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Part I: Introduction

Andrews & Williams 2005

(1995) and the interstellar extinction law derived by Cohen et al.
(1981). Dereddened visual magnitudes and spectral types were
converted to bolometric luminosities and effective temperatures
again using the intrinsic values of Kenyon & Hartmann (1995).
Stellar masses and ages were determined by reference to the-
oretical pre–main-sequence evolution tracks and isochrones
(D’Antona &Mazzitelli 1997) in a Hertzsprung-Russell diagram.

As Figure 9 demonstrates, there are no correlations between
the submillimeter properties listed in Table 1 and stellar mass
or age, but the ranges of those stellar properties (see Fig. 1) may
be too limited to infer a direct evolutionary sequence. How-
ever, the top right panel of this figure shows that the region
corresponding to higher mass disks at late times (!6 Myr) is
significantly depopulated. While there are not many objects
in Taurus-Auriga with such ages, this unoccupied region in
the diagram is consistent with other studies that indicate disk
fractions approaching zero in the 6–10 Myr age range (e.g.,
Haisch et al. 2001). Figure 10 shows the cumulative distribu-
tions of the mass ratio of disk to star, constructed with the
Kaplan-Meier estimator. Lognormal distributions provide poor
fits in this case, but these distributions are fitted fairly well
with power laws of index between"1.5 and"2 for mass ratios
larger than #10"3. The median disk-to-star mass ratio is 0.5%.
The fraction of disks that may be self-gravitationally unstable
(mass ratios larger than #0.1) is negligible in Taurus-Auriga:
roughly 6%, which itself may be an overestimate due to enve-
lope emission for some of the Class I objects at the high end of
the distribution. However, if ! $ 2 is more appropriate, then the
fraction of unstable disks can be as high as one-third. A small
fraction of objects (a few percent) have a mass ratio less than
10"3.

3.5. The Effects of Multiplicity

The evolution of circumstellar disks can be dictated by either
internal (e.g., viscous accretion, gravitational instability, planet
formation) or external processes. Examples of the latter include
ultraviolet photoevaporation in the vicinity of a massive star

Fig. 9.—Plots showing the relationships between disk masses or submillimeter continuum slopes and stellar masses or ages. Filled circles represent detections and
open triangles represent 3 " upper limits.

Fig. 10.—Cumulative distributions of the disk-to-star mass ratio for 116 ob-
jects in the full sample (constructed with the Kaplan-Meier estimator) and
61 objects that were detected at submillimeter wavelengths. The ordinate val-
ues represent the probability that an object in the sample has a mass ratio greater
than or equal to the abscissa value. Less than 10% of the sample has a mass ratio
that could result in a gravitational disk instability, and even this small fraction
may be contaminated by mass in an envelope. The median disk-to-star mass ratio
is 0.5%.

ANDREWS & WILLIAMS1146 Vol. 631

• 13% have 
Mdisk > 0.01 
Msun

• 1% have Mdisk 
> 0.1 Msun

(Andrews & Williams 2005, 
Eisner 2008)

Class II disks:
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Part II: Methodology

the cool, outer parts of the disk, where giant planets are expected
to form and contamination from the stellar photosphere is neg-
ligible. The low submillimeter opacities in disks can be used to
extrapolate the surface density of the outer disk into the inner,
optically thick regions and therefore determine the total disk mass
(Beckwith et al. 1990). Assuming that the submillimeter emis-
sion arises in an optically thin, isothermal portion of the disk, the
flux density (F!) and disk mass (Md) are directly proportional
(Hildebrand 1983):

Md !
d 2F!

"!B! Tc" #
; "1#

where d is the distance, "! is the opacity, and B! (Tc) is the
Planck function at a characteristic temperature Tc . Moreover,
observations and theoretical models of the opacity in the sub-
millimeter indicate that "! is well matched by a simple power
law in frequency with index #, although the proposed normaliza-
tions vary significantly (Hildebrand 1983; Wright 1987; Pollack
et al. 1994; Henning & Stognienko 1996). With the same opti-
cally thin, isothermal disk assumptions, the submillimeter con-
tinuum emission should behave roughly as F! / ! 2$#. So,
with major caveats (see x 3 and Appendix A), a single submilli-
meter flux density can give the mass of a disk and%2 flux points
can reveal the frequency dependence of the opacity. Assuming a
uniform grain composition and shape, the frequency behavior
of the opacity is set by the size distribution of the grains in the
disk. A number of single-dish surveys with single-element (or
small arrays of ) bolometers have been conducted in the Taurus-
Auriga star-forming region to address these issues, most of which
were carried out at 1.3 mm (Weintraub et al. 1989b; Beckwith
et al. 1990; Adams et al. 1990; Beckwith & Sargent 1991;
Mannings & Emerson 1994; Osterloh & Beckwith 1995; Motte
& André 2001). Current instrumentation provides the opportu-
nity for significantly more sensitive observations of disks in the
submillimeter.

