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ABSTRACT

We have carried out an interferometric survey of 3 mm continuum and CS (J = 2-1) line emissions
from 13 optically invisible protostar candidates and six young T Tauri stars associated with the Taurus
molecular cloud. The survey was made using the Nobeyama Millimeter Array with a spatial resolution
of 278-10". The continuum emission was detected from two protostar candidates and five T Tauri stars
and was well coincident with optical or infrared objects. It was not spatially resolved and most probably
originated from compact circumstellar disks. The CS emission was detected around 11 protostar candi-
dates and two T Tauri stars. The detected CS condensations are extended, with a typical size and mass
of ~2000 AU and 0.01 M, respectively.

Among the eleven protostar candidates with detectable CS emission, seven sources, ie., IRAS
04016 +2610 (L1489), IRAS 0416942702, IRAS 04191+ 1503, IRAS 04239 + 2436, L1551-IRS 5, IRAS
0432542402, and IRAS 04365+ 2535, have the CS emission well coincident with infrared sources, while
the other four show the CS emission separated away from known infrared sources. Most of the CS emis-
sion for the former sources may arise from the innermost part of their protostellar envelopes, while that
for the latter sources may originate from compact, dense gas in the vicinity of the infrared sources. The
CS gases toward L1489 and IRAS 0436542535 have disklike structures of ~1500 and ~500 AU in
radius, respectively, with velocity gradients along their major axes. The velocity gradient of the disklike
structure around L1489 may be due to rotation, while the origin of velocity gradient around IRAS
0436542535 is not clear. L1551-IRS 5 shows compact CS emission, possibly arising from a disk,
together with weak extended features that may be attributed to a denser part of the outflow. The dis-
tribution of CS emission around IRAS 04368+ 2557 (L1527) is anticorrelated with its molecular outflow,
suggesting that the CS gas may be a dense shell swept up by the outflow.

The 3 mm continuum detectability toward the protostar candidates is significantly smaller than what
we would expect from the statistics of T Tauri disks, which we consider may be due to an evolutionary
effect; namely, during the transitional phase from embedded protostars to revealed T Tauri stars, either
the disk mass has rapidly increased, or dust particles in the disks have grown significantly, or both. For
the embedded protostar candidates, the CS intensity is correlated with bolometric luminosity. This may
mean that the final stellar mass is correlated with the mass of dense cores.

Subject headings: circumstellar matter — ISM: individual (Taurus molecular cloud) —
ISM: molecules — radio lines: ISM — stars: pre-main-sequence

1. INTRODUCTION

This paper describes results of high-angular resolution
observations carried out with the Nobeyama Millimeter
Array (NMA) of young stellar objects associated with the
Taurus molecular cloud. In a previous paper (Ohashi et al.
1991, hereafter Paper I), we presented observations of the
CS (J =2-1) and 3 mm continuum emissions from six
embedded protostellar objects and five young T Tauri stars.
Since that contribution, we have completed a survey of 13
embedded sources and six young T Tauri stars selected
from the IRAS catalog.

Recent observations have revealed that many T Tauri
stars are associated with compact and dense circumstellar
dust disks (Strom et al. 1989; Beckwith et al. 1990; Adams,
Emerson, & Fuller 1990). Dust emissions at millimeter and
submillimeter wavelengths have shown that the disks have
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masses and sizes ranging from 1073 to 1 M and 10 to 100
AU, respectively. These parameters are similar to those of a
“protosolar nebula” (e.g., Hayashi, Nakazawa, & Naka-
gawa 1985); the disks are believed to be “protoplanetary
disks.”

In addition to their physical properties, evolution of such
circumstellar disks is of great importance for understanding
the mechanism of planetary system formation and is now a
field of active investigation. This evolution may be roughly
divided into two phases: the formation phase and the dissi-
pation phase. Observations of T Tauri stars have provided
information on the dissipation of circumstellar disks. Strom
et al. (1989) and Skrutskie et al. (1990) observed the decrease
of near- and midinfrared excess emission with the age of T
Tauri stars, suggesting the dissipation of the inner <1 AU
region of the disks. This is consistent with the implication
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TABLE 1
OBSERVED SOURCES WITH NMA
FieLD CENTER
OBSERVED OPTICAL Fio0° Ly
SOURCE ReEFeRENCE  R.A. (1950)  Decl. (1950)  REFERENCE =~ APPEARANCE  log (F,,/F,s)® Jy) (Lo REFERENCE

(§)) ()] (©) @ ©) © U] ® ) (10)
L1489 ............. 1,2 4201404 26°10'4770 10 Invisible —0.64 56 37 16
04108 +2803...... 2 410 49.3 28 0358.0 . 10 Invisible —0.65 11 0.64 16
04154+2823...... 2 415 25.7 28 2356.0 10 Invisible -0.35 <-178 0.33 2
04169+2702...... 416 54.6 27 0249.0 10 Invisible —0.84 17 0.74 16
04191+1523...... 419 08.5 15 2316.0 10 Invisible <-0.71 14 048 17
04239+2436...... 2 423 55.2 24 36 54.0 10 Invisible? —0.61 16 1.2 16
04248 +2612...... 2 424 52.7 26 1242.0 11 Invisible? —0.57 9.3 0.35 16
L1551-IRS 5...... 3,4 4 28 40.2 18 0142.0 12 Invisible -1.02 460 33 4
04295+2251...... 2 429 32.2 22 5107.0 10 Invisible —0.48 74 0.64 2
04325+2402...... 432 31.6 24 0208.0 10 Invisible <—-0.92 22 0.93 16
04361+2547...... 5 436 09.4 25 4721.0 10 Invisible —1.02 35 3.7 15
04365+2535...... 1,2 4 36 31.0 25 3552.0 10 Invisible —0.86 39 24 2
L1527 ......oe..... 6 436 49.3 25 5716.0 10 Invisible <—047 73 2.1 16
FS Tau............ 7,8 418 57.63 26 5030.5 13 Visible —0.42 <11 1.7 18
TTau............. 7 419 04.21 19 2505.4 13 Visible —-047 98 14 18
DG Tau .......... 7,8 424 01.01 25 5935.5 13 Visible -0.32 46 7.7 18
HL Tau........... 8,9 428 44.42 18 07 36.2 13 Visible —0.48 <460 7.3 18
GG Tau .......... 7 429 37.2 17 2522.0 14 Visible —0.11 52 23 18
DL Tau........... 7 4 30 36.02 25 1424.0 13 Visible —0.14 <23 11 18

REFERENCES.—(1) Adams et al. 1987; (2) Myers et al. 1987; (3) Sargent et al. 1988; (4) Keene & Masson 1990; (5) Terebey et al. 1990; (6) Ladd et al. 1991a;
(7) Beckwith et al. 1990; (8) Adams et al. 1990; (9) Sargent & Beckwith 1987; (10) IRAS Point Sources Catalog 1984; (11) Tamura et al. 1991; (12) Rodriguez
et al. 1986; (13) Jones & Herbig 1979; (14) Rydgren et al. 1984; (15) Kenyon et al. 1990; (16) Kenyon et al. 1993; (17) Ohashi 1991; (18) Cohen, Emerson, &

Beichman 1989.
2 Infrared colors between 12 and 25 um.
b IRAS flux densities at 100 ym.
¢ Infrared luminosities derived from IR A4S data and near-infrared data.

4 These sources do not have any optical counterpart on the POSS blue print, although they are associated with a faint optical feature on the POSS red

print.

¢ We estimated the luminosity at far-infrared wavelengths in the manner described by Myers et al. 1987 and added it to the luminosity estimated by
Kenyon et al. 1990, because Kenyon et al. used only near-infrared and IR AS data in estimating the luminosity of IRAS 04361 +2547.

that weak-line T Tauri stars, which may represent a more
aged population with respect to classical T Tauri stars, have
disk truncation radii fairly far away from their stellar sur-
faces, as was suggested by the absence of accretion-related
phenomena around them (Edwards, Ray, & Mundt 1993).

Formation and growing processes of circumstellar disks
are, on the other hand, less well understood. This is mainly
because the formation of disks proceeds in a stage prior to
the T Tauri phase, namely, in the embedded protostar
phase when protoplanetary disks, if they already exist, as
well as stars are deeply enshrouded by extended envelopes
of 1-10 M, (Myers, Linke, & Benson 1983; Benson &
Myers 1989). It is difficult for single-dish telescopes with
even the highest angular resolutions to directly observe
deeply embedded circumstellar disks without being con-
taminated by their extended envelopes; we need interfero-
metric observations, which can pick up only the embedded
circumstellar disks by resolving out the extended envelopes.
Although there are some interferometric observations of
compact disks around embedded protostar candidates (e.g.,
L1551-IRS 5, Keene & Masson 1990; IRAS 16293 — 2426,
Mundy et al. 1992), they are limited in number. It is thus
necessary to proceed with an interferometric survey of cir-
cumstellar disks around embedded sources so that we can
derive evolutionary information through comparative
studies of the disk properties of protostar candidates and
T Tauri stars.

In Paper I we compared the matter distribution within a
diameter of 1000 AU around embedded sources with that of
T Tauri stars, finding that T Tauri stars tend to have more
of their mass distribution concentrated around the central

stars as compact disks. In this paper we report results from
our continued NMA survey, with emphasis on kinematical
structure around each observed source, and discuss the
evolution of circumstellar disks based on the survey results.

2. SAMPLE

Our sample consists of 19 low-mass protostellar IRAS
sources associated with the Taurus molecular cloud
complex. We focused our survey on sources in the Taurus
molecular cloud because it produces new stars with masses
in a relatively narrow range of 0.4-0.8 M, (Cohen & Kuhi
1979), which is especially important when we discuss evolu-
tion of circumstellar matter without the effect of stellar mass
variation. It is also important that the cloud is located close
to the solar system (140 pc; Elias 1978), and has been a
source of plenty of accumulated data at various wave-
lengths.

There are 1164 IRAS point sources in the Taurus region
with right ascension (1950) ranging from 4" to 5" and decli-
nation (1950) from +15° to +30° (Joint IRAS Science
Working Group 1988). We selected the sample of optically
invisible protostellar sources out of the 1164 sources using
the following five criteria.

