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PROTOSTELLAR ACCRETION DISKS RESOLVED WITH THE JCMT-CSO INTERFEROMETER
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ABSTRACT

The JCMT-CSO submillimeter interferometer was used to measure the size and orientation of the compact
dust continuum emission at 870 um from the protostellar sources HL Tau and L1551 IRS 5. Assuming an
elliptical Gaussian for the brightness distribution and distances of 140 pc, the data are well fitted by semi-
major radii to half-maximum brightness and position angles of 60 AU at 126° for HL Tau and 80 AU at 162°
for L1551. An upper limit of 50 AU (0%4) is set for the radii along the minor axes, leading to minimum bright-
ness temperatures of 36 K and 28 K, respectively. The elongation in the continuum emission is perpendicular
to the outflow axes, as expected for accretion disks. The high brightness indicates substantial column density
and mass, further strengthening the accretion disk interpretation. Our observations do not strongly constrain
the disk mass; applying an accretion disk model to our data gives a lower limit of ~0.02 M, for both

sources.

Subject headings: accretion: accretion disks — circumstellar matter — infrared: stars — stars: formation —
stars: low-mass, brown dwarfs — stars: pre—main-sequence

1. INTRODUCTION

There can be little doubt that many young stars have cir-
cumstellar disks. A survey of pre—main-sequence stars by Beck-
with et al. (1990) found evidence for disks in 42% of the objects
observed. The original detection of infrared excesses from T
Tauri stars (Mendoza 1966) has been followed by detailed
modeling of the spectral energy distributions which suggests
that the disks have radii of about 100 AU (e.g., Adams, Lada,
& Shu 1987; Kenyon & Hartmann 1987), comparable to the
size of the early solar nebula.

The thermal continuum flux from a dusty accretion disk is
expected to scale with frequency as vZor steeper; the apparent
size of a disk will also increase as it becomes increasingly opti-
cally thick at higher frequencies within the Rayleigh-Jeans
regime. But the residual envelope of infalling dust that sur-
rounds a protostar obscures the core for 4 < 0.1 mm, and it is
therefore at submillimeter wavelengths that we stand the best
chance of resolving the disks. For the nearest star-forming
clouds, 100 AU corresponds to an angular radius of about 077,
so adequate resolution of the disks requires an interferometer
with a baseline of at least 150 kA.

The JCMT-CSO Interferometer comprises the James Clerk
Maxwell Telescope and the Caltech Submillimeter Observa-
tory separated by 164 m (189 kA at A = 0.87 mm). Technical
aspects of the instrument are described by Carlstrom et al.
(1993, 1994). Although the single baseline precludes imaging in
the usual sense, the short wavelength and high resolution of the
interferometer are ideal for measuring circumstellar disks.

This Letter describes observations made using the interfer-
ometer which resolve the circumstellar disks around the pro-
tostars L1551 IRS 5 and HL Tau. Both sources are well
studied, have bipolar outflows, and were strongly suspected of
having disks. Keene & Masson (1990) determined a size <64
AU for the compact continuum source associated with L1551
IRS 5 using the Owens Valley millimeter interferometer at 2.73
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mm. The continuum emission from HL Tau was unresolved in
observations at ~3 mm (Ohashi et al. 1991; Sargent & Beck-
with 1991) and at 1.4 mm (Woody et al. 1989).

2. OBSERVATIONS

The JCMT-CSO interferometer was used to observe L1551
IRS 5 and HL Tau on 1993 November 12 over a period of
about 8 hr. The projected length of the baseline varied from 50
kA to 200 kA. The quasar 0528 + 134 was used to monitor the
gain of the instrument. We cycled through the three sources
about once every hour. The correlator generated spectra of 400
1.25 MHz channels, which were averaged together to produce
a 500 MHz bandwidth continuum channel centered at 345.785
GHz. The data were taken with integrations of 10 s and then
vector-averaged over 100 s periods. The interferometer is
coherent over this relatively short timescale, but the phase
response is not yet well determined over longer periods. For
this reason only the modulus of the visibility flux was used in
the analysis. The average effective single-sideband system tem-
perature was ~ 700 K, equivalent to a noise level of 3 mK or
0.42 Jy in each 100 s data point. The sensitivity of the instru-
ment was 140 Jy K1 (+20%); this relatively low gain was
partly due to a problem with the phase switching (now
corrected) which does not otherwise affect the results. The
0528 + 134 data showed no evidence for variation in the system
sensitivity during the night. The CO (3-2) transition does lie
within the passband, but the spectra show that the contribu-
tion to the correlated flux from this line was less than 5%, and
care was taken to remove it from the data.