High-resolution observations with (sub)millimeter interfer-
ometers have confirmed that circumstellar dust disks are geo-
metrically thin with radii on the order of 100 AU (e.g., Dutrey
et al. 1996; Kitamura et al. 2002). Detailed studies of individ-
ual disks reveal molecular gas in Keplerian rotation around the
central star (e.g., Weintraub et al. 1989a; Koerner et al. 1993a,
1993b; Dutrey et al. 1994; Koerner & Sargent 1995; Mannings
& Sargent 1997; Duvert et al. 1998; Guilloteau & Dutrey 1998;
Simon et al. 2000; Corder et al. 2005). While molecular gas is
the primary reservoir of mass in a disk, it is difficult to directly
determine Md from the high-resolution spectral line data because
the brightest, easily detectable lines (i.e., the rotational transitions
of CO) are optically thick (Beckwith & Sargent 1993; Dutrey
et al. 1996) and likely to be severely depleted (Dutrey et al. 1994,
2003). Interpretation of these lines and those from trace molecular
species requires sophisticated models of the disk structure (e.g.,
Dartois et al. 2003; Kamp & Dullemond 2004) and chemistry
(e.g., van Zadelhoff et al. 2001, 2003; Aikawa et al. 2002; Qi et al.
2003). Despite the tremendous amount of information provided
by these observations, our knowledge is still limited to a relatively
few disks on account of the large amount of time that must be
invested in an interferometric observation.

Multiwavelength submillimeter data could prove useful in
placing observational constraints on the dominant mechanism
of planet formation. By comparing with infrared SEDs and diag-
nostics of accretion, we can investigate the dissipation of disks
as a function of radius and see if there is consistency with the
timescales expected from the collisional growth of planetesimals.

The functional form of the opacity may provide information on
the mean grain size distribution in the disk and therefore evi-
dence for the growth of grains demanded by the standard
models of planet formation (e.g., Beckwith et al. 2000).

In this paper we present a large catalog of such data for most
of the known YSOs in the Taurus-Auriga star-forming region.
The survey is uniform and sensitive and provides the most
multiwavelength measurements of the submillimeter continuum
spectra of YSOs to date. In x 2 we discuss the observations and
data reduction procedures. In x 3 we present a simple diskmodel
and use it to derive circumstellar disk masses, place some new
observational constraints on the submillimeter opacity proper-
ties of disks, and examine relationships between the disk prop-
erties and those of the central stars. The results are discussed in
x 4, and our conclusions are summarized in x 5. We include in
Appendices A and B a more in-depth discussion of the disk
models we employ and comments on some particularly inter-
esting sources.

2. OBSERVATIONS AND DATA REDUCTION

Simultaneous 450 and 850 $m continuum photometry obser-
vations of 90 YSOs in the Taurus-Auriga star-forming region
were obtained with the Submillimeter Common-User Bolometer
Array (SCUBA; Holland et al. 1999) at the 15 m James Clerk
Maxwell Telescope (JCMT) between 2004 February and 2005
January. Accurate reference coordinates (to &100) for each object
were obtained from the Two Micron All Sky Survey (2MASS)
Point Source Catalog. The effective FWHM beam diameters for
SCUBA photometry are 900 and 1500 at 450 (keA ! 443 $m) and
850 $m (keA ! 863 $m), respectively. The precipitable water
vapor (PWV) levels in these observations were 1.6 mm in the
mean, corresponding to zenith opacities of 0.32 at 850 $m and
1.73 at 450 $m. More than 50% of the observations were con-
ducted in very dry conditions (PWV' 1:5 mm). The data were
acquired in sets of 18 s integrations in a small nine-point jig-
gle pattern with the secondary mirror chopping (typically) 6000

in azimuth at 7.8 Hz. Each set consisted of between 15 and 40
integrations, and each source was usually observed for two
sets. Frequent skydip observations were used to determine atmo-
spheric extinction as a function of elevation and time. Pointing
updates on nearby bright standard sources were conducted be-
tween sets of integrations: the rms pointing offsets were '200.
Mars and Uranus were used as primary flux calibrators, ob-
served at least once per night when available. The secondary
calibrators HLTau, CRL 618, and CRL 2688 were also observed
approximately once every 60–90 minutes.