1. Sources are significantly detected at three or four
wavelength bands, including 25 and 60 um.

2. Sources are not cataloged or optically identified as
known bright stars, late type stars, or galaxies.

3. Sources are characterized by a cool infrared color tem-
perature, ie., log [F(12)/F(25)] < 0.0 and log [F(25)/
F(60)] < 0.3. This limits the sources to either embedded
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objects or T Tauri stars (Beichman et al. 1986; Emerson
1988), excluding normal stars from the sample.

4. Sources have correlation coefficients of 99% or 100%
at the IRAS bands with significant detection. This elimi-
nates extended sources such as infrared cirrus (Beichman
1986).

5. Sources are not optically visible on the Palomar
Observatory Sky Survey.

In total, of the 1164 sources, 13 optically invisible sources
satisfied the above five criteria.

There were 25 T Tauri stars that satisfied the above cri-
teria, with the exception of the fifth one in the catalog of
Beckwith et al. (1990). We note that some T Tauri stars in
multiple systems were identified as single IRAS sources
because of the large IRAS beam. Among these, we included
in our survey six T Tauri stars with large flux densities at
submillimeter and millimeter wavelengths for comparison.

The 19 selected sources are listed in Table 1. The bolo-
metric luminosity listed in the column (9) includes the con-
tribution from near- and far-infrared wavelengths (see the
references listed in col. [10]), except for IRAS 04191 + 1523,
for which near-infrared contributions were not included
because of the lack of available photometric data at near-
infrared wavelengths.

While the six T Tauri stars are as luminous as the 13
invisible sources, the IRAS colors between 12 and 25 um for
the invisible sources are cooler than those for the six T
Tauri stars (see col. [7] of Table 1). According to the studies
of protostellar IRAS sources by Beichman et al. (1986), opti-
cally invisible sources with cooler IRAS colors are in a
younger evolutionary phase than T Tauri stars; the invisi-
ble sources may be accreting protostars deeply embedded in
molecular cloud cores. Hence, we will call the 13 optically
invisible sources “protostar candidates.” Previous studies
suggested that, except for IRAS 0416942702, IRAS
04191+ 1523, and IRAS 04325+ 2402, the selected sources
show evidence of compact circumstellar disks (see the refer-
ences listed in col. [2] of Table 1).

3. OBSERVATIONS

We observed the 19 sources with the Nobeyama Milli-
meter Array (NMA) in the 3 mm continuum and CS
(J =2-1) emissions simultaneously. The observational
period extended over three years from 1989 December to
1992 May as listed in Table 2. We used SIS receivers, with
their typical noise temperature of ~200 K in double side-
band (DSB) (Kawabe et al. 1990), followed by the fast
Fourier transform (FFT) spectrocorrelator FX with 1024
velocity channels as a backend (Chikada et al. 1987). The
continuum data were taken by averaging over 900-950 line-
free channels of FX where the band characteristic was flat.
The resultant bandwidth for the continuum observations
was 280-300 MHz. The velocity resolution for the CS line
observations was 0.96 km s~ 1. The total number of base-
lines for each source varied from 20 to 60.
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The phase and gain of the array were calibrated by fre-
quent observations of 0420—014, whose flux density was
estimated in the manner described in Paper I. The complex
bandpass across the 1024 frequency channels was deter-
mined through 30-40 minute observations of 3C 84 or 3C
273. We CLEANed CS channel maps and continuum maps
using the NRAO Astronomical Imaging Processing System
(AIPS). The total integrated intensity maps of CS were
made by summing up the channel maps. Natural weighting
was applied to the u-v data in making maps, and the result-
ant spatial resolution was 2”8-10", as a geometrical mean,
corresponding to 390-1400 AU at the distance of Taurus.
The typical rms noise levels of the CS and continuum maps
were 130 mJy beam ™' (Av ~0.96 km s~ ') and 4 mly
beam ™!, respectively. Typical positional uncertainty of the
obtained mapsis <1”.

4. INDIVIDUAL SOURCES

The results of the survey are summarized in Table 3. The
3 mm continuum maps and the integrated intensity maps of
CS (J = 2-1) are presented in Figures 1 and 2, respectively.
Columns (3)—(8) in Table 3 have the following meanings.

Column (3): Total integrated intensity of the CS emission
in Jy km s~ . Upper limits are 3 ¢ values, which were esti-
mated from the rms noise level of each map under the
assumption that the emission would be pointlike with its
velocity width less than one resolving channel. Errors are
1 o values estimated from the rms noise level of each inte-
grated intensity map by integrating it over the same solid
angle as the detected emission.

Column (4): FWHM size of the CS emission in AU mea-
sured on total integrated intensity maps. For the maps with
more than one CS condensation, the size of each conden-
sation is listed.

Column (5): Total gas mass in M, estimated from total
integrated intensity maps of CS.

Column (6): Total flux density of the 3 mm continuum
emission in mJy. Upper limits are 3 ¢ values and errors are
1 o, which were estimated from the rms noise level of each
map by assuming that the emission would be pointlike.

Column (7): FWHM size of the 3 mm continuum emis-
sion in AU. Upper limits to the size of unresolved sources
are the half-power beamwidth (HPBW) beam sizes.

Column (8): Total gas mass in M, estimated from the
total flux density of the 3 mm continuum emission on the
assumption of the gas-to-dust mass ratio of 100. The 3 ¢
upper limit values are given for the sources not detected in
the continuum emission.

In estimating the gas mass from CS, we assumed an opti-
cally thin emission with the fractional abundance of CS of
10~° with respect to H, (Linke & Goldsmith 1980) and a
mean molecular weight of 2.4. Although the excitation tem-
perature of CS was assumed to be 75 K in Paper 1, this
value was derived based on the shallowest possible tem-
perature distribution [T(r) oc r~1/3; see Paper I] and should

TABLE 2
PERIOD OF OBSERVATIONS

Period

Observed Sources

1989 Dec-1990 May......

L1489, 04108 42803, 04169 42702, 04239 42436, 04295 + 2251, L1551-IRS 5,

0436142547, L1527, FS Tau, DG Tau, HL Tau, GG Tau, DL Tau

1990 Dec-1991 Mar ......
1992 Jan-1992 May ......

0419141523, 04295+ 2251, 04325+ 2402, 04365+ 2535
04154+ 2823, 0424842612, T Tau
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TABLE 3
OBSERVATIONAL RESULTS WITH THE NMA
CSJ=21 3 mm CoNTINUUM
OBSERVED OpPTICAL
SOURCE APPEARANCE I (Jy km s™1)® Size (AU)® M (Mg) F, (mJy)* Size (AU)® M;(Mg)
0] @ 3) @ 5 ©) ™ ®
L1489.............. Invisible 5.6 +0.51 2000 x 1700 43 x 1072 <9.6 <22 %1072
04108 +2803 ...... Invisible 144+ 0.31 2700 x 1200 "1.1x1072 <21 <4.7 x 1072
04154+2823 ...... Invisible <0.42 <15 <44 x 1072
04169+2702 ...... Invisible 2.6 + 045 1600 x 1500, 2000 x 1200 20 x 1072 <14 <32 x 1072
04191+1523...... Invisible 0.80 + 0.16 1400 x 1400 6.1 x 1073 <9.0 <2.1x 1072
04239+2436 ...... Invisible 2.8 +0.39 2700 x 1700 21x1072 <12 <32 x 1072
04248 +2612 ...... Invisible 1.7+ 0.31 3800 x 1500, 1800 x 1100 1.3x 1072 <12 <34 x 1072
04295+2251 ...... Invisible <0.56 <21 <28 x 1072
L1551-IRS 5...... Invisible 15+ 092 2300 x 1600 1.1 x 107! 131440 <430 x 360 7.0 x 1072
0432542402 ...... Invisible 0.86 + 0.12 1800 x 1400 6.5 x 1073 <92 <21 x1072
04361+2547 ...... Invisible 1.4+041 2100 x 1500, 2100 x 1500 1.1 x 1072 <14 <32x1072
0436542535 ...... Invisible 254025 1500 x 1500 19 x 1072 30+ 3.8 <940 x 700 6.8 x 1072
L1527.............. Invisible 11 4+ 0.86 2600 x 2000 8.4 x 1072 <11 <25x 1072
FSTau............ Visible <0.34 <11 <4.1 x 1072
T Tau ............. Visible <0.60 56 + 10 <550 x 420 1.0 x 107!
DG Tau........... Visible 1.4 4+0.19 1600 x 730 1.1 x 1072 57+ 4.0 <800 x 770 1.0 x 1071
HL Tau ........... Visible 1.540.21 1200 x 850 1.1 x 1072 74 + 4.0 <530 x 420 1.5x 107!
GG Tau........... Visible <044 41440 <780 x 670 1.6 x 1071
DL Tau ........... Visible <037 23+40 <1470 x 880 1.0 x 107!

2 Upper limit values are 3 o and errors are 1 6.
b FWHM size.

be regarded as an upper limit. This upper limit is consistent
with the highest dust temperature of ~60 K observed
around protostellar sources (Moriarty-Schieven et al. 1994).
On the other hand, the steepest possible temperature dis-
tribution following T(r) oc r~ /2 gives the excitation tem-
perature of 10 K as a lower limit. We then adopted 30 K for
the excitation temperature of CS in this paper. Note that
the gas masses estimated from CS should be regarded as
lower limits, because we assumed optically thin CS emission
and because extended CS emission was resolved out.

In estimating the gas (total) mass from the dust emission,
we assumed a dust temperature of 120 K for L1551-IRS 5
(Keene & Masson 1990) and 30 K for the other protostar
candidates. For the observed T Tauri stars, we referred to
the dust temperature at the radius of 100 AU taken from
previous works (Adams et al. 1990; Beckwith et al. 1990).
We used the dust mass opacity at 3 mm of 5.0 x 10~ 3 cm?
g~ !, which was estimated from the mass opacity at 400 ym
(Keene, Hildebrand, & Whitcomb 1982) under the assump-
tion that the opacity has power-law dependence on wave-
length (x, oc 1~#) with the power-law index f being equal to
1 (see Paper I). We used the same dust opacity for both
protostar candidates and T Tauri stars, although the mass
opacity for T Tauri disks might be larger than that for
protostars because of possible grain growth (see the dis-
cussion in § 5.4). Details of the mass estimation are
described in Paper I (see also Appendix A).