3. MODEL FITTING

Figure 1a shows the visibility flux as a function of projected
baseline length for HL Tau. For long baselines the fringe
spacing becomes comparable with the source size, and the flux
seen by the interferometer is reduced; it is clear that the source
has been resolved. A simple Gaussian visibility curve was fitted
using a least-squares method. It has a half-width half-
maximum corresponding to an angular radius of 0’4 or a
linear size of 57 AU. The fit is improved by adopting a two-
dimensional Gaussian model for the brightness distribution, as
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F1G. 1.—(a) The visibility flux of HL Tau at 870 um detected with the JCMT-CSO interferometer as a function of the projected baseline length, clearly showing
that the emission has been resolved. (b) The Gaussian model used to fit the data, shown in the (u, v) plane with the track of the interferometer baseline for the
observations of HL Tau. The inset shows the model as it appears on the sky. (c) and (d) Visibility flux as a function of hour angle for HL Tau and L1551 IRS 5,
respectively. The actual data are shown by the circled points, and the best-fit model in each case is the series of squares that form a dashed line. The small dots

represent the simulated data.

depicted in Figure 1b, and by properly accounting for the
amplitude bias introduced to the data by the omission of the
phases. There are four parameters to fit: the total flux S, the
position angle y, the semimajor radius r,, and the semiminor
radius r,, both taken to the contour of half-maximum bright-
ness. The visibility flux is then given by

2

-7
¥ (u, v) = St exp {m

x [r2(—u cos y + v sin y)* + r2(u sin y + v cos y)z]} .

Figure 1b shows the model projected on the (u, v) plane with
- the track of the interferometer baseline as seen by L1551 IRS 5
and HL Tau. For any set of the model parameters, we can
calculate the visibility flux predicted for a particular (v, v) and
compare it to the actual data. The y? is a maximum likelihood
estimator only when the uncertainties have a Gaussian dis-
tribution. The modulus of the visibility flux is, however, a posi-
tive quantity. In the absence of signal, the noise must be greater
than zero and is clearly non-Gaussian; we must use the Rice
distribution (Thompson, Moran, & Swenson 1986) to calculate
the probability of any data point given a model value. The

shape of a Rice distribution is a function of the signal-to-noise
ratio and varies from a Rayleigh distribution when the
SNR =0 to a Gaussian when the SNR > 1. Using the Rice
distribution as the basis of likelihood, the most probable model
was determined by searching the four-dimensional parameter
space. Table 1 lists the best-fit parameters for each source.
Figures 1c and 1d show the visibility flux as a function of the
hour angle of each source. The hour angle uniquely determines
the position on the (u, v) track, whereas a given baseline length
corresponds to two different orientations (see Fig. 1b). Also
shown are the best-fit model curve at a level determined by the
system temperature. Note that when the SNR is low there are
more points above the model line than below as prescribed by

TABLE 1

DisKk PARAMETERS

Disk Flux Tmaj  Tmin' T,  Spectral

Source Jy) b (AU (AU) (K) Index®
L1551IRSS5 ... 2241328 162°+1% 80%2 <52 >28 2.5
HL Tau ........ 2521342 126 *1®  60FL° <52 >36 2.7

* Radius at half-maximum, assuming a distance of 140 pc (Elias 1978).
® Based on 2.7 mm and 870 um flux densities.
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the Rice distribution. Statistical analysis shows that the scatter
in the actual data is consistent with the scatter of the simulated
data sets, or in other words, the model is a good fit to the data
in each case.

