make 450/850 ratio maps (and related temperature

1see the ADP requirements document at http://www.jach.
hawaii.edu/JCMT/surveys/docs/ADP reqs.pdf
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The power of radio interferometry

• Longer 
wavelengths 
with better 
resolution

• isolating 
sources from 
each other and 
surrounding 
cloud emission
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Jansky VLA observations

• Trace cm-sized grains

• Constrain the level of contamination 
from free-free emission to the 
thermal dust emission

• Comparison to Disks@EVLA (PI 
Claire Chandler) program that targets 
disks in nearby clouds
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Figure 3. IRAS 04368+2557 long-wavelength spectral energy distribution.
Uncertainties are 1σ . Red data points longward of 3 mm are EVLA data.
See Section 4.3 and Table 2 for measurement beam sizes. The 450 µm to
2.7 mm measurement errors include 10%–25% absolute flux scale systematic
uncertainties. The dotted line fits the 35 and 60 mm measurements which are
assumed to be entirely due to non-disk emission (this fit does not include the
13 mm data point). Lower, blue triangle data points are corrected measurements
(see Section 4.3); the 13 mm uncertainty extends to 0. The ν2.87 fit does not
include the corrected 13 mm measurement. See Section 4.3 for a discussion of
the two disk emission spectral indices used.

requires data sets having beam sizes comparable to the disk
angular size when contaminating sources are present.

Extracting an opacity index β from the above measured
α1−7 mm is complicated not only by envelope contamination
but also by edge-on disk geometry. When calculating β one
must account for optically thick inner disk emission sampled by
the flux measurements. Should no optically thick emission be
present, then β is simply α1−7 mm−2. In the case that optically
thick emission is present in the measurements, β takes the
form of (1 + ∆) (α1−7 mm−2) where ∆ is the ratio of optically
thick to optically thin emission (Beckwith et al. 1990). As
discussed above, the disk orbiting IRAS 04368+2557 appears
to be completely opaque out to wavelengths as long as ∼1 mm.
Thus, significant optically thick emission may be present even
at wavelengths near 10 mm. Estimates of ∆ are typically made
assuming some disk mass density profile and by measuring
the disk temperature profile from spectral indices and disk
flux levels in the optically thick wavelength regime (Beckwith
et al. 1990; Rodmann et al. 2006). However, Equation (10) of
Beckwith et al. (1990) shows that mapping spectral indices and
disk flux levels into temperature profiles is confounded when
disks are nearly edge-on. Modeling of edge-on disk spectral
energy distributions and resolved images can recover their true
disk temperature profiles. Due to this additional modeling and
envelope contamination uncertainties, we leave derivation of the
opacity index for the IRAS 04368+2557 disk to future works.

The 13 mm measurement appears to fall short of the ν2.87

fit after being corrected for non-disk emission. This flux deficit
suggests a break in the disk emission spectral index from 7 to
13 mm, but is marginally significant. If envelope contamination
is present as discussed above, then its removal would increase
the significance of the deficient corrected 13 mm measurement.
Comparison to other protoplanetary disk systems shows that
such a break would be unusual (e.g., Wilner et al. 2005;
Rodmann et al. 2006; Lommen et al. 2009) and suggestive of
a cut-off near pebble sizes in the disk grain size distribution. If
these characteristics of IRAS 04368+2557 are confirmed, then
there may be a connection between its potential ∼24 AU binary

companion (Loinard et al. 2002), its apparent 7 mm outer disk
truncation (Loinard et al. 2002), and its possible lack of large
disk grains.

5. CONCLUSIONS

We are carrying out an EVLA program to map the vertical
distribution of large grains in edge-on protoplanetary disks.
The ultimate goal of this survey is to study grain growth and
sedimentation as the first stages of planet formation. Our com-
pact array observational strategy aims to provide accurate disk
thermal emission measurements in the microwave by sampling
non-disk emission in concert with disk measurements. First
EVLA results for IRAS 04368+2557 show that the protoplan-
etary disk around this source is likely optically thick out to
millimeter wavelengths and that it may have a dearth of “pebble-
sized” grains.
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France for financial support. C.P. acknowledges funding from
the European Commission’s 7th Framework Program (contract
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Conclusions/Summary

3

• T Tauri, Herbig Ae stars (d<150 pc, 1-10 Myr)

– gas rich, Keplerian disks (Mdisk<< M*)

– submm flux vs. wavelength, F ~ !-", 2 < " < 4

– spatially resolved brightness (interferometer)
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• ACMC is a nearby GMC similar in mass, 
extent, and distance to the Orion A MC, 
however, with a startling contrast in 
environment.

• Detections at both submm and radio 
wavelengths used to investigate the global 
grain size distribution.

• Next step is to compile catalogues from the 
various data sets and SEDs for individual 
objects.

• Follow-up high-resolution observations of 
detected disks can investigate disk and dust 
properties further, such as disk sizes and radial 
grain size distribution within the disk.



Thank you!



EXTRA SLIDES



Disk population

estimate where excess begins 
and the slope of the excess

estimate disk luminosity

– 29 –

Fig. 16.— Distribution of αexcess and λturnoff for Class II and Class III sources. The Class IIIs with

λturnoff= 24 µm (IDs 15, 19, 80, and 148) are not shown as those sources typically do not have

excess measured across a wide enough range to calculate reliable values of αexcess.