We show results of individual sources for eight newly
observed sources in § 4.1. Results of the other 11 sources
were described in Paper 1. For the protostar candidates
L1489, L1551-IRS 5, IRAS 04365+ 2535, and L1527, which
show considerable structure and large velocity gradients in
CS, we discuss detailed gas distribution and kinematics in
§ 4.2. In discussing the kinematics of the four sources, we
adopted their systemic velocities (listed in Table 4) taken
from the peak velocities of C'30 (J = 1-0) measured with
the Nobeyama 45 m telescope (17” resolution). Results and
discussion of the survey are given in § 5.

4.1. Newly Observed Sources
4.1.1. IRAS 04154+ 2823

IRAS 04154 + 2823 is an optically invisible source located
in the large complex of L1495. Neither CS nor continuum
emission was detected from it with our sensitivity of 0.42 Jy
beam~! (3 ¢) and 15 mJy beam™! (3 o) for the CS and
continuum emissions, respectively. Its bolometric lumi-
nosity is 0.33 L, (Myers et al. 1987), which is the least
among the sample, while its IRAS color measured between
12 and 25 pm is the warmest among the protostar candi-
dates. These facts imply that this object may have a rela-
tively small stellar mass or mass accretion rate.

4.1.2. IRAS 04191 +1523

IRAS 04191+ 1523 is an optically invisible source with a
bolometric luminosity of 0.48 L. The source is located at
the peak of a **CO core of 0.34 pc x 0.28 pc in size. It is
associated with a young molecular outflow with its dynami-
cal timescale of ~ 10* yr (Ohashi 1991).

The CS emission was detected only at one velocity
channel corresponding to the LSR velocity of 7.28 km s ™!
at the angular resolution of 579 x 570. The 3 mm contin-

TABLE 4
SYsTEMIC VELOCITY OF
EACH SOURCE
Vise
Source (km s™Y)

L1489.............. 6.8
L1551-IRS 5...... 6.2
04365+2535 ...... 6.1
L1527.............. 5.7

Note—This velocity is esti-
mated by Gaussian fitting to
C!80 (J = 1-0) profiles obtained
with the Nobeyama 45 m tele-
scope (Ohashi et al. 1995).
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FiG. 1.—(a-¢) 3 mm continuum maps of five T Tauri stars and (f-g) two protostar candidates. Synthesized beam size with its position angle for each
source is indicated by a hatched ellipse in each panel. The contour interval for HL Tau and L1551-IRS 5 is 2 o, with the positive contours starting from the 2
o level (solid line) and with negative contours decreasing from the 2 o level (dashed line). For the other sources, contours are drawn every 1 ¢. Filled squares in
panels (a-f) represent optical positions of T Tauri stars (Jones & Herbig 1979) and the 2 cm radio continuum position of L1551-IRS 5 (Rodriguez et al. 1986),

respectively. The cross in panel (g) indicates the position of the 2.2 um source, with its size showing the positional accuracy of +3” (Tamura et al. 1991).

uum emission was not detected with the sensitivity limit of
9.0 mJy beam~! (3 ¢). The CS map in Figure 2d shows
a single condensation with the FWHM size of 1400
AU x 1400 AU. The 2.2 um infrared source detected by
Tamura et al. (1991) is coincident with the CS condensation
within the positional uncertainties of the infrared and inter-
ferometric measurements. The CS condensation may there-
fore be dense circumstellar gas in the vicinity of the central
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infrared source. The total flux of the CS emission was 0.80
Jy km s~ !, which was converted to the total gas mass of

6.1 x 1073 M, in the condensation.

4.1.3. IRAS 04239+ 2436

IRAS 04239 + 2436 is an optically invisible source with a
bolometric luminosity of 1.2 L (Kenyon, Calvet, & Hart-
mann 1993) embedded in a dense core of 33 mag in A4,
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Fi1G. 2—Continued

(Myers et al. 1987). The continuum flux density steeply
increases with wavelength between 0.4 and 100 ym.

We detected the CS emission from IRAS 04239 +2436
with a spatial resolution of 979 x 60, while the 3 mm con-
tinuum emission was not detected with the sensitivity of 12
mJy beam ™! (3 ¢). Figure 2e shows the CS map integrated
over the velocity range of 5.84-8.72 km s~ 1. The CS map
has one condensation 2700 AU x 1700 AU in size
(FWHM). It is elongated from northwest to southeast and
slightly to the west. The 2.2 um infrared source detected by
Myers et al. (1987) is located near the CS peak, which
implies that the CS gas is the circumstellar gas associated
with the infrared source. The total flux of the CS emission
was 2.8 Jy km s~ !, and the total gas mass contained in the
condensation was 2.1 x 1072 M.

4.14. IRAS 0424842612

IRAS 04248 +2612 is an optically invisible source with a
bolometric luminosity of 0.35 L (Kenyon et al. 1993). The
source is located at the northeastern edge of the NH; core
(B217) of 0.07 pc in radius (Benson & Myers 1989).

We detected CS emission from IRAS 04248 + 2612 at one
velocity channel corresponding to the LSR velocity of 7.28
km s~ ! with the resolution of 1472 x 770. The 3 mm contin-
uum emission was not detected with the sensitivity of 12
mJy beam™! (3 o). Figure 2f shows the CS map at the
detected channel. We identified two CS condensations on
the map: one was located to the east of the central source
detected at 2.2 um (Myers et al. 1987), and the other to the
southwest of it. The eastern condensation is 3800
AU x 1500 AU in size (FWHM) with the elongation from
north to south. The southwestern condensation, which is
weaker than the eastern one, is 1800 AU x 1100 AU in size
(FWHM). Both condensations are separated away from the
central source by ~ 10”. The total flux of the CS emission is
1.7 Jy km s™!, corresponding to the total gas mass of
1.3 x 1072 M, in the CS condensations

4.1.5. IRAS 04295+ 2251

IRAS 04295 +2251 is an optically invisible source with a
bolometric luminosity of 0.64 L, (Myers et al. 1987). We
detected neither CS nor continuum emission from this
source with the sensitivity of 0.56 Jy beam ™! (3 ¢) and 21
mlJy beam™! (3 ¢) for the CS and continuum emissions,
respectively. The '3CO (J = 1-0) observations with the
Nagoya 4 m radio telescope showed that there was no clear
13CO core around IRAS 0429542251 (Ohashi 1991).
Recent observations of H'*CO™* (J = 1-0) with the Nobey-
ama 45 m telescope did not show a clear molecular cloud

core in its vicinity, either (Mizuno et al. 1994). These results
as well as the IRAS characteristics of this object are similar
to IRAS 04154 + 2823, which had the lowest luminosity and
relatively warm color among the sample, and was not
detected in either CS or continuum. This may suggest, as
was the case for IRAS 0415442823, that IRAS
04295 42251 has an intrinsically small stellar mass or mass
accretion rate.
4.1.6. IRAS 04325+ 2402

IRAS 04325+2402, an optically invisible source with a
bolometric luminosity of 0.93 L, (Kenyon et al. 1993), is
located at the peak of a *CO core 0.8 pc x 0.4 in size
(Ohashi 1991). This source has an extended molecular
outflow with only its redshifted lobe observed (Heyer et al.
1987).

We detected CS emission from IRAS 04325+ 2402 at one
velocity channel of 8.24 km s~' with the resolution of
9”7 x 5"8, while the 3 mm continuum emission was not
detected with the present sensitivity of 9.2 mJy beam™! (3
6). The CS map shown in Figure 2h has one condensation of
1800 AU x 1400 AU in FWHM size, with its peak coin-
cident with a 2.2 ym source (Tamura et al. 1991). The
observed CS emission is thus the circumstellar dense gas
directly associated with the central source. The total flux of
the CS emission was 0.86 Jy km s~ !, which was converted
to the total gas mass of 6.5 x 1073 M.

4.1.7. IRAS 04365+2535

IRAS 04365 +2535 is an optically invisible source with a
bolometric luminosity of 2.4 Ly (Myers et al. 1987). It is
located at the center of an NH; core (L1543) 0.14 pc in
radius (Benson & Myers 1989). A theoretical model fitting
its spectral energy distribution suggested its association
with a circumstellar disks (Adams, Lada, & Shu 1987). A 2.2
um source was detected toward the IRAS source (Myers et
al. 1987). A recent outflow survey with the Nobeyama 45 m
telescope and with the NMA revealed that this source
exhibits a young CO outflow with its dynamical timescale
of 2.5 x 103 yr (Hirano et al. 1995; see also Tamura et al.
1994).

We detected both continuum and CS emissions toward
IRAS 04365 +2535. Figure 1g shows the continuum map
at the resolution of 771 x 5”.2. The emission size was so
compact as to be spatially unresolved at the present
resolution. The peak position of the continuum emission
derived through Gaussian fitting was R.A. (1950) =
41363152 and decl. (1950) = 25°35'54”. Although this posi-
tion is shifted by ~ 3" to the southeast of the 2.2 um source,
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this discrepancy probably results from the positional uncer-
tainty of the 2.2 um source (+2"). We refer the continuum
position to the central source position for IRAS
04365+2535 in this paper. The total flux density of the
continuum emission was 30 mly, corresponding to
6.8 x 10~2 M, in total gas mass.

Figure 2j shows the integrated intensity map of the CS
emission at the spatial resolution of 7”1 x 5”3. The integra-
tion range is from 4.88 to 6.80 km s~ *. The CS map has a
single condensation whose size is 1500 AU x 1500 AU in
FWHM, with its peak position well coincident with the 3
mm continuum peak. The CS emission shows velocity
structure, which will be discussed in § 4.2.3. The total flux of
the CS emission was 2.5 Jy km s, which was converted to
the total mass of 1.9 x 1072 M, contained in the conden-
sation.