The demodulated SCUBA data were flat-fielded, despiked, and
corrected for extinction and residual sky emission using standard
tasks in the SURF software package (Jenness & Lightfoot 1998;
Jenness et al. 1998). The ‘‘unused’’ bolometers in the SCUBA
arrays provide a distinct advantage in sky subtraction over the
standard simple demodulation utilized for single-element (or small
array) detectors. With SCUBA, this technique has resulted in a
factor of&3 increase in the signal-to-noise ratio (Holland et al.
1999) and should give more robust flux measurements. The mean
and standard deviation voltages were used to determine the flux
density and rms noise level for each source, after appropriate
scaling based on the gain values derived from observations of
the calibrators. Repeated observations of the flux calibrators in
a given night of observing indicate a systematic uncertainty in
these gain factors of &10% at 850 $m and &25% at 450 $m.
These systematic errors dominate the uncertainties for brighter
sources. Observations of an additional 44 sources were obtained
from the SCUBA online archive and reduced in the samemanner,

DUST DISKS IN TAURUS-AURIGA 1135
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the cool, outer parts of the disk, where giant planets are expected
to form and contamination from the stellar photosphere is neg-
ligible. The low submillimeter opacities in disks can be used to
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disk. A number of single-dish surveys with single-element (or
small arrays of ) bolometers have been conducted in the Taurus-
Auriga star-forming region to address these issues, most of which
were carried out at 1.3 mm (Weintraub et al. 1989b; Beckwith
et al. 1990; Adams et al. 1990; Beckwith & Sargent 1991;
Mannings & Emerson 1994; Osterloh & Beckwith 1995; Motte
& André 2001). Current instrumentation provides the opportu-
nity for significantly more sensitive observations of disks in the
submillimeter.

High-resolution observations with (sub)millimeter interfer-
ometers have confirmed that circumstellar dust disks are geo-
metrically thin with radii on the order of 100 AU (e.g., Dutrey
et al. 1996; Kitamura et al. 2002). Detailed studies of individ-
ual disks reveal molecular gas in Keplerian rotation around the
central star (e.g., Weintraub et al. 1989a; Koerner et al. 1993a,
1993b; Dutrey et al. 1994; Koerner & Sargent 1995; Mannings
& Sargent 1997; Duvert et al. 1998; Guilloteau & Dutrey 1998;
Simon et al. 2000; Corder et al. 2005). While molecular gas is
the primary reservoir of mass in a disk, it is difficult to directly
determine Md from the high-resolution spectral line data because
the brightest, easily detectable lines (i.e., the rotational transitions
of CO) are optically thick (Beckwith & Sargent 1993; Dutrey
et al. 1996) and likely to be severely depleted (Dutrey et al. 1994,
2003). Interpretation of these lines and those from trace molecular
species requires sophisticated models of the disk structure (e.g.,
Dartois et al. 2003; Kamp & Dullemond 2004) and chemistry
(e.g., van Zadelhoff et al. 2001, 2003; Aikawa et al. 2002; Qi et al.
2003). Despite the tremendous amount of information provided
by these observations, our knowledge is still limited to a relatively
few disks on account of the large amount of time that must be
invested in an interferometric observation.

Multiwavelength submillimeter data could prove useful in
placing observational constraints on the dominant mechanism
of planet formation. By comparing with infrared SEDs and diag-
nostics of accretion, we can investigate the dissipation of disks
as a function of radius and see if there is consistency with the
timescales expected from the collisional growth of planetesimals.

The functional form of the opacity may provide information on
the mean grain size distribution in the disk and therefore evi-
dence for the growth of grains demanded by the standard
models of planet formation (e.g., Beckwith et al. 2000).

In this paper we present a large catalog of such data for most
of the known YSOs in the Taurus-Auriga star-forming region.
The survey is uniform and sensitive and provides the most
multiwavelength measurements of the submillimeter continuum
spectra of YSOs to date. In x 2 we discuss the observations and
data reduction procedures. In x 3 we present a simple diskmodel
and use it to derive circumstellar disk masses, place some new
observational constraints on the submillimeter opacity proper-
ties of disks, and examine relationships between the disk prop-
erties and those of the central stars. The results are discussed in
x 4, and our conclusions are summarized in x 5. We include in
Appendices A and B a more in-depth discussion of the disk
models we employ and comments on some particularly inter-
esting sources.