Table 9. AMC Groups Summary

Group Positiona NYSO NII NF NI NI+F/NII Reff
b Rcirc Aspect Ratio Mean Surf. Dens.

(RA, Dec) (pc) (pc) (pc−2)

1d 67.562286, 35.239391 49 34 7 8 0.44 0.99 1.22 1.52 15.8
2 67.610970, 35.770126 23 12 7 4 0.92 0.55 1.23 5.01 24.1
3 67.671758, 35.541806 12 9 0 3 0.33 0.66 0.74 1.26 8.55
4 67.188288, 36.440921 10 4 1 5 1.5 0.48 0.69 2.03 13.3
5 67.708443, 34.958037 8 3 0 5 · · · · · · · · · · · · · · ·
6 62.662345, 38.094258 6 5 0 1 · · · · · · · · · · · · · · ·
7 62.525460, 40.037669 5 2 0 3 · · · · · · · · · · · · · · ·

aThe geometric center of the group.

bThe radius of the circle that would have the same area as the convex hull.

cThe maximum radial distance to a member from the median position.

dSeveral known members near LkHα 101 are missing in our YSO list, affecting the values reported for this group.

– 33 –

Fig. 17.— The ratio of the disk luminosity to the stellar luminosity for Class II and Class III

sources. Also shown are the typical boundaries found for accreting disks, passive disks and debris

disks (Kenyon & Hartmann 1987).
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Figure 3. False color image with 70 µm (blue), 160 µm (green), and 250 µm (red) of the mapped area. The locations of the sources in Table 2 are marked with a red
“×,” and those that are not in the Spitzer YSO list of H. Broekhoven-Fiene et al. (2013, in preparation) are also surrounded with a black square.

Figure 4. Upper image: column density image with positions of Bolocam 1.1 mm sources marked with squares (3C111 is indicated with the diamond). The area
covered by our 1.1 mm Bolocam mapping is outlined with the dash-dot line. The highest column areas (white) have NH2 ∼ 5 × 1022 cm−2 while the lowest column
areas represent values ∼1 × 1021 cm−2. Lower image: dust temperature image with maximum Td ∼ 28 K at LkHα101 near the left end of the image and minimum
temperatures of the order of 10 K in the darkest parts of the filaments. The median derived dust temperature over most of the area is ∼14.5 K.

associated with it. We discuss these 1.1 mm sources below in
Section 3.2.

3. COMPACT SOURCES

3.1. The 70 µm Objects

The goal of our investigation of the compact sources in the
AMC is to complete the search for pre-main-sequence and
protostars that began with the Spitzer Gould Belt program
(H. Broekhoven-Fiene et al. 2013, in preparation) and, in
particular, to search for the most dust-enshrouded objects that
might have been missed by that program because they emit most
of their luminosity in the far-IR. Herschel at 70 µm provides the
highest resolution imaging in the far-IR of any current or planned
facility, and, conveniently, the 70 µm resolution (λ/D ∼ 4′′) is
also nearly identical to that of Spitzer at 24 µm. Although the
resolution of Parallel-Mode observations is not quite as high
as Herschel’s diffraction limit because of image blur from the

fast scan speed in Parallel Mode, the resolution achieved is
not much below that limit. Therefore, an additional goal of
this investigation is to use this resolution to measure fluxes in
the far-infrared more reliably than Spitzer in confused regions.
With a complete and reliable census of all of the stages of
star formation in the AMC, we will be able to make the most
informative comparison of it with the OMC.

The source extractor c2dphot operates in two modes. In the
first mode, it searches through the image at sequentially lower
flux levels for local maxima, characterizes them as point-like
or extended (ellipsoidal), and subtracts them from the image.
In the second mode, the code is given a list of fixed positions
at which it fits the point-source function (PSF) to whatever flux
above the background exists at that position. This mode is useful
for determining upper limits and for testing for faint objects in
the wings of bright ones. In both modes, an aperture flux is
calculated as well as the PSF- or ellipsoidal-shape-derived flux.
To find the most complete set of possible objects to correlate with
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Figure 6: The evolution of a typical disk. The gas distribution is shown in blue
and the dust in brown. (a) Early in its evolution, the disk loses mass through
accretion onto the star and FUV photoevaporation of the outer disk. (b) At the
same time, grains grow into larger bodies that settle to the mid-plane of the disk.
(c) As the disk mass and accretion rate decrease, EUV-induced photoevaporation
becomes important, the outer disk is no longer able to resupply the inner disk with
material, and the inner disk drains on a viscous timescale (∼ 105 yr). An inner
hole is formed, accretion onto the star ceases, and the disk quickly dissipates from
the inside out. (d) Once the remaining gas photoevaporates, the small grains are
removed by radiation pressure and Poynting-Robertson drag. Only large grains,
planetesimals, and/or planets are left This debris disk is very low mass and is
not always detectable.
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Fig. 2.— Build-up of the SED of a flaring protoplanetary
disk and the origin of various components: the near-infrared
bump comes from the inner rim, the infrared dust features
from the warm surface layer, and the underlying continuum
from the deeper (cooler) disk regions. Typically the near-
and mid-infrared emission comes from small radii, while
the far-infrared comes from the outer disk regions. The
(sub-)millimeter emission mostly comes from the midplane
of the outer disk. Scattering is not included here.