4.1.8. T Tauri(IRAS 04190+ 1924)

T Tauri (IRAS 04190+ 1924) is a well-known T Tauri
star located at the peak of a 13 CO molecular cloud core
(Ohashi 1991). Radio and infrared observations showed
that T Tauri is a triple system (Dyck, Simon, & Zuckerman
1982; Schwartz, Simon, & Campbell 1986). Its spectral
energy distribution is flat between 1 and 100 um, and is well
fitted by a disk model with a radius and mass of 120 AU
and 0.1 M, respectively (Adams et al. 1990). Maihara &
Kataza (1991), on the other hand, explained the flat spectral
energy distribution in terms of the composite spectrum of
stars in the triple system.

We detected 3 mm continuum emission from T Tauri
with the resolution of 379 x 3”0, while CS emission was not
detected with the present sensitivity of 0.60 Jy beam ™. In
the continuum map shown in Figure 1a, the emission is not
resolved at the present resolution, which means that the
extent of the continuum emission is significantly smaller
than 550 AU x 420 AU in FWHM. The peak of the contin-
uum emission is coincident with the optical position of T
Tauri. These results suggest that the observed continuum
emission arises from the circumstellar disk around T Tauri.

The total flux density of the 3 mm continuum from
T Tauri was 56 mJy, which is consistent with the spectral
energy distribution of T Tauri from millimeter to sub-
millimeter wavelengths with its spectral index of 2.0
(Beckwith & Sargent 1991). If the detected continuum emis-
sion is entirely due to dust emission from the circumstellar
disk, the disk mass is estimated to be 0.10 M, under the
assumption of the dust temperature of 36 K. This mass is
~ 6 times larger than that estimated from the flux density
measured at 1.3 mm (Beckwith et al. 1990), which was
caused beccuse we used a different mass opacity as well as
assumed 2 . optically thin disk with a single temperature
(see Appendix A for details). Possible contamination of free-
free emission to the 3 mm flux density is discussed in
Appendix B.

4.2. Kinematics of CS Gas
4.2.1. L1489 (IRAS 0416+ 2610)

The total integrated intensity map of CS presented in
Figure 2a shows a centrally condensed peak with extended
emission elongated from north to south by ~3000 AU with
the position angle of ~15°. The elongated structure is sym-
metric with respect to the 2.2 um source (Myers et al. 1987)
and is roughly perpendicular to the axis of the molecular
outflow defined by the eastern blueshifted and western red-

Vol. 466

shifted lobes (Myers et al. 1988). Infrared images of L1489
showed that infrared reflection nebulosity is also elongated
to the east of the 2.2 um source, suggesting that the outflow
direction at small scales is also in the east-west direction
(Emerson & Moore 1995). Being perpendicular to the
outflow direction, the elongated structure from north to
south observed in CS may therefore be a gaseous disk of

- ~1500 AU in radius surrounding the central source.

Figure 3 shows the velocity channel maps of CS. The
emission is significantly detected at three velocity channels
centered on 6.32 km s~ ! (Fig. 3b), 7.28 km s~ ! (Fig. 3c), and
8.24 km s~ ! (Fig. 3d), with additional emission marginally
detected at 9.20 km s~ ! (Fig. 3e). The peak of the CS emis-
sion at 6.32 km s~!, which is slightly blueshifted with
respect to the systemic velocity of 6.8 km s~ (see Table 4),
coincides with the central infrared source, although the
emission peak is offset slightly to the southeast from it. The
CS emission at this velocity is elongated to the northwest.
At 7.28 km s~ !, the CS emission peaks at ~4” to the
southeast of the infrared source with weaker extension
toward the north. The CS peak at 8.24 km s~ ! is located
~3” to the southwest of the central source with the
extended emission elongated toward the south from the
peak. While the emission peak moves from east to west with
velocity, the extended weaker emission, which may be a disk
as pointed out above, has an overall velocity gradient from
north to south suggestive of rotation of the gas disk. This
can also be seen in Figure 4 in which we presented a
position-velocity diagram along the cut A-B drawn in
Figure 2a. The CS emission has a clear velocity shift
between its northern and southern parts with large velocity
width observed at the position of the infrared source. The
shift of the emission peak positions from east to west with
velocity, on the other hand, has the same sense as the
bipolar outflow and might be due to the outflow. We must
be careful, however, that we would observe the same veloc-
ity pattern when the CS peak traces the near and far sides of
an infalling gas disk seen nearly edge-on, as was observed
for HL Tau (Hayashi, Ohashi, & Miyama 1993). We cannot
tell at this point whether the velocity shift of the CS peak
represents an infalling gas disk or part of the outflow,
because the spatial and velocity resolutions are still too low
and the exact outflow direction is ambiguous at this spatial
scale.

4.2.2. L1551-IRS 5 (IRAS 042814 1801)

The integrated intensity map of CS toward L1551-IRS 5
presented in Figure 2g shows a peak coincident with the
2 cm radio continuum source (Rodriguez et al. 1986). The
emission is elongated from north to south at higher level
contours, while extending toward the northeast and east at
lower levels. The channel maps of CS in Figure 5 show that
strong CS emission is detected at 6.32 and 7.28 km s~ * and
the emission gets weaker at 5.36 and 8.24 km s~ !. There are
two emission features outside the HPBW primary field: one

* is located ~40” northeast of L1551-IRS 5 at 536 km s,

and the other ~25” west of it at 7.28 km s~ !. Although they
might be real features, we do not discuss them because they
are located outside the HPBW primary field. At the most
blueshifted velocity of 5.36 km s~ !, a weak peak is coin-
cident with the central source with an additional weak one
located ~10” to the south. At the velocity channel of 6.32
km s~ !, which includes the systemic velocity (see Table 4),
the peak emission occurs ~6” to the south of the central
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Fic. 4—Position-velocity diagram of CS from L1489 cutting along the
line A-B indicated in Fig. 2a. Contour levels are the same as in Fig. 3. The
position of the 2.2 um source (Myers et al. 1987) is indicated by arrows.

R. A. (1950)

FiG. 3.—CS velocity channel maps of L1489 with the corresponding LSR velocity noted in the upper left-hand corner of each panel. Contours are drawn
every 1.5 g, with the positive contours starting from the 1.5 o level (solid line) and with negative contours decreasing from the — 1.5 ¢ level (dashed line). The
cross in each panel and the hatched ellipse have the same meanings as in Fig. 2a.

source with weaker extended emission. At the redshifted
channel of 7.28 km s, the CS emission has the strongest
peak coincident with the central source, while exhibiting
weaker extended emission elongated toward the northeast
from the peak. At the most redshifted channel of 8.24 km
s 1, a weak CS peak is located ~ 5" northeast of the central
source and another ~ 12" east.

While the detailed velocity field is complicated, the major
velocity gradient is from south to north across the central
source. Although this sense of velocity gradient is consistent
with that observed by Kaifu et al. (1984) and Sargent et al.
(1988), the gradient cannot easily be attributed to the rota-
tion of a gas disk around L1551-IRS 5. We show a
position-velocity diagram in Figure 6 along the line with its
position angle of ~135° (the line A-B in Fig. 2g), which is
the direction of the major axis of the C'80 rotating disk
observed by Sargent et al. (1988). Figure 6 implies that there
is no clear evidence of apparent rotation along the disk
plane perpendicular to the bipolar outflow. Thus, the veloc-
ity gradient seen in CS (J = 2-1) may rather be attributed

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...466..317O

o 326 OHASHI ET AL. Vol. 466

™~

&

LI} 0157 L A LI |7_‘_ LN a4 | Ol’—;_
I‘D: 18 5 —\’1‘4.40 o I”\ ) 5.36 ~

& o g\’, O. <Q N

a (= o - pd B (XY D |
ta S oY Lt Ve o " ./
e} SR AP ° ° e

ol ~ o = 0 PN

% 145" b .o o —L(b : .
2 ST TR F el o

P: 7N O o ¢ J) @ v

L‘_'l 30" |- \1’4‘\'. 0° n- ° T °

> o |e - \
15»_"'.‘ mpo o o ot I !

> R o i Qrs, P m
<HPBW. .- o G > 07D
e
r4pn 0 14
18°2'15” |- 1o ; L
76.32:70 % <0 _ 7 28,55 o
8 O/I
w0
@ 145
d 4
o) 30
a z
157 T e el v P c'@ T 4
< . ° Q_ ) . (= Obc
O T B T
on’ | . "’_: o _;’ll 2 \S s ]
18°215" - g o4) 5" 08 - 920 Yo~ i O
~ N (0] e 5L)') ° < "
o+ L] o “ o o ~$~' o 8 Q.,
y o & T o uoc

o . I~

e L G @ o i oz e

145 o557 00 P O, o
Cq® el ol Yo L2 -

30” BN P o -
2

15" - S N S

4hogMmgos 408 385 4hogMmgos 408 388
R. A. (1950)

Fic. 5—CS velocity channel maps of L1551-IRS 5 with the corresponding LSR velocity noted in the upper left-hand corner of each panel. Contours are
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A filled square in each panel and the hatched ellipse have the same meanings as in Fig. 2g.