The uncertainties quoted for the fit parameters in Table 1
were derived by a Monte Carlo method; the fitting procedure
was applied to each of 50 simulated data sets to give 50 differ-
ent sets of the parameters. The limits span 90% of the fits to the
simulated data sets. No account has been taken of correlations
between the four parameters so the ranges are conservative. All
the parameters are well constrained for both sources, except
the semiminor radii which have upper limits of ~50 AU.

4. DISCUSSION

The results listed in Table 1 show that a circularly symmetric
brightness distribution is effectively ruled out, and we have
detected elongation of both sources. We can compare the
orientation of the fitted ellipses with maps of the bipolar out-
flows for each source (e.g., for HL Tau: Mundt, Ray, & Biihrke
1988; Sargent & Beckwith 1991; Hayashi, Ohashi, & Miyama
1993; and for L1551 IRS 5: Snell, Loren, & Plambeck 1980;
Bieging, Cohen, & Schwartz 1984; Rodriguez, Cantd, & Tor-
relles 1986). The fits are consistent with disks lying in the plane
perpendicular to the outflows. With only an upper limit on the
minor axis radius, it is not possible to derive an angle of incli-
nation or a thickness for the dust distribution.

4.1. Origin of the Submillimeter Continuum Emission

Dusty accretion disks are the most obvious candidate to
explain the elongation present in the two sources. However, it
is worth checking whether other emission mechanisms and
geometries could be wholly responsible for, or partly contrib-
ute to, the brightness distribution that we observe. We have
considered an infalling envelope, free-free emission, a binary
system, and a toroidal distribution of dust.

As Terebey, Chandler, & André (1993) point out, emission
from the warm infalling envelope of the parent molecular cloud
can be an important source of flux at these wavelengths.
Although the interferometer will resolve out the extended emis-
sion, the brightness distribution is strongly peaked toward the
center and will give some contribution to the detected flux. For
HL Tau the interferometer has detected all of the 2.6 Jy mea-
sured in a 16” beam (Adams, Emerson, & Fuller 1990). Appar-
ently thermal dust emission from the extended, possibly
infalling envelope traced by high-resolution CO observations
(Sargent & Beckwith 1991; Hayashi et al. 1993) is insignificant
compared to the disk emission. For L1551 IRS 5, however, the
2.2 Jy emission associated with the disk accounts for only
~25% of the single-dish flux reported by Keene & Masson
1990).

We modeled the envelope of L1551 IRS 5 as an optically
thin sphere of arbitrarily large extent, but with an inner cutoff
radius of 50 AU, having T oc 7~ °5 and p oc r '3 (Adams et al.
1987). The flux scale for these models was calibrated using
single dish fluxes (Keene & Masson 1990) and the visibility
curve for the envelope was then calculated numerically. We
estimate that the JCMT-CSO Interferometer will detect a
maximum flux of 0.1 Jy from the envelope, just 5% of the flux
attributed to the disk. This contribution rises to 0.3 Jy if
Tocr™ 1.0 .

Free-free emission from L1551 IRS 5 has been detected with
the VLA (Bieging et al. 1984; Rodriguez et al. 1986). Keene &
Masson (1990) show that this is unlikely to be an important
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source of flux at millimeter and submillimeter wavelengths.
The dust and free-free emission components are quite clear for
HL Tau (Rodriguez 1994) and by extrapolating the free-free
emission to higher frequencies we estimate that it contributes
only 1% to the total flux.

The elongated brightness distribution that we attribute to a
disk may be due to a binary system with each component
possessing a spherically-symmetric dust envelope. Ghez, Neu-
gebauer, & Matthews (1993) used speckle techniques to show
that at least 60% of T Tauri stars occurred in multiple systems, -
but found no evidence for multiplicity in HL Tau. The
envelope of L1551 IRS 5 is optically thick at the wavelength
they used (2 um) so a multiple system cannot be ruled out in
this case. If it is a binary with equal components then our data
imply an angular separation of less than 1”. We also cannot
rule out elongation due to a toroidal geometry of dust sur-
rounding a central star.