Fig. 2). Themain portion of the energy is emitted in a wave-
length range depending on the minimum and maximum
temperature of the dust in the disk. We call this the “ener-
getic domain” of the SED, which typically ranges from 1.5
µm to about 100 µm. At shorter wavelength the SED turns
over into the “Wien domain”. At longer wavelengths the
SED turns over into the ”Rayleigh-Jeans domain”, a steep,
nearly powerlaw profile with a slope depending on grain
properties and disk optical depth (see chapter by Natta et
al.). Differences in disk geometry are mainly reflected in
the energetic domain of the SED, while the submm and mm
fluxes probe the disk mass.

3.2. A first confrontation with observations
It is quite challenging to solve the entire disk structure ac-
cording to the above principles. Early disk models were
therefore often based on strong simplifications. An exam-
ple of such a model is a perfectly flat disk being irradiated
by the star due to the star’s non-negligible size (Adams and
Shu, 1986; Friedjung, 1985). The stellar radiation impinges
onto the flat disk under an irradiation angle ϕ ! 0.4r∗/r
(with r∗ the stellar radius). Neglecting viscous dissipation,
the effective temperature of the disk is set by a balance be-
tween the irradiated flux (1/2)ϕL∗/4πr2 (with L∗ the stel-
lar luminosity) and blackbody cooling σT 4

eff , which yields
Teff ∝ r−3/4. The energetic domain of its SED therefore
has a slope of νFν ∝ νs with s = 4/3 = 1.33, which

follows from the fact that any disk with Teff ∝ r−q has
an SED slope of s = (4q − 2)/q. This steep slope arises
because most of the stellar radiation is absorbed and re-
emitted at small radii where the disk is hot. This produces
strong emission at short wavelength. The long wavelength
flux is weak because only little stellar radiation is absorbed
at large radii. Observations of CTTSs, however, show SED
slopes typically in the range s = 0.6 to 1 (Kenyon and Hart-
mann, 1995), i.e. much less steep. The SEDs of Herbig
Ae/Be stars show a similar picture, but with a somewhat
larger spread in s, though it must be kept in mind that the
determination of the slope of a bumpy SED like in Fig. 2 is
somewhat subjective. Meeus et al. (2001, henceforth M01)
divide the SEDs of Herbig Ae/Be stars into two groups:
those with strong far-infrared flux (called ‘group I’, hav-
ing slope s ! −1 ... 0.2) and those with weak far-infrared
flux (called ‘group II’, having slope s ! 0.2 ... 1). All
but the most extreme group II sources have a slope that is
clearly inconsistent with that of a flat disk. Note, at this
point, that the Meeus ‘group I’ and ‘group II’ are unrelated
to the Lada ‘class I’ and ‘class II’ classification (bothMeeus
group I and II are members of Lada class II).
A number of authors have employed another model to in-

terpret their observations of protoplanetary disks: that of a
steady accretion disk heated by viscous dissipation (Rucin-
ski et al., 1985; Bertout et al., 1988; Hillenbrand et al.,
1992). These models are based on the model by Shakura
and Sunyaev (1973). A detailed vertical structure model of
such a disk was presented by Bell et al. (1997). The lumi-
nosity of such disks, including the magnetospheric accre-
tion column, is Laccr = GM∗Ṁ/r∗. For r $ rin the
effective temperature of such disks is given by σT 4

eff =
3ṀΩ2

K/8π (with σ the Stefan-Boltzmann constant), yield-
ing an SED slope of s = 4/3, like for passive flat disks
(Lynden-Bell, 1969; see solid lines of Fig. 6). Therefore
these models are not very succesful either, except for mod-
eling very active disks like FU Orionis (FUor) outbursts
(see Bell and Lin, 1994).

3.3. Flaring disk geometry
It was recognized by Kenyon and Hartmann (1987) that a
natural explanation for the strong far-infrared flux (i.e. shal-
low SED slope) of most sources is a flaring (“bowl-shaped”)
geometry of the disk’s surface, as depicted in Fig. 2. The
flaring geometry allows the disk to capture a significant por-
tion of the stellar radiation at large radii where the disk is
cool, thereby boosting the mid- to far-infrared emission.
The flaring geometry adds an extra term to the irradiation

angle: ϕ ! 0.4 r∗/r + rd(Hs/r)/dr (Chiang and Goldre-
ich, 1997, henceforth CG97), whereHs is the height above
the midplane where the disk becomes optically thick to the
impinging stellar radiation. In the same way as for the flat
disks the thermal balance determines the Teff of the disk, but
this now depends strongly on the shape of the disk: Hs(r).
The pressure scale heightHp, on the other hand, depends on
the midplane temperature Tc byHp =

√

kTcr3/µmpGM∗
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ABSTRACT

Solid particles with the composition of interstellar dust and power-law size distribution dn/da / a!p (for a " amax

with amax k 3k and 3 < p < 4) will have submillimeter opacity spectral index !(k) # d ln "/d ln # $ ( p! 3)! ISM,
where ! ISM $ 1:7 is the opacity spectral index of interstellar dust material in the Rayleigh limit. For the power-law
index p $ 3:5, which characterizes interstellar dust and may apply for particles growing by agglomeration in
protoplanetary disks, grain growth to sizes a k 3 mmwill result in !(1 mm) P 1. Grain growth can naturally account
for ! $ 1 observed for protoplanetary disks, provided that amaxk 3k.
Subject headinggs: dust, extinction — planetary systems: protoplanetary disks — submillimeter

Online material: color figures

1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral
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Fig. 2.— Build-up of the SED of a flaring protoplanetary
disk and the origin of various components: the near-infrared
bump comes from the inner rim, the infrared dust features
from the warm surface layer, and the underlying continuum
from the deeper (cooler) disk regions. Typically the near-
and mid-infrared emission comes from small radii, while
the far-infrared comes from the outer disk regions. The
(sub-)millimeter emission mostly comes from the midplane
of the outer disk. Scattering is not included here.