' ' ' ! ' ' A to the bipolar outflow or to the infall of the disk as in the

15 |-L1 551-IRS5 CS (J=2-1) . case for L1489 (see § 4.2.1). It may be rather clear that
extended weak emission features such as the one extended
10 | _ . to the northeast of IRS 5 at 7.28 km s~ * are denser regions
- of molecular outflows, as evidenced by its fan-shaped mor-
5| . phology and blueshifted velocity. The velocity field of the
compact emission as traced by higher level contours at each

o - velocity channel is rather difficult to understand at the
present resolution and quality of data, and we must await

further observational data. We note that C'80 (J = 1-0)
observations with the NMA have detected possible infalling
motion around IRS 5 (Ohashi et al. 1996). We also note that
recent NMA observations of CS (J = 3-2), which traces
much higher density, have revealed more compact structure
around IRS 5 suggestive of both rotation and infall of the

Offset position from 18° 1’ 42” (arcsec)

20 L | \ | 15 circumstellar disk (Kawabe et al. 1996).
4 5 6 7 8 9 4.23. IRAS 04365+ 2535
VisR (kms~1) Figures 7a and 7b show the CS maps toward IRAS
Fi1G. 6.—Position-velocity diagram of CS from L1551-IRS 5 cutting M365+2§35 at the .tWO detec.t ed V?lOClty channels, al.ld
along the line A-B indicated in Fig. 2g. Contours are drawn in the same Elgure Tc s the total integrated ntensity map. The CS emis-
manner as in Fig. 5. sion was detected at 6.32 km s~ !, which includes the sys-
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square in each panel and the hatched ellipse have the same meanings as in Fig. 2j.

temic velocity (6.1 km s ~!; see Table 4), and at 5.36 km s ™!
No significant CS emission was detected at redshifted
velocities. The emission at 5.36 km s~ ! has a single peak
well coincident with the continuum peak, which is assumed
to be the true position of the central source in this paper (see
§ 4.1.7). The 6.32 km s~ ! component has two peaks: one
~5" to the northeast and the other ~5” to the west of the
central source.

Figure 8 shows the CS emission at 6.32 km s~ ! superim-
posed on the blueshifted and redshifted lobes of the molecu-
lar outflow observed by Tamura et al. (1994) with NMA.
The two CS peaks are located symmetrically with respect to
the ridges of the blueshifted and redshifted outflow lobes
and aligned perpendicular to the outflow axis. Such mor-
phology suggests that the two peaks correspond to the
outer regions of a disk or a ring that surrounds the central
source. The radius of the disk or ring structure is estimated
to be ~500 AU.

The origin of the CS emission at 5.36 km s~ ! is not clear.
It may be the inner part of the disk with higher radial or
rotational velocities, or it may be the denser part of the
blueshifted outflow. The momenta carried with the blue-
shifted CS and CO components are consistent with each
other as is compared in Table 5. This might suggest the
possibility that the blueshifted CS is part of the outflow.

4.2.4. L1527 (IRAS 04368 +2557)

The integrated intensity map of CS toward the protostel-
lar source IRAS 04368 +2557 embedded in L1527 is shown
in Figure 2k, where the filled square is the position of
a compact 2 mm continuum source at R.A. (1950) =
4"36™49%5 and Decl. (1950) = 25°57'21” recently detected
with NMA (Ohashi et al. 1995). Because the continuum
peak is well coincident with that observed at submillimeter
wavelengths (Ladd et al. 1991b), we hereafter regard the 2
mm continuum position as that for the central energy
source. Figure 2k shows that no CS emission was detected
at the position of the central source, while one strong and
one marginal CS condensation were detected at the west

TABLE $§

MOMENTA OF THE BLUESHIFTED CS GAS AND THE BLUESHIFTED
CO OutrLow FOR IRAS 0436542535

Emission Velocity Mass Momentum®*

Line (km s™%) M) (Mg kms™!)  Reference
CS....... 5.36 92 x 1073 6.8 x 1073 1
CO...... —296-514 1.1x1073 39 x 1073 2

® We adopted 6.1 km s~ as the systemic velocity of the ambient cloud
associated with IRAS 04365 +2535.
RErFERENCES.—(1) This work; (2) Tamura et al. 1994.
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TABLE 6

MOMENTA OF THE WESTERN CS CONDENSATION AND THE WESTERN
CO OuTFLOW TOWARD L1527

Emission Velocity Mass Momentum?®

Line (km s~1) My) (Mo kms™)  Reference
CS....... 3.44-7.28 21 x1071! 24 x 1071 1
CO...... 3.52-8.38® 73 %1073 1.1 x 1072 2

® We adopted 5.7 km s~ as the systemic velocity of the ambient cloud
associated with L1527.

® The CO outflow was not detected between 4.33 and 6.76 km s~ 1.

RererRENCES.—(1) This work; (2) Tamura et al. 1995.

and the southeast of the central source, respectively. The
western CS condensation is elongated by ~4000 AU from
north to south with its peak located at the southwestern
edge. The southeastern CS condensation also shows elon-
gation. Being separated away from the central source by
~3000 AU, the strong CS condensation is not directly
associated with the central source; this is different from the
case for the other sources, where CS emissions were
detected in the vicinity of or toward the protostar candi-
dates.

In Figure 9 we compare the integrated intensity of CS
with the CO outflow recently observed by Tamura et al.
(1995) with NMA. Although the outflow morphology is
bipolar, its velocity field does not show clear bipolarity.
Both blueshifted and redshifted emissions have two main
lobes: one located ~ 15” east of the central source and the
other ~ 10" to the west or northwest of it. Moreover, the
two blueshifted lobes well overlap the corresponding two
redshifted lobes. Such an outflow configuration may natu-
rally be expected when we observe the outflow whose axis is
almost on the plane of the sky, which is consistent with the
extremely high extinction toward this source because we
would observe its surrounding gas disk edge-on (Ladd et al.
1991a).

Having a closer look at Figure 9, we notice that CO and
CS are spatially anticorrelated with each other; the peak of
the western CS condensation is located at the southern edge
of the western CO lobe in each channel map, and the south-
eastern CS condensation delineates the southern edge of the
eastern CO lobe. We show in Figure 10 a more detailed
comparison of CS with the blueshifted outflow lobe of CO
at each CS velocity. The CS emission was detected at veloc-
ity channels from 3.44 km s ! to 7.28 km s~ . While over-
lapping the western CO lobe at 440 km s~ !, the CS
emission is located to the south of CO at other detected
channels. Such an anticorrelated distribution between CS
and CO would suggest that the CS emission arises from a
dense swept-up shell surrounding the outflow. Similar dense
shell structures surrounding molecular outflows were
observed toward several other objects (e.g., NGC 2071,
Kitamura, Kawabe, & Ishiguro 1992; L1287, Yang, Ohashi,
& Fukui 1995; T Tauri, Momose et al. 1995). We should be
careful, however, that the observed compact CO outflow
does not have sufficient momentum to accelerate the CS gas.
Table 6 compares the momentum of the western outflow
with that of the western CS condensation, showing that the
momentum of the CS condensation is 1 order of magnitude
larger than that of the outflow. This would mean that the
compact outflow observed by Tamura et al. (1995) is not
sufficient to accelerate the CS gas, which might make the
swept-up shell interpretation rather vague. We also note,

however, that both CO and CS observations were made
with NMA, which have resolved out much of the extended
structures in CS and CO, so that we should not rely too
much on simple momentum arguments. Recent single-dish
observations have actually revealed that the outflow is
more extended (Macleod & Avery 1995). Such extended
outflow gas may have sufficient momentum to push the
observed CS condensations.

5. RESULTS AND DISCUSSION

5.1. The 3 mm Continuum Emission

The 3 mm continuum emission was detected from two
protostar candidates and five T Tauri stars as summarized
in Table 7. Comparison of the total flux density at 3 mm
with spectral energy distributions of the observed sources at
centimeter, millimeter, and submillimeter regions reveals
that, except for T Tau, the contribution of free-free emission
to the 3 mm flux density is at most 30%, suggesting that
most of the 3 mm flux density is due to thermal emission
originating from dust grains. As shown in Figure 1, none of
the detected continuum emissions was resolved at our
spatial resolution of ~500 AU in radius. These results
suggest that the 3 mm continuum emission most probably
arises from dust particles located in compact circumstellar
disks with radii much smaller than 500 AU. The masses of
these circumstellar disks were estimated to be 0.068-0.16
M under the assumption of the gas-to-dust mass ratio of
100. Note that the estimated masses depend on the assumed
opacity of dust grains, as will be discussed in § 5.4.

Cabrit & André (1991) showed that young stellar objects
with well-developed molecular outflow have much stronger
1.3 mm dust continuum emission. In our survey, two pro-
tostar candidates (L1551-IRS 5 and IRAS 04365+2535)
with detectable 3 mm continuum emission have well-
developed and strong molecular outflows (L1551-IRS 5,
Snell, Loren, & Plambeck 1980; IRAS 04365+ 2535,
Moriarty-Schieven et al. 1994; Hirano et al. 1995).
However, the other protostar candidates associated with
well-developed molecular outflows (L1489, Myers et al.
1988; IRAS 04191+ 1523, Ohashi 1991; L1527, Tamura et
al. 1995; Macleod & Avery 1995) did not have detectable
3 mm continuum emission, although recent 2 mm obser-
vations showed that L1527 is associated with relatively
weak continuum emission (~60 mJy at 2 mm; see also
Terebey, Chandler, & André 1993). Our survey shows that
well-developed outflow sources do not necessarily have
strong dust continuum emission, while protostar candidates
with strong and compact dust continuum emission are
associated with well-developed molecular outflows.

5.2. The CS (J = 2-1) Emission

The CS (J = 2-1) emission was detected from 11 proto-
star candidates and two T Tauri stars (see Table 7 for a

TABLE 7
DETECTABILITY OF THE 3 mm CONTINUUM AND CS (J = 2-1) EMiSSION

NUMBER OF DETECTED SOURCES

SOURCE® Continuum Emission CS Line Emission
Invisible sources (13)...... 2 11
Visible sources (6) ......... 5 2

2 Parentheses enclose number of observed sources.
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summary). The CS condensations around the observed
sources are well resolved with their typical size of ~2000
AU (FWHM); the CS emission is extended compared to the
3 mm continuum.

Among the 11 embedded sources detected in CS, seven
sources have a CS emission that is well coincident with
infrared sources. The emission arises from inner portions of
dense cores associated with the infrared sources. For the
other four sources, the CS emission is separated away from
known infrared sources, which means that the emission is
not directly associated with the central sources but may
originate from compact, dense gas close to them. The total
gas mass contained in the observed CS condensations
around the embedded protostar candidates was estimated
to be between 6.1 x 1073 and 1.1 x 10! M from the
total integrated intensity of the CS emission, which was
assumed to be optically thin. These values should be inter-
preted as lower limits, because the CS emission is probably
optically thick. We also note that the mass derived from CS
is just the small fraction of the total gas mass gravitationally
associated with the observed sources, because the CS emis-
sion extending more than 40” (5600 AU) was completely
resolved out even if the gas density is sufficiently high
enough to excite the rotational levels of CS molecules.