2. OBSERVATIONS AND DATA REDUCTION

Simultaneous 450 and 850 $m continuum photometry obser-
vations of 90 YSOs in the Taurus-Auriga star-forming region
were obtained with the Submillimeter Common-User Bolometer
Array (SCUBA; Holland et al. 1999) at the 15 m James Clerk
Maxwell Telescope (JCMT) between 2004 February and 2005
January. Accurate reference coordinates (to &100) for each object
were obtained from the Two Micron All Sky Survey (2MASS)
Point Source Catalog. The effective FWHM beam diameters for
SCUBA photometry are 900 and 1500 at 450 (keA ! 443 $m) and
850 $m (keA ! 863 $m), respectively. The precipitable water
vapor (PWV) levels in these observations were 1.6 mm in the
mean, corresponding to zenith opacities of 0.32 at 850 $m and
1.73 at 450 $m. More than 50% of the observations were con-
ducted in very dry conditions (PWV' 1:5 mm). The data were
acquired in sets of 18 s integrations in a small nine-point jig-
gle pattern with the secondary mirror chopping (typically) 6000

in azimuth at 7.8 Hz. Each set consisted of between 15 and 40
integrations, and each source was usually observed for two
sets. Frequent skydip observations were used to determine atmo-
spheric extinction as a function of elevation and time. Pointing
updates on nearby bright standard sources were conducted be-
tween sets of integrations: the rms pointing offsets were '200.
Mars and Uranus were used as primary flux calibrators, ob-
served at least once per night when available. The secondary
calibrators HLTau, CRL 618, and CRL 2688 were also observed
approximately once every 60–90 minutes.

The demodulated SCUBA data were flat-fielded, despiked, and
corrected for extinction and residual sky emission using standard
tasks in the SURF software package (Jenness & Lightfoot 1998;
Jenness et al. 1998). The ‘‘unused’’ bolometers in the SCUBA
arrays provide a distinct advantage in sky subtraction over the
standard simple demodulation utilized for single-element (or small
array) detectors. With SCUBA, this technique has resulted in a
factor of&3 increase in the signal-to-noise ratio (Holland et al.
1999) and should give more robust flux measurements. The mean
and standard deviation voltages were used to determine the flux
density and rms noise level for each source, after appropriate
scaling based on the gain values derived from observations of
the calibrators. Repeated observations of the flux calibrators in
a given night of observing indicate a systematic uncertainty in
these gain factors of &10% at 850 $m and &25% at 450 $m.
These systematic errors dominate the uncertainties for brighter
sources. Observations of an additional 44 sources were obtained
from the SCUBA online archive and reduced in the samemanner,
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Part III: Analysis

Sheehan & Eisner, in prep.

GV Tau
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Part III: GV Tau

• Mdisk = 0.01 M_sun, Menv = 0.01 M_sun, Rdisk = 30 AU, 

• Renv = 1000 AU, Lstar = 3 L_sun, fcav = 0.2-1,  i = 35o, pa = 350o

GV Tau N:
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Part III: GV Tau

• Mdisk = 0.01 M_sun, Menv = 0.01 M_sun, Rdisk = 30 AU, 
• Renv = 1000 AU, Lstar = 6 L_sun, fcav = 1,  i = 55o, pa = 280o

GV Tau S:
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Part III: Analysis

• For sample of 10 Class I protostars from Eisner 2012 and 
Sheehan & Eisner, in prep we find:

• Median disk mass = 0.008 Msun

• 20% of disks have Mdisk > 0.01 Msun

• 10% of disks have Mdisk > 0.1 Msun

• Class I disks appear to be more massive than Class II disks.
• Dust grain processing has occurred between the two 

stages.
• Class I disks still may not be massive enough to form giant 

planets.
• May need to look even younger to find the initial mass 

budget for planet formation.
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Part IV: Future Work

• Obtain a larger sample:

• CARMA C Array has ~140 
AU (1”) resolution

• We want to go to higher 
resolution with CARMA B 
(0.4”) and A (0.2”) Arrays.

• Compact configuration to 
constrain envelope.

• Multiple wavelength 
datasets to constrain dust 
grain properties.
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