Fig. 2). Themain portion of the energy is emitted in a wave-
length range depending on the minimum and maximum
temperature of the dust in the disk. We call this the “ener-
getic domain” of the SED, which typically ranges from 1.5
µm to about 100 µm. At shorter wavelength the SED turns
over into the “Wien domain”. At longer wavelengths the
SED turns over into the ”Rayleigh-Jeans domain”, a steep,
nearly powerlaw profile with a slope depending on grain
properties and disk optical depth (see chapter by Natta et
al.). Differences in disk geometry are mainly reflected in
the energetic domain of the SED, while the submm and mm
fluxes probe the disk mass.

3.2. A first confrontation with observations
It is quite challenging to solve the entire disk structure ac-
cording to the above principles. Early disk models were
therefore often based on strong simplifications. An exam-
ple of such a model is a perfectly flat disk being irradiated
by the star due to the star’s non-negligible size (Adams and
Shu, 1986; Friedjung, 1985). The stellar radiation impinges
onto the flat disk under an irradiation angle ϕ ! 0.4r∗/r
(with r∗ the stellar radius). Neglecting viscous dissipation,
the effective temperature of the disk is set by a balance be-
tween the irradiated flux (1/2)ϕL∗/4πr2 (with L∗ the stel-
lar luminosity) and blackbody cooling σT 4

eff , which yields
Teff ∝ r−3/4. The energetic domain of its SED therefore
has a slope of νFν ∝ νs with s = 4/3 = 1.33, which

follows from the fact that any disk with Teff ∝ r−q has
an SED slope of s = (4q − 2)/q. This steep slope arises
because most of the stellar radiation is absorbed and re-
emitted at small radii where the disk is hot. This produces
strong emission at short wavelength. The long wavelength
flux is weak because only little stellar radiation is absorbed
at large radii. Observations of CTTSs, however, show SED
slopes typically in the range s = 0.6 to 1 (Kenyon and Hart-
mann, 1995), i.e. much less steep. The SEDs of Herbig
Ae/Be stars show a similar picture, but with a somewhat
larger spread in s, though it must be kept in mind that the
determination of the slope of a bumpy SED like in Fig. 2 is
somewhat subjective. Meeus et al. (2001, henceforth M01)
divide the SEDs of Herbig Ae/Be stars into two groups:
those with strong far-infrared flux (called ‘group I’, hav-
ing slope s ! −1 ... 0.2) and those with weak far-infrared
flux (called ‘group II’, having slope s ! 0.2 ... 1). All
but the most extreme group II sources have a slope that is
clearly inconsistent with that of a flat disk. Note, at this
point, that the Meeus ‘group I’ and ‘group II’ are unrelated
to the Lada ‘class I’ and ‘class II’ classification (bothMeeus
group I and II are members of Lada class II).
A number of authors have employed another model to in-

terpret their observations of protoplanetary disks: that of a
steady accretion disk heated by viscous dissipation (Rucin-
ski et al., 1985; Bertout et al., 1988; Hillenbrand et al.,
1992). These models are based on the model by Shakura
and Sunyaev (1973). A detailed vertical structure model of
such a disk was presented by Bell et al. (1997). The lumi-
nosity of such disks, including the magnetospheric accre-
tion column, is Laccr = GM∗Ṁ/r∗. For r $ rin the
effective temperature of such disks is given by σT 4

eff =
3ṀΩ2

K/8π (with σ the Stefan-Boltzmann constant), yield-
ing an SED slope of s = 4/3, like for passive flat disks
(Lynden-Bell, 1969; see solid lines of Fig. 6). Therefore
these models are not very succesful either, except for mod-
eling very active disks like FU Orionis (FUor) outbursts
(see Bell and Lin, 1994).

3.3. Flaring disk geometry
It was recognized by Kenyon and Hartmann (1987) that a
natural explanation for the strong far-infrared flux (i.e. shal-
low SED slope) of most sources is a flaring (“bowl-shaped”)
geometry of the disk’s surface, as depicted in Fig. 2. The
flaring geometry allows the disk to capture a significant por-
tion of the stellar radiation at large radii where the disk is
cool, thereby boosting the mid- to far-infrared emission.
The flaring geometry adds an extra term to the irradiation

angle: ϕ ! 0.4 r∗/r + rd(Hs/r)/dr (Chiang and Goldre-
ich, 1997, henceforth CG97), whereHs is the height above
the midplane where the disk becomes optically thick to the
impinging stellar radiation. In the same way as for the flat
disks the thermal balance determines the Teff of the disk, but
this now depends strongly on the shape of the disk: Hs(r).
The pressure scale heightHp, on the other hand, depends on
the midplane temperature Tc byHp =