For T Tauri stars, the CS emission was detected from HL
Tau and DG Tau. Inspection of Figure 2, however, leads us
to find that the CS condensations around HL Tau and DG
Tau avoid the stellar positions; no CS emission was
detected directly toward them. They tend to be smaller in
size and weaker in intensity than those around the embed-
ded protostar candidates. The CS condensations detected
around the two T Tauri stars may then be partially dissi-
pated remnants of gaseous envelopes or dense cores, from
which the two stars have been formed.

The above results on CS are consistent with a generally
believed evolutionary sequence that embedded protostars
associated with molecular cloud cores evolve into T Tauri
stars with remnant envelopes. Figure 11 shows the relation
between the IRAS color measured between 12 and 25 um
and the integrated intensity of CS, demonstrating the differ-
ence in the CS detectability between the embedded proto-
star candidates and T Tauri stars. There is a clear trend that
sources with warmer IRAS colors have smaller CS inten-
sities. The trend implies the dissipation of dense cores as a
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Fic. 11—CS integrated intensities in Jy km s~ ! toward all the
observed sources are plotted as a function of infrared color between 12 and
25 pm. Upper limit values are indicated by arrows. Circles and triangles
show protostar candidates and T Tauri stars, respectively. Open marks
mean sources not detected in CS.
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result of protostellar evolution from protostars to T Tauri
stars as pointed out above. This correlation is basically the
same as that shown by Hayashi et al. (1994) between the
C'80 (J = 1-0) intensity and the IRAS color for young
stellar objects in Taurus.

When we focus only on the protostar candidates in
Figure 11, the correlation between the CS intensity and the
IRAS color is not clear. Hence, there may be factors other
than evolution that are essential for the CS intensity for the
embedded sources. We then investigated the relation
between the CS intensity and the bolometric luminosity in
Figure 12. It shows that, among the sample of embedded
protostar candidates, the CS intensity is correlated with the
bolometric luminosity with a correlation coefficient of 0.81.
Although the correlation is not very tight, it may suggest
that more luminous protostar candidates are associated
with more massive protostellar envelopes. One might note
that the CS intensity would not be correlated with the total
mass of protostellar envelopes, because the CS emission
may be optically thick and much of the extended emission is
resolved out. We show in Figure 13 that the CS intensity for
protostar candidates is in fact correlated with the total mass
of their envelopes measured by the IRAS flux density at
either 100 or 60 um, which is a good tracer of the total
amount of matter around embedded sources (Beichman et
al. 1986; Hayashi et al. 1994). We may therefore conclude
that more luminous protostar candidates are associated
with more massive envelopes. Because the luminosity of
accreting protostars is proportional to the stellar mass and
mass accretion rate (L, = GM, M/R,; Stahler, Shu, &
Taam 1980), high-luminosity sources have high stellar
masses and mass accretion rates, which naturally result in
large final stellar masses when accreting timescales do not
change much among those sources. The correlation shown
in Figure 12 qualitatively supports the possibility that
massive cores form massive stars. Such a trend is consistent
with the recent theory by Nakano, Hasegawa, & Norman
(1995), who studied mechanisms of determining the stellar
mass in the process of star formation, finding that the final
stellar mass depends mainly on the mass of initial cloud
cores when they are mainly dissipated away by outflows.

5.3. Difference in the 3 mm Continuum Detectability

Table 7 shows that the fraction of continuum detection
among the protostar candidates is much lower than that
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F1G. 12—CS integrated intensities in Jy km s~ ! toward all the 13
protostar candidates are compared with their bolometric luminosities.
Open circles with an arrow indicate upper limits to integrated intensity.
The dashed line shows the best fit to the detected 11 sources by a least-
squares fit.
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panel) and at 100 um (bottom panel). Open circles with an arrow have the
same meaning as in Fig. 12. A dashed line in each panel shows the best fit
to the 11 sources detected in CS by a least-squares fit.

among the T Tauri stars; the continuum emission is
detected from two out of the 13 protostar candidates (15%),
while it is detected from five out of the six T Tauri stars
(83%). Such a difference was already reported in Paper I,
although the number of samples was smaller in Paper I
than in the present survey. Since the present result is consis-
tent with the previous one with the number of samples
being almost doubled, it is worth considering the signifi-
cance of the difference in more detail. We first examine
whether such a difference is real or merely due to some bias
of the survey.

For the embedded protostar candidates, we observed all
the 13 sources that were selected from the IRAS catalog
with the well-defined criteria described in § 2. This means
that the low-continuum detection rate toward the protostar
candidates is significant. Even though our selection was
biased toward relatively luminous embedded sources in the
Taurus molecular cloud, this effect would strengthen the
low continuum detectability among such sources, because
we believe it natural that less luminous sources are sta-
tistically less massive and tend to have smaller disk masses
than the luminous sources (e.g., Moriarty-Schieven et al.
1994).

On the other hand, the high continuum detectability
toward the T Tauri stars may be due to a selection effect,
because we selected T Tauri stars with strong fluxes both at
1.3 mm and 100 um. Such a selection effect, coupled with
our survey for T Tauri stars being far from complete, may
explain why the observed T Tauri stars tend to have detect-
able 3 mm flux densities. However, we should raise the
question of how meaningful it is to compare the result for
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the protostar candidates with that for the sample of all the
T Tauri stars in the Taurus cloud. The evolutionary time-
scale of T Tauri stars is more than an order of magnitude
longer than that for the embedded sources, so that we may
expect that their disk masses, and thus the continuum
detectability, vary significantly with their evolution. Recent
observations of weak-line T Tauri stars actually showed
that they tend to have disk masses smaller than classical
T Tauri stars (Osterloh & Beckwith 1995). Because our
main interest is in the disk mass in the earlier phase of
protostellar evolution, it may be more appropriate that we
discuss the present results among the sample of only young
T Tauri stars and embedded sources. The observed five T
Tauri stars except for DL Tau were, in fact, all younger than
10°-3 yr (e.g., Beckwith et al. 1990; Stapelfeldt et al. 1995).

For example, we may choose 18 T Tauri stars with ages
less than 10°-° yr cataloged by Beckwith et al. (1990) as a
sample of “young” T Tauri stars. Evaluating the fraction of
these young T Tauri stars with the 1.3 mm flux density
larger than 157 mJy, which corresponds to the NMA detec-
tion limit of 12 mJy at 3 mm (3 o) under the assumption of
the power-law index of 3 for their flux densities, we found
six T Tauri stars out of the 18. This gives an expectation
value for the continuum detection rate of 3. We may select
another example of young T Tauri stars as those with disk
luminosities greater than their stellar luminosities. Such T
Tauri stars still have high mass accretion rates indicative of
their youth. Among the 14 T Tauri stars selected by Lin et
al. (1994) from the sample of Beckwith et al. (1990) under
this criterion, six have a 1.3 mm continuum emission larger
than 157 mJy, corresponding to the detection limit at 3 mm
with NMA. This sample gives an expectation value of the
continuum detection rate among young T Tauri stars
greater than 4. When the expectation value of 3 was the
same for emedded sources, we would expect at least four
embedded sources to have detectable continuum emission
at 3 mm, while we actually detected only two sources with
NMA. This argument may be too crude, and we need to
observe more T Tauri stars as well as to increase sensitivity
in order to confirm the significance of the present results.
Nevertheless, it leads us to suggest that the difference in the
continuum detectability between the two types of objects is
significant.

Recent sensitive observations of the 1.1 mm continuum
emission from embedded protostar candidates confirmed
our results that most of them have much smaller continuum
emission (Moriarty-Schieven et al. 1994). They observed 12
of our sample protostar candidates and showed that eight
sources have a 1.1 mm continuum flux density less than 200
mly, corresponding to 9.3 mJy at 3 mm when we assume a
spectral index of 3. The continuum flux from compact disks
might be smaller than this value, if emission from extended
envelopes within their beam size (~ 18”5) contaminated the
observed fluxes. This result implies that the difference in the
continuum flux density between embedded sources and
young T Tauri stars is much more significant than we have
considered here.

5.4. Implication of the Difference in the
Continuum Detectability

In Paper I we had a result consistent with the present
study but with less significance, and argued the implication
of the difference in the continuum detection rate between
the observed embedded sources and T Tauri stars by
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assuming the difference to be real. In this paper, because the
difference in the continuum detectability between the two
types of objects becomes more significant, we will consider
its meaning in detail.

The flux density F, of optically thin dust continuum
emission is a function of the total amount of matter
(gas + dust) M, . 4us, the mass opacity of the dust grains
K, and the dust temperature Ty, ",

1
Fl = Mgas+dust K, B}.(Tt'iust) Ef ’ (1)

where B, is the Planck function, and d is the distance to the
object (Hildebrand 1983). Thus, there are three possible
interpretations that explain the difference in the detect-
ability of the continuum emission, viz., the difference in the
total mass, that in the mass opacity of dust grains, and that
in the dust temperature. The dust temperature around the
embedded protostar candidates might be lower than that
around the T Tauri stars, because the average bolometric
luminosity of the T Tauri stars is ~ 3 times larger than that
of the protostar candidates. This difference in bolometric
luminosity is, however, not effective enough to cause a sys-
tematic change in the dust temperature around the two
types of objects, because the factor of 3 change in luminosity
corresponds to a difference in the radiative equilibrium dust
temperature of only a factor of 1.3. The average flux density
of the T Tauri stars detected at 3 min is ~4 times larger
than that of the protostar candidates not detected at 3 mm,
meaning that a factor of 4 difference would be required for
the dust temperature between the two types of objects; the
observed T Tauri stars would be at least 2 orders of magni-
tude more luminous than the protostar candidates if the
difference in the continuum detectability mainly depended
on the difference in the dust temperature. It is therefore
unlikely that the dust temperature is the main cause of the
difference in the continuum detectability, so that the differ-
ence in flux density is either due to the difference in the total
mass, or in the mass opacity, or in both.