4.2. Optical Depth and Temperature

The spectral index of the disk emission will reflect the optical
depth of the disk and the frequency dependence of the dust
emissivity. We can compute the spectral index using our 870
um flux densities and those determined from interferometric
observations at ~3 mm (e.g., for HL Tau: Sargent & Beckwith
1991; Ohashi et al. 1991; Hayashi et al. 1993; and for L1551
IRS 5: Keene & Masson 1990; Ohashi et al. 1991). The spectral
indices are 2.7 and 2.5 for HL Tau and L1551 IRS 5, respec-
tively.

These low indices suggest that a substantial portion of each
disk is optically thick at millimeter and submillimeter wave-
lengths. A possible alternative is that they are composed of a
relatively dilute concentration of grains whose emissivity is
weakly dependent on frequency. Pollack et al. (1994) suggest
that grains of size 10 cm or more are required to achieve the
latter. In both cases much of the disk mass may be hidden:
obscured either in the depths of the disk or in the interior of the
large grains.

Since we only have an upper limit to angular size along the
minor axes we can only set lower limits to the brightness tem-
perature of the disks. These are 36 K for HL Tau and 28 K for
L1551 IRS 5. To gain further insight into the disk structure
and mass, we must employ a theoretical model for the emis-
sion.

4.3. An Accretion Disk Model

We adopt a standard accretion disk model, where tem-
perature and surface density in the disk are power laws in the
radius and use the same notation as Beckwith et al. (1990):
Ty = Ty(rain/AU) *  and  Zgg = Zy(rgia/AU) P, Both
actively accreting disks and passive disks illuminated by their
star are predicted to have g = 0.75 (Lynden-Bell & Pringle
1974; Adams & Shu 1986), but Beckwith et al. (1990) estimate
q~0.5 for a number of T Tauri stars. We also assume
1.0 < p < 1.5 and take T; = 500 K. The total flux from the disk
is given by (84, Ay B,(1 — e ") cos 6(2nr dr/D?), where B, is
the Planck function, 0 is the inclination of the disk axis to the
line of sight, and D is the distance to the source. The optical
depth 7 = X4, k,/cos 6, where the specific dust opacity x, =
0.1(250 pum/A)* cm? g~* (Hildebrand 1983). Observed spectral
indices and theoretical considerations suggest 0.5 < § < 2.0.

For each combination of p, g, and B, within the ranges speci-
fied above, values of £, 0, and the cutoff radius R, could be
found that reproduced the total flux, spectral index, and the
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general shape of the visibility curve for each source, using the
position angles determined from the Gaussian fitting. A lower

! limit to the disk mass comes from choosing p = 1.0, ¢ = 0.5,

and B = 0.5, giving solutions that are optically thick only
within ~10 AU. For L1551 IRS 5, this mass is 0.02 M (e.g.,
T, =170gcm™2, 0 = 45°, R; = 200 AU), and for HL Tau, it is
0.03 Mg (e.g, Z; =260 gcm ™2, 0 = 45°, R, = 140 AU). If the
dust grains are very large or T; < 500 K, then the disk masses
will be higher than we have estimated here.

Fully optically thick disks are also reproduce our data,
although the expected spectral index of 2.0 is lower than
observed. For g = 0.75, examples are § = 53°, R; = 150 AU for
L1551 IRS 5 and 6 = 38°, R; = 130 AU for HL Tau. There is
no upper limit to the disk mass for this case. The disk mass is
therefore not well constrained by our data, but the lower limit
of ~0.02 Mg, is in line with the minimum mass for the solar
nebula and is consistent with previous estimates (e.g., Beckwith
et al. (1990).

4.4. Summary

We have made high-resolution submillimeter continuum
observations of the young stellar objects HL Tau and L1551

IRS 5, and we find emission that is consistent—in terms of size,
orientation, flux, and mass—with the existence of an accretion
disk around each source.

L1551 IRS 5 is a much more embedded source that HL Tau
and therefore presumably is younger. That the disks are com-
parable in size and flux may imply that they are well estab-
lished at a relatively early stage in the protostar’s evolution (see
also Terebey et al. 1993).
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