√

kTcr3/µmpGM∗
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ABSTRACT

Solid particles with the composition of interstellar dust and power-law size distribution dn/da / a!p (for a " amax

with amax k 3k and 3 < p < 4) will have submillimeter opacity spectral index !(k) # d ln "/d ln # $ ( p! 3)! ISM,
where ! ISM $ 1:7 is the opacity spectral index of interstellar dust material in the Rayleigh limit. For the power-law
index p $ 3:5, which characterizes interstellar dust and may apply for particles growing by agglomeration in
protoplanetary disks, grain growth to sizes a k 3 mmwill result in !(1 mm) P 1. Grain growth can naturally account
for ! $ 1 observed for protoplanetary disks, provided that amaxk 3k.
Subject headinggs: dust, extinction — planetary systems: protoplanetary disks — submillimeter
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral
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Figure 6: The evolution of a typical disk. The gas distribution is shown in blue
and the dust in brown. (a) Early in its evolution, the disk loses mass through
accretion onto the star and FUV photoevaporation of the outer disk. (b) At the
same time, grains grow into larger bodies that settle to the mid-plane of the disk.
(c) As the disk mass and accretion rate decrease, EUV-induced photoevaporation
becomes important, the outer disk is no longer able to resupply the inner disk with
material, and the inner disk drains on a viscous timescale (∼ 105 yr). An inner
hole is formed, accretion onto the star ceases, and the disk quickly dissipates from
the inside out. (d) Once the remaining gas photoevaporates, the small grains are
removed by radiation pressure and Poynting-Robertson drag. Only large grains,
planetesimals, and/or planets are left This debris disk is very low mass and is
not always detectable.
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Fig. 2.— Build-up of the SED of a flaring protoplanetary
disk and the origin of various components: the near-infrared
bump comes from the inner rim, the infrared dust features
from the warm surface layer, and the underlying continuum
from the deeper (cooler) disk regions. Typically the near-
and mid-infrared emission comes from small radii, while
the far-infrared comes from the outer disk regions. The
(sub-)millimeter emission mostly comes from the midplane
of the outer disk. Scattering is not included here.

Fig. 2). Themain portion of the energy is emitted in a wave-
length range depending on the minimum and maximum
temperature of the dust in the disk. We call this the “ener-
getic domain” of the SED, which typically ranges from 1.5
µm to about 100 µm. At shorter wavelength the SED turns
over into the “Wien domain”. At longer wavelengths the
SED turns over into the ”Rayleigh-Jeans domain”, a steep,
nearly powerlaw profile with a slope depending on grain
properties and disk optical depth (see chapter by Natta et
al.). Differences in disk geometry are mainly reflected in
the energetic domain of the SED, while the submm and mm
fluxes probe the disk mass.

3.2. A first confrontation with observations
It is quite challenging to solve the entire disk structure ac-
cording to the above principles. Early disk models were
therefore often based on strong simplifications. An exam-
ple of such a model is a perfectly flat disk being irradiated
by the star due to the star’s non-negligible size (Adams and
Shu, 1986; Friedjung, 1985). The stellar radiation impinges
onto the flat disk under an irradiation angle ϕ ! 0.4r∗/r
(with r∗ the stellar radius). Neglecting viscous dissipation,
the effective temperature of the disk is set by a balance be-
tween the irradiated flux (1/2)ϕL∗/4πr2 (with L∗ the stel-
lar luminosity) and blackbody cooling σT 4

eff , which yields
Teff ∝ r−3/4. The energetic domain of its SED therefore
has a slope of νFν ∝ νs with s = 4/3 = 1.33, which

follows from the fact that any disk with Teff ∝ r−q has
an SED slope of s = (4q − 2)/q. This steep slope arises
because most of the stellar radiation is absorbed and re-
emitted at small radii where the disk is hot. This produces
strong emission at short wavelength. The long wavelength
flux is weak because only little stellar radiation is absorbed
at large radii. Observations of CTTSs, however, show SED
slopes typically in the range s = 0.6 to 1 (Kenyon and Hart-
mann, 1995), i.e. much less steep. The SEDs of Herbig
Ae/Be stars show a similar picture, but with a somewhat
larger spread in s, though it must be kept in mind that the
determination of the slope of a bumpy SED like in Fig. 2 is
somewhat subjective. Meeus et al. (2001, henceforth M01)
divide the SEDs of Herbig Ae/Be stars into two groups:
those with strong far-infrared flux (called ‘group I’, hav-
ing slope s ! −1 ... 0.2) and those with weak far-infrared
flux (called ‘group II’, having slope s ! 0.2 ... 1). All
but the most extreme group II sources have a slope that is
clearly inconsistent with that of a flat disk. Note, at this
point, that the Meeus ‘group I’ and ‘group II’ are unrelated
to the Lada ‘class I’ and ‘class II’ classification (bothMeeus
group I and II are members of Lada class II).
A number of authors have employed another model to in-

terpret their observations of protoplanetary disks: that of a
steady accretion disk heated by viscous dissipation (Rucin-
ski et al., 1985; Bertout et al., 1988; Hillenbrand et al.,
1992). These models are based on the model by Shakura
and Sunyaev (1973). A detailed vertical structure model of
such a disk was presented by Bell et al. (1997). The lumi-
nosity of such disks, including the magnetospheric accre-
tion column, is Laccr = GM∗Ṁ/r∗. For r $ rin the
effective temperature of such disks is given by σT 4

eff =
3ṀΩ2

K/8π (with σ the Stefan-Boltzmann constant), yield-
ing an SED slope of s = 4/3, like for passive flat disks
(Lynden-Bell, 1969; see solid lines of Fig. 6). Therefore
these models are not very succesful either, except for mod-
eling very active disks like FU Orionis (FUor) outbursts
(see Bell and Lin, 1994).