5.4.1. Systematic Difference in Disk Mass

In Paper I we assumed that the difference in continuum
detectability was due to the difference in the disk masses
between the embedded protostar candidates and young T
Tauri stars. Because embedded sources are considered to be
an earlier evolutionary phase than T Tauri stars, this differ-
ence was naturally explained in terms of the increase of disk
mass in the course of stellar evolution. We then pointed out
that very young T Tauri stars in the Taurus molecular
cloud should still keep accreting significant amounts of
matter onto disks from their envelopes, which causes the
rapid increase of disk mass through the evolution from
invisible to visible objects. There are, in fact, several T Tauri
stars showing flat spectral energy distributions which can be
explained by the presence of infalling envelopes around
them (Calvet et al. 1994). Moreover, recent 13CO (J = 1-0)
observations of HL Tau, one of the youngest T Tauri stars,
have actually revealed a dynamically accreting gaseous disk

! We assume the constant gas-to-dust mass ratio of 100 in this dis-
cussion, although recent studies showed that the gas-to-dust ratio might
change because of gas depletion (Skrutskie et al. 1993; Dutrey, Guilloteau,
& Simon 1994; Aikawa et al. 1995).
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around the inner disk observed in the dust emission
(Hayashi et al. 1993). The mass accretion rate onto the
central star/inner disk system was estimated to be 5 x 1076
M yr~*, which was in good agreement with theoretically
predicted values for embedded sources (Shu, Adams, &
Lizano 1987; Kenyon et al. 1993). This suggests that young
T Tauri stars, especially flat spectrum sources, still have
large mass accretion rates from their (flattened) envelopes to
the inner disks, supporting our disk-growing scenario
derived from the present results. Theoretical calculations of
disk growth also show that disk mass increases rapidly at
the end of the main accretion phase in proportion to the
square of the elapsed time from the onset of dynamical
collapse (Nakamoto & Nagagawa 1995; see also Stahler et
al. 1994).

We must note that the above arguments are valid only for
the sources associated with the Taurus molecular cloud,
where the scatter in mass of newly born stars is relatively
small compared to, for example, those in the Ophiuchus
cloud, and therefore the evolutionary effect is more signifi-
cant than the difference in final stellar mass of young stellar
objects. The difference in continuum flux between embed-
ded sources and T Tauri stars would not be discussed as an
evolutionary effect in molecular clouds or samples where we
cannot distinguish the effect of stellar mass variation and
evolution.

5.4.2. Difference in Mass Opacity

The other factor to cause the change in continuum fluxes
between the protostar candidates and T Tauri stars is the
mass opacity, which was not discussed in Paper L. If there is
a systematic change in the mass opacity of dust particles
between the two types of objects, we would expect a system-
atic difference in the observed flux density between them,
even if their disk masses are on average the same. We
derived the mass opacity at a millimeter wavelength A by
extrapolating its value at 400 um, k.o, Which was deter-
mined by Keene et al. (1982), and assuming its power-law
dependence on wavelength with the index B as k; =
K400(400 um/A)f (see § 4). We will summarize observational
and theoretical works on the possible variation of both k¢,
and B, and discuss whether such variation can account for
our results.

In a diffuse interstellar medium, the value of g is usually
assumed to be 2 at millimeter and submillimeter wave-
lengths because this dependence is consistent with the sum
of rule derived by Purcell (1969). There has been a good
amount of evidence that the f value for compact disks
around T Tauri stars is smaller than this traditional one
(Beckwith et al. 1986; Sargent & Beckwith 1987; Adams et
al. 1990; Weintraub, Sandell, & Duncan 1989; Beckwith et
al. 1990; Beckwith & Sargent 1991; Mannings & Emerson
1994). In particular, Beckwith & Sargent (1991) observed
spectral shape at submillimeter wavelengths toward 29 T
Tauri stars, deriving values of § from —1 to 1, which were
significantly smaller than the ordinarily assumed value for
diffuse interstellar clouds. Because the physical conditions
in compact circumstellar disks around T Tauri stars is con-
siderably different from those in diffuse clouds, it may not
be surprising that such small f values are observed as a
result of change of dust properties.

The p values for the compact disks around embedded
sources are not easily measured, and the number of obser-
vations is still limited. Barsony & Kenyon (1992) observed
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10 protostar candidates in Taurus at 800 and 1100 um with
the 15 m James Clerk Maxwell Telescope (JCMT), finding
that submillimeter SEDs of the protostar candidates were
not much different from those of T Tauri stars. On the other
hand, Moriarty-Schieven et al. (1994) suggested also from
their JCMT observations at the same wavelengths that sub-
millimeter SEDs for protostar candidates were steeper, cor-
responding to larger f values, than those of T Tauri stars.
They derived the power-law index of the flux density for 16
embedded sources to be 2.5-4, which correspond to values
of B of 0.5-2 if we assume that the emission is optically thin.
Although this range of the f values seems to be smaller than
the ordinary value of 2 as for the cases of T Tauri stars,
Moriarty-Schieven et al. (1994) argued that the difference in
the SEDs between the embedded sources and T Tauri stars
was significant based on their error estimates with statistical
tests. If the B value differs in the disks between embedded
sources and T Tauri stars as in the manner described by
Moriarty-Schieven et al. (1994), it might be possible that the
compact disks around T Tauri stars are brighter at milli-
meter wavelengths than those around embedded sources,
even though their disks have the same mass.

We must be careful, however, that single-dish obser-
vations might not reflect the true g value of compact disks
for embedded sources because of the contamination from
extended envelopes. Compact disks have a typical size of 1”
at the distance of Taurus, so that a large telescope beam,
e.g., 18”5 for JCMT at 1100 um, dilute the emission from the
disks while picking up all the fluxes from the envelopes.
Thus, even if the envelopes are 2 orders of magnitude fainter
in brightness than the disks, the contribution from the
envelopes is not negligible. This argument becomes more
easily understood when we consider the following example.
Suppose that there is a protostellar envelope with a mass
and radius of 4 M 4 and 0.1 pc, respectively, and that it has a
density distribution proportional to r~1-°, then the column
density toward the center of this envelope averaged over the
beam size of 18”5 is 8.7 x 1022 cm ™2 If there is a compact
disk whose mass is 0.1 M, at the center of this envelope, its
beam-averaged column density is 5.0 x 10?2 cm™2. Thus,
the contribution from the envelope to the total flux, which is
proportional to the beam-averaged column density unless
there is large temperature difference, would be comparable
to that from the disk, and the submillimeter spectral index
would reflect not only the spectral index of the disk, but also
that of the envelope.

Interferometric observations are, on the other hand, less
sensitive to extended structures because of their insufficient
coverage of short baselines, and actually interferometric
maps always show compact dust continuum emission even
for the embedded sources that were observed to be extended
in dust emission with single-dish telescopes (e.g., Ladd et al.
1991b; André & Montemerle 1994). Recently, Lay et al.
(1994) observed the continuum emission at 870 ym toward
L1551-IRS 5 and HL Tau with the JCMT-CSO interfero-
meter, comparing the flux density at 870 um with that of
interferometric measurements at 2.7 mm. They found that
both objects show the power-law spectral index of flux
density to be ~2.5, which indicates that the g value is less
than 1 for the compact disks around L1551-IRS 5 and HL
Tau. Chen, Zhao, & Ohashi (1995) derived a spectral index
of ~2.1 toward L1641-N, one of the embedded sources in
Orion, from interferometric measurements at millimeter
and centimeter wavelengths, suggesting a f value of 0.1 if
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the continuum emission is optically thin. These results favor
similarly small values of § for the disks of both embedded
sources and T Tauri stars, although the # value tends to be
smaller than that for diffuse interstellar clouds. It is, for the
summary of discussion about the f index, not adequate for
us to conclude that the disk f index is different for the
protostar candidates and the T Tauri stars.

The other possibility of changing the mass opacity
between the two types of objects is its absolute value. We
then discuss the difference in the absolute value of the mass
opacity, i.e., k409, Or more directly the opacity at millimeter
wavelengths. The flux density for the T Tauri stars detected
in this survey is on average 4 times larger than that for the
protostar candidates without detectable continuum, which
means that the mass opacities of dust particles differ at least
by the factor of 4 between the two types of objects, if there is
no systematic change in the disk mass between them. Theo-
retical estimates of the mass opacity showed that its prob-
able range is over more than a factor of 30 (Draine 1989), so
that it might happen that dust particles in the disks around
young T Tauri stars systematically have larger mass opacity
than those around embedded sources. It is, however, not
easy to investigate what physical mechanism causes such a
difference in the mass opacity, because the mass opacity of
dust particles depends in a complicated way on their size,
shape, and composition (Beckwith & Sargent 1991).

Miyake & Nakagawa (1993), calculating the mass opacity
at millimeter wavelengths, considered a case where dust
grains have a size distribution with a cutoff at various sizes
between 0.01 um and 100 m. They found that the mass
opacity at millimeter and submillimeter wavelengths is
enhanced when the cutoff size is between 1 mm and 1 cm.
The estimated mass opacity at A =1 mm increases by a
factor of ~5 when the dust particles have the size distribu-
tion function n(a) = a~3-° (a is the radius of grains) with the
cutoff at 1 mm.? Pollack et al. (1994), on the other hand,
estimated the mass opacity of dust particles with various
compositions and sizes between 0.1 ym and 30 mm. Their
result showed that the mass opacity at A = 1 mm tends to
be enhanced at most by a factor of ~4 when the dust size is
between 300 yum and 3 mm, which is consistent with the
result of Miyake & Nakagawa (1993).

The above two theoretical calculations suggest that the
mass opacity at millimeter wavelengths becomes larger by a
factor of 4-5 when the dust size becomes large (~1 cm) or
the dust composition changes. It would therefore be pos-
sible to explain the difference in the 3 mm continuum
detectability between the protostar candidates and T Tauri
stars in terms of the difference in the mass opacity of dust
particles between the two types of objects. This alternative
interpretation of our result implies that the dust particles in
disks, whose mass do not necessarily increase, may grow
when the protostar candidates evolve into the T Tauri stars.

6. CONCLUSIONS

An interferometric survey of 13 protostar candidates and
six T Tauri stars located in the Taurus molecular cloud has
been made in 3 mm continuum and CS (J = 2-1) emissions
using the NMA with a spatial resolution of 278-10". The
main results are summarized as follows

2 The refractive index with larger real part may produce a larger
increase of the mass opacity (Miyake & Nakagawa 1993).
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1. Two protostar candidates and five T Tauri stars had 3
mm continuum emission detected. The emission was not
unresolved with the emission peaks well coincident with
central sources, suggesting that the 3 mm continuum emis-
sion arises from circumstellar disks. The masses of the cir-
cumstellar disks were estimated to be 0.068-0.16 M, under
the assumption of a gas-to-dust mass ratio of 100. We did
not find a trend that sources with well-developed outflows
have strong dust continuum emission.

2. Eleven protostar candidates and two T Tauri stars
exhibited extended CS emission with a typical size of
~2000 AU. Out of the 11 protostar candidates, seven
sources have CS emission coincident with infrared or radio
sources, indicating that CS gas traces the inner part of their
protostellar envelopes. The CS emission around the other
four protostar candidates was located away from known
infrared sources. The CS emission from two T Tauri stars
was weaker and less extended than that around the proto-
star candidates. The emission peaks were not coincident
with the T Tauri stars, indicating that the CS emission may
be the remnant dense cores from which they were formed.
The higher detection rate of CS toward the protostar candi-
dates than that toward the T Tauri stars is naturally inter-
preted as the dissipation process of dense cores in the course
of protostellar evolution. The integrated intensities of CS
for the protostar candidates is correlated with their bolo-
metric luminosities, suggesting that stars with larger stellar
mass are formed from more massive dense cores.

3. The CS emission around L1489 and IRAS
04365+ 2535 show disklike features with a velocity gradient
along their major axes. The elongated disklike structure
toward L1489 is ~3000 AU in size and is nearly perpen-
dicular to the outflow direction defined by single-dish
observations with a large beam size, while IRAS
04365+2535 exhibits twin peaks separated ~1000 AU
away from each other with symmetric CS distribution with
respect to the central star and the ridge of the compact
outflow. The velocity gradient along the disklike structure
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of L1489 may be due to rotation of the disk, while the origin
of that around IRAS 04365 + 2535 is not clear.

4. L1551-IRS 5 has compact CS emission, concentrated
toward the central radio source, and weak extended emis-
sion, which may be a dense part of the molecular outflow.
The compact CS emission shows a velocity gradient from
north to south across the central star. The velocity gradient
may be due to the outflow or possible infall rather than due
to rotation of the disk.

5. The CS emission detected around L1527 is anti-
correlated with the compact molecular outflow. This sug-
gests that the CS emission may originate from a dense shell
swept up by the outflow, even though the compact outflow
does not have enough momentum to accelerate the CS
dense shell.

6. The continuum detectability toward the protostar
candidates is significantly lower than that statistically
expected from the detection rate of dust disks around T
Tauri stars. This low detectability suggests that, compared
to T Tauri disks, circumstellar disks around the protostar
candidates have smaller disk masses, or dust particles with
larger mass opacity, or both. Such differences in the proper-
ties of circumstellar disks between the two types of objects
may be naturally understood as an evolutionary effect;
namely, in the course of the evolution from embedded pro-
tostars to revealed T Tauri stars, the disk mass has rapidly
increased and/or the mass opacity has increased as a result
of dust growth.

We are grateful to the staff members of NRO for their
help during the observations and data reduction. We also
thank Motohide Tamura for providing us with his outflow
data on L1527 before its publication, and Naoto Kobayashi
and Jim Emerson for their suggestion on infrared images of
L1489. N. O. is supported by a Smithsonian Postdoctoral
Fellowship.

APPENDIX A

DIFFERENCE IN THE DISK MASS ESTIMATED FROM DUST CONTINUUM EMISSION BETWEEN
BECKWITH ET AL. (1990) AND THIS PAPER

Beckwith et al. (1990, hereafter BSCG) estimated disk mass from the flux density at 1.3 mm, while we estimated it from that
at 3 mm. There are two differences in these mass derivation procedures that together result in a difference of derived mass up
to a factor of ~ 3. :

1. Assumed values of the mass opacity at submillimeter wavelengths are different. Although BSCG and we both assumed
B = 1 when extrapolating the mass opacities at submillimeter wavelengths to 1.3 or 3 mm, the referred submillimeter mass
opacities were different. BSCG used the mass opacity of 0.1 cm? g~* at 250 um (Hildebrand 1983), while we adopted the mass
opacity of 0.037 cm ™2 g~ ! at 400 um (Keene et al. 1982). This is because Hildebrand’s mass opacity at 250 pm was derived
from Keene’s 400 um opacity under the assumption of f = 2. We used Keene’s 400 um value in order to be consistent with the
B = 1 assumption used in deriving millimeter-wave opacities. This makes our mass opacity ~ 1.7 times larger than BSCG?’s.

2. We assumed an entirely optically thin disk with a single temperature to calculate the mass, while BSCG estimated the
disk mass through model fitting to spectral energy distributions with more plausible temperature and density distributions.
When the disk mass of T Tauri is estimated from the 1.3 mm flux density (280 mJy) and opacity (0.02 cm? g~ !) of BSCG using
our method with the dust temperature of 36 K, the derived mass is ~ 1.6 times larger than that estimated by BSCG.

In addition to the above two different points in the mass derivation processes, BSCG’s and our masses are different when an
actual spectral energy distribution differs from that with f = 1. In the case of T Tauri, the actual spectral energy distribution
prefers f ~ 0, while BSCG and we both assumed f = 1. This makes our mass 2.3 times larger than BSCG’s. This effect
together with the above differences in the mass derivation methods makes our mass estimate of the T Tauri disk ~ 6 times
larger than that of BSCG.
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APPENDIX B

SPECTRAL ENERGY DISTRIBUTION OF T TAURI

Figure 14a shows the spectral energy distribution of T Tauri from centimeter to submillimeter wavelengths. The data for
the plot is summarized in Table 8. Errors of the plots are at most the size of the plot markers. The SED is not fitted by a single
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F16. 14—Continuum flux densities of T Tauri from submillimeter to centimeter wavelengths listed in Table 8 are plotted as a function of frequency. Filled
circles, filled squares, and open circles indicate observed data at submillimeter, millimeter, and centimeter wavelengths, respectively. For centimeter
wavelengths, data of T Tau (S) and T Tau (N) are individually plotted with their spectra of free-free emission estimated from the flux density at centimeter
wavelengths by Schwartz et al. (1986). (a) The best fit to the observed data at millimeter and submillimeter wavelengths is indicated by the thick line. The
derived spectral index is 2.2. (b) The best fit to the observed data at only submillimeter wavelengths is indicated by the thick line. The derived spectral index is
2.5. (¢) The thick line shows the best fit to the observed data at submillimeter wavelengths and the subtracted data at millimeter wavelengths (open squares)
estimated from both free-free emission spectra of T Tau (S) and (N) on the assumption that they continue up to 3 mm with the same spectra indices.

component; dust emission dominates at submillimeter wavelengths and free-free emission at centimeter wavelengths. The flux
densities at frequencies larger than 100 GHz are well fitted by a power law F, oc v* with an index of « = 2.2, suggesting that
the continuum emission at 3 mm may be due to dust emission. It might be possible, however, that the free-free emission
contributes significantly to the 3 mm flux density, because the free-free emission at centimeter wavelengths is strong with
positive spectral indices (Schwartz et al. 1986).

In order to estimate the contribution of the free-free emission to the 3 mm flux density, we fitted the SED of T Tauri using
only submillimeter data. Figure 14b shows that the SED at submillimeter wavelengths is well fitted by a power law with an
index of 2.5. Then the observed flux densities at 2.7 and 3 mm lie slightly above the extrapolated value from the submillimeter
region with a power-law index of 2.5. Assuming that the free-free emissions from T Tau (N) and T Tau (S) could be
extrapolated up to 3 mm with the same spectral indices as those in the centimeter region, we would expect that 32 mJy out of
the total flux density at 3 mm is a free-free contribution. By subtracting this, we obtain the dust contribution of 24 mJy at
3 mm as shown by open squares in Figure 14¢, which shows that the 3 mm flux is well approximated by the value extrapolated
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TABLE 8

THE FLUX DENSITIES AT SUBMILLIMETER, MILLIMETER, AND CENTIMETER
WAVELENGTHS FROM T TAURI

FrLux DeNsITY (mJy)*
i Vest
(mm) (GHz) T Tau (N) T Tau (S) T Tau (Total) REFERENCE

0.35...... 854 8500 + 1000 1
045...... 676 2600 + 400 1
06....... 481° 1840 + 250 2
463 1300 + 200 1

08....... 390° 910 + 90 2
380 1070 + 110 1

11....... 284 417+ 41 2
272 320 + 30 1

13....... 230 230+ 9 3
27 .t 112 75+175 4
[ TN 98 56 + 10 5
20......... 15 22410 8.1+10 103+ 1.0 6
60......... 49 0.7+05 50405 57405 6

® When errors were not shown in the literature, we referred to 1 o values as error.

® This value was calculated from A, in the literature.

RErFERENCES.—(1) Adams et al. 1990; (2) Beckwith & Sargent 1991; (3) Beckwith et al.
1990; (3) Weintraub, Masson, & Zuckerman 1989; (4) this work; (5) Schwartz et al.

1986.

from submillimeter flux densities with the index of 2.5. This suggests the possibility that at most 60% of the total flux density
at 3 mm is contaminated by the free-free emission, which reduces the disk mass of T Tauri derived in this paper by at most a

factor of ~2.
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