3.3. Flaring disk geometry
It was recognized by Kenyon and Hartmann (1987) that a
natural explanation for the strong far-infrared flux (i.e. shal-
low SED slope) of most sources is a flaring (“bowl-shaped”)
geometry of the disk’s surface, as depicted in Fig. 2. The
flaring geometry allows the disk to capture a significant por-
tion of the stellar radiation at large radii where the disk is
cool, thereby boosting the mid- to far-infrared emission.
The flaring geometry adds an extra term to the irradiation

angle: ϕ ! 0.4 r∗/r + rd(Hs/r)/dr (Chiang and Goldre-
ich, 1997, henceforth CG97), whereHs is the height above
the midplane where the disk becomes optically thick to the
impinging stellar radiation. In the same way as for the flat
disks the thermal balance determines the Teff of the disk, but
this now depends strongly on the shape of the disk: Hs(r).
The pressure scale heightHp, on the other hand, depends on
the midplane temperature Tc byHp =

√

kTcr3/µmpGM∗
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
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1. INTRODUCTION
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emitted by protoplanetary disks is primarily due to thermal emis-
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of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and
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# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
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the opacity spectral index !(k)# d ln"/d ln # to be measured.
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from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
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opacity spectral index !disk was estimated by fitting simple disk
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2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.
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found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference
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1. Some of the emission may come from regions that are not
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be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
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3. Growth by coagulation in protoplanetary disks might lead
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being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.
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thin, the observed flux density F# is proportional to the massMd
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usually applies, and
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is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
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sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
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for the dust in three hot molecular cores, with densities nH $
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appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.
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is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5
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for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.
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1. INTRODUCTION
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emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd
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the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5
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for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral

A

1114

The Astrophysical Journal, 636:1114–1120, 2006 January 10
# 2006. The American Astronomical Society. All rights reserved. Printed in U.S.A.

ON THE SUBMILLIMETER OPACITY OF PROTOPLANETARY DISKS

B. T. Draine
Princeton University Observatory, Peyton Hall, Princeton, NJ 08544; draine@astro.princeton.edu

Received 2005 July 8; accepted 2005 September 16

ABSTRACT

Solid particles with the composition of interstellar dust and power-law size distribution dn/da / a!p (for a " amax

with amax k 3k and 3 < p < 4) will have submillimeter opacity spectral index !(k) # d ln "/d ln # $ ( p! 3)! ISM,
where ! ISM $ 1:7 is the opacity spectral index of interstellar dust material in the Rayleigh limit. For the power-law
index p $ 3:5, which characterizes interstellar dust and may apply for particles growing by agglomeration in
protoplanetary disks, grain growth to sizes a k 3 mmwill result in !(1 mm) P 1. Grain growth can naturally account
for ! $ 1 observed for protoplanetary disks, provided that amaxk 3k.
Subject headinggs: dust, extinction — planetary systems: protoplanetary disks — submillimeter

Online material: color figures

1. INTRODUCTION
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emitted by protoplanetary disks is primarily due to thermal emis-
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of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,
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is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
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for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.
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protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p
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overall size distribution that exceed the small-particle opacity at 1 mm until amax reaches 10 cm.

For amax ! 1mm, κ(1mm) ∝ 1/
√

amax, consistent with eq. (11). The upper panel in Fig. 3 shows

the opacity spectral index β(λ) for the different choices of amax. For this material, the condition

ac # amax can be replaced by 3λ " amax. We see that β(1mm) " 1 for amax ! 3mm.

Fig. 3.— Opacity of amorphous silicate spheres with size distribution dn/da ∝ a−3.5 for 3.5 Å < a < amax. Curves

are labelled by amax; curve for 0.25µm is the small-particle limit, and numerically close to the WD01 dust model (not

shown). Upper panel shows β ≡ d ln κ/d ln ν for selected amax. β(1mm) " 1 is found for amax ! 3mm.

5.2. Amorphous Carbonaceous Material

The dust model of Weingartner & Draine (2001; hereafter WD01) includes carbonaceous mate-

rial with the anisotropic dielectric function of graphite, with absorption and scattering by randomly-

oriented spherical grains estimated using the “1/3-2/3 approximation” (Draine & Malhotra 1993).
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stellar dust to be determined. The observed far-infrared and
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opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
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a rotating disk in the star-forming region IRAS 18089!1732
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tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
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being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
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allowsMd to be determined, provided that " and d are known. If
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the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
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the opacity spectral index !(k)# d ln"/d ln # to be measured.
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diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
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108 cm !3. The dust in both diffuse clouds and dark clouds thus
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protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
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that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
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found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference
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1. Some of the emission may come from regions that are not
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be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
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emitted by protoplanetary disks is primarily due to thermal emis-
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stellar dust to be determined. The observed far-infrared and
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require material with !disk $ 1 in order to reproduce the observed
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
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# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5
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for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and
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is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.
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overall size distribution that exceed the small-particle opacity at 1 mm until amax reaches 10 cm.

For amax ! 1mm, κ(1mm) ∝ 1/
√

amax, consistent with eq. (11). The upper panel in Fig. 3 shows

the opacity spectral index β(λ) for the different choices of amax. For this material, the condition

ac # amax can be replaced by 3λ " amax. We see that β(1mm) " 1 for amax ! 3mm.

Fig. 3.— Opacity of amorphous silicate spheres with size distribution dn/da ∝ a−3.5 for 3.5 Å < a < amax. Curves

are labelled by amax; curve for 0.25µm is the small-particle limit, and numerically close to the WD01 dust model (not

shown). Upper panel shows β ≡ d ln κ/d ln ν for selected amax. β(1mm) " 1 is found for amax ! 3mm.

5.2. Amorphous Carbonaceous Material

The dust model of Weingartner & Draine (2001; hereafter WD01) includes carbonaceous mate-

rial with the anisotropic dielectric function of graphite, with absorption and scattering by randomly-

oriented spherical grains estimated using the “1/3-2/3 approximation” (Draine & Malhotra 1993).

Draine 2006

1 cm

amax = 1 cm

100 μm

100 μm
disks

ISM/cloud



Case study: ONC
No. 1, 2009 THE CIRCUMSTELLAR DISK MASS DISTRIBUTION IN THE ORION TRAPEZIUM CLUSTER L39

Table 1
Disk Fluxes and Masses

Proplyd Field Fobs rms Fff Fbg Fdust Mdisk
Name (mJy) (mJy) (mJy) (mJy) (mJy) (10−2 M")
(1) (2) (3) (4) (5) (6) (7) (8)

155–338 D 39.6 5.3 4.0–14.0 2.6 23.0 1.13 ± 0.34
158–323 B 25.5 2.4 4.3–11.5 −5.6 19.5 0.96 ± 0.21
158–326/7 B 31.9 2.4 4.0–12.0 −0.5 20.3 1.00 ± 0.19
159–350 D 69.8 5.3 3.2–11.0 0.3 58.4 2.86 ± 0.29
161–328 B 38.7 2.4 0.1–1.5 −1.2 38.4 1.88 ± 0.15
163–249 I 34.8 2.0 0.0 −1.6 36.4 1.78 ± 0.13
163–323 B 22.1 2.4 2.4–3.0 0.2 18.9 0.93 ± 0.15
167–317 B 37.2 2.4 14.5–25.5 −5.4 17.0 0.83 ± 0.18
168–328 B 13.7 2.4 1.9–2.5 1.0 10.3 0.50 ± 0.12
170–249 I 14.6 2.0 0.0–2.5 −0.6 12.6 0.62 ± 0.10
170–337 A 19.1 1.5 4.0–9.0 3.0 7.1 0.32 ± 0.08
171–340 A 46.4 1.5 0.0 −2.8 49.2 2.23 ± 0.08
174–236 I 25.2 2.0 0.0 2.9 22.2 1.09 ± 0.13
174–414 C 12.7 1.5 0.0 1.6 11.1 0.51 ± 0.09
175–355 A 9.4 1.5 0.0 −0.1 9.5 0.43 ± 0.11
176–543 G 15.8 1.7 0.0 −0.6 13.4 0.89 ± 0.09
177–341 A 26.9 1.5 5.0–13.0 −4.9 19.8 0.90 ± 0.07
182–413 C 13.3 1.5 0.0 −3.0 16.4 0.74 ± 0.07
183–419 C 6.2 1.5 0.0 0.2 6.1 0.28 ± 0.07
197–427 E 57.7 1.9 0.0 −1.5 59.3 2.72 ± 0.10
198–448 F 16.4 2.0 0.0 −2.9 19.3 0.94 ± 0.12
203–506/4 F 14.3 2.0 0.0 −2.9 17.2 0.84 ± 0.12
205–421 E 54.8 1.9 0.0 −1.7 56.5 2.59 ± 0.10
206–446 F 63.3 2.0 0.0 0.0 63.3 3.10 ± 0.12
218–339 H 6.9 0.9 0.0 0.0 6.6 0.34 ± 0.04
218–354 H 42.9 0.9 0.0 −0.9 48.1 2.10 ± 0.04

Notes. (1) Proplyd designation based on the nomenclature of O’Dell & Wen
(1994). (2) Observed field in Figure 1. (3) Integrated continuum flux density,
corrected for SMA primary beam attenuation. (4) 1σ statistical error. (5) Range
of extrapolated contribution of free–free emission at 880 µm. (6) Estimated flux
contribution from cloud background. (7) Derived dust continuum flux from the
disk. (8) Disk mass.

& Carpenter (2000). We suspect that at least some of the HC
and MM sources in Eisner et al. (2008) are filtered small-
scale background fluctuations despite their precaution in using
localized measures of the noise. Second, the SEDs in Figure 3
show that several of the detections listed at 3 mm by Eisner
& Carpenter (2006) and 1.3 mm by Eisner et al. (2008) are
consistent with being free–free, rather than disk, emission.
Although they attempted to separate contributions from dust
and free–free emission, this process is much easier at shorter
wavelengths. Further, we were more conservative, using a range
to allow for variability in the radio emission. The difficulty in
separating out the contributions from the ionized gas and the dust
and, to a lesser extent, the cloud background, results in several
significant discrepancies in individual disk mass determinations
between our work and theirs.

4. DISCUSSION

We first address the flux-to-mass conversion in Equation (2).
Our prescription for the dust grain opacity, κ , is from Beckwith
et al. (1990) but its value depends on the grain composition and
size distribution. Detailed models by Pollack et al. (1994) and
Ossenkopf & Henning (1994) show that, excluding the diffuse
ISM, the range in κ(1 mm) is about a factor of 4. A low surface
area to mass is required to explain the observed low maximum
disk luminosity in the Trapezium cluster. Throop & Bally
(2005) have proposed that gas loss through photoevaporation

Figure 4. Differential disk mass distribution in Orion, Taurus and ρ Ophiuchus.
The error bars for the distributions are

√
N . The fraction of disks that would be

detected in our survey at each mass is indicated by the continuous line in the
top panel. Binning begins at 0.0084 M" to separate complete and incomplete
samples. The number of disks per logarithmic mass bin is approximately
constant for masses 0.004–0.034 M" in all three regions but there are no disks
with masses greater than 0.034 M" in Orion.

promotes dust coagulation but since the former mainly occurs
in the outer disk, it does not appear to be applicable to the
many small disks detected here. However, given that there are
several indications of significant grain growth in Taurus and
ρ Ophiuchus Class II disks (Andrews & Williams 2005, 2007a),
there is insufficient remaining leverage in κ to account for the
lower disk luminosities in the Trapezium cluster. Additional
evidence against a large range in κ is the similarity of the Taurus
and ρ Ophiuchus disk mass distributions (Andrews & Williams
2007a). We have assumed a low temperature, 20 K, derived
from the average for Taurus disks (Andrews & Williams 2005);
however, the high radiation field might significantly heat the
Orion disks. But a higher temperature would reduce the inferred
Trapezium cluster disk masses yet further. The only remaining
variable is the distance to the Trapezium, which has been
securely determined from recent VLBI parallax observations
(Menten et al. 2007; Sandstrom et al. 2007) and the small
error cannot account for the luminosity difference. Finally, we
note that different scalings do not change the shape of the
distributions and our finding that the Trapezium cluster disk
mass distribution is truncated at its upper end.

The lack of massive disks in the Trapezium cluster is in good
agreement with theoretical models of disk photoevaporation
(Adams et al. 2004; Johnstone et al. 1998). Photoevaporation is
thought to be the dominant external influence on disk evolution
in the Trapezium cluster as the rate of disk–disk encounters
is low (Scally & Clarke 2001). The models predict that mass
loss is highest for the largest disks because material at large
radii is unbound to the embedded star and provides a greater
surface area for photoevaporation. In contrast, the inner regions

Mann & Williams 2009

Image credit: Space Telescope Science Institute
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Fig. 10.— SEDs of sources classified as Class I and Flat. The YSO ID, from Tables 4 and 5, is

shown in the upper right of each panel.

– 23 –

Fig. 12.— Class II SEDs. The YSO ID, from Tables 4 and 5, is shown in the upper right of each

panel. The observed fluxes are plotted with unfilled circles. The dereddened fluxes are plotted with

filled circles. The grey line plots the model stellar spectrum fit to the shorter wavelengths. The

dashed line shows the median SED of T Tauri stars in Taurus (Hartmann et al. 2005) normalized

to the B band flux and J band flux of the K7 and A0 stellar spectrum models, respectively.

– 26 –

Fig. 15.— Class III SEDs. The YSO ID, from Tables 4 and 5, is shown in the upper right of each

panel. The observed fluxes are plotted with unfilled circles. The dereddened fluxes are plotted with

filled circles. The grey line plots the model stellar spectrum fit to the shorter wavelengths. The

dashed line shows the median SED of T Tauri stars in Taurus (Hartmann et al. 2005) normalized

to the B band flux and J band flux of the K7 and A0 stellar spectrum models, respectively.

– 34 –

Fig. 18.— Left: The positions of YSOs and IRAC fields in Auriga. The greyscale is the MIPS

160µm map, in units of MJy sr−1, and the YSOs are marked according to their classification: Green

circles denote Class I; blue +s, Flat-Spectrum; red ×s, Class II; yellow triangles, Class III. IRAC

fields are outlined in black and labelled (see also Figures 2 - 5). Right: Close-up of the region

around LkHα 101. The greyscale is the log (base 10) of the flux (in MJy sr−1). The centre of the

field is entirely saturated. As is evident, there are some YSOs outside the IRAC coverage area.

This list of MIPS-only YSOs has been trimmed by using WISE data to remove more objects that

are likely background galaxies. The earlier classes (Class I and Class F) are more concentrated

along the filament, whereas the later classes (Class II and Class III) are not. The latter have had

time to move away from the filament.

1 2 10 100
λ (µm)

lo
g(

 λ
F λ

 )
lo

g(
 λ

F λ
 )

lo
g(

 λ
F λ

 )

1 10

lo
g 
λF

λ (
er

g/
s/

cm
2 )

-12
-10
-8

Wavelength (μm)

-12
-10
-8

-12
-10
-8

Broekhoven-Fiene et al, submm. André 1994

Class I
Class F
Class II
Class III


