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ABSTRACT

Continuum observations at 1.3 mm of 86 pre-main-sequence stars in the Taurus-Auriga dark clouds
show that 42% have detectable emission from small particles. The detected fraction is only slightly
smaller for the weak-line and “naked” T Tauri stars than for classical T Tauris, indicating that the
former stars often have circumstellar material. In both categories, the column densities of particles are
too large to be compatible with spherical distributions of circumstellar matter—the optical extinctions
would be too large; the particles are almost certainly in spatially thin, circumstellar disks. Models of the
spectral energy distributions from 10 to 1300 #m indicate that for the most part the disks are transpar-
ent at 1.3 mm, although the innermost (<1 AU) regions are opaque even at millimeter wavelengths.
The aggregate particle masses are between 10> and 102 -#, implying total disk masses between
0.001 and 1 .#,. The disk mass does not decrease with increasing stellar age up to at least 107 years
among the stars detected at 1.3 mm. There is some evidence for temperature evolution, in the sense that
older disks are colder and less luminous. There is little correlation between disk mass and Ha equivalent
width among the detected stars, suggesting that the Hea line is not by itself indicative of disk mass.
Spectral indices for several sources between 1.3 and 2.7 mm suggest that the particle emissivities € are
weaker functions of frequency v than is the usual case of interstellar grains. Particle growth via adhesion
in the dense disks might explain this result. The typical disk has an angular momentum comparable to
that generally accepted for the early solar nebula, but very little stored energy, almost five orders of
magnitude smaller than that of the central star. Our results demonstrate that disks more massive than
the minimum mass of the proto-solar system commonly accompany the birth of solar-mass stars and
suggest that planetary systems are common in the Galaxy.

MARCH 1990

I. INTRODUCTION

There is little doubt that the solar system was born from a
disk of gas and dust encircling the Sun five billion years ago.
The evidence that similar disks surround many young, solar-
mass stars in the Galaxy today is compelling, although it is
usually circumstantial. Basic quantities such as the disk
mass are poorly constrained by available observations, how-
ever, making it impossible to ascertain the number of stars
that will eventually have planetary systems like our own. If
the distribution of mass and energy, the characteristics prin-
cipally responsible for disk evolution, were known, we could
begin to assess whether planetary systems are common or
rare and, by comparing planetary evolution around neigh-
boring stars, gain insight into our origins.

Most estimates suggest that approximately half of all
young stars have disks. Strom ez al. (1989; hereafter referred
to as SSECS) use the presence of infrared emission in excess
of that expected from a stellar photosphere to infer the pres-
ence of disks around 60% of the youngest pre-main-se-
quence stars in their sample. In a similar study, Cohen,
Emerson, and Beichman (1989) examined 72 stars in Tau-
rus—Auriga and concluded that about one-third of the stars
have appreciable disks. Calculations of emission from cir-
cumstellar disks [Lynden-Bell and Pringle 1974; Adams,
Lada, and Shu 1987 (hereafter referred to as ALS), 1988;
Kenyon and Hartmann 1987; Bertout, Basri, and Bouvier
1988] demonstrate clear infrared signatures accompanying
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disks similar to the proto-solar nebula; these calculations
provide the underpinnings for the observations cited above,
but are not the only indicators of disk matter. The disks
indirectly affect other radiation, for example, by shadowing
the receding portions of stellar mass loss and creating prefer-
entially blueshifted spectral lines (Edwards et al. 1987),
asymmetric scattering of visual and near-infrared light from
the stars (Beckwith ez al. 1989), anomalously large extinc-
tion (Cohen 1983), and large degrees of polarization of the
starlight (Bastien 1982; Hodapp 1984; Sato et al. 1985). But
these effects are less useful for understanding the frequency
with which disks occur.

At wavelengths shortward of 100 um, these disks are
usually opaque, making infrared and visual observations in-
sensitive to the mass of the disks. The strengths of the far-
infrared emission depends on the disks luminosity and tem-
perature distribution, both strong functions of the energy
balance in the disk (cf. Sec. IVc). To discuss the likelihood
of planet formation, it is desirable to measure the total mass
in a disk and its spatial distribution.

Thermal emission from small particles entrained in these
disks is optically thin at wavelengths of order 1 mm and is
proportional to the total particle mass (Beckwith ez al. 1986;
Sargent and Beckwith 1987). Observations of millimeter-
wave emission from young stars provide an excellent way to
measure disk masses directly, minimizing the uncertainties
introduced by energetic activity near the star. With the un-
precedented sensitivity and spatial resolution of the new
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class of large, millimeter-wave telescopes and sensitive bolo-
meter detectors, it is now possible to detect thermal emission
from circumstellar disks with total masses only a few times
that of Jupiter.

We present here the results of a survey for 1.3 mm radi-
ation toward 86 stars in the Taurus—Auriga dark clouds. The
sample contains classical T Tauri stars, stars in T associ-
ations identified from proper-motion surveys, and a few
weak emission-line stars or naked T Tauri stars from x-ray
selected samples. These stars are predominantly solar mass,
well above the main sequence, with ages ranging from 10° to
107 yr. Our sensitivity was sufficient to detect particle masses
of ~107%.# ©> corresponding to total masses of 0.01 .# ,
the minimum mass of the solar nebula at its birth.

II. SAMPLE

The sample is drawn from the works of Cohen and Kuhi
(1979, hereafter referred to as CK79), Jones and Herbig
(1979, hereafter referred to as JH79), Rydgren et al. (1984,
hereafter referred to as RSZV), and Strom et al. (1986).
These authors were primarily interested in classical T Tauri
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stars (TT) detected in Ha surveys, although RSZYV include
five x-ray selected stars from Walter and Kuhi (1981) and
Feigelson and Kriss (1981). There is considerable overlap
among the various compilations. Of the present sample, 35
are from CK?79, 30 are from RSZV, and 22 are from JH79
only.

Because all these stars are in Taurus—Auriga, they are es-
sentially at the same distance, which is assumed to be 140 pc
(Elias 1978). There are probably 20% variations in distance
within the sample owing to the finite size of the clouds; no
attempt is made to place stars any more precisely.

Of the 86 sample stars, 20 are weak-line T Tauri stars
(WwTT). We adopt the definition ot; SSECS that stars with
Ha equivalent widths less than 10 A are classified as wTT.
The Ha measurements are from Herbig and Robbin-Bell
(1988), SSECS, and Jones (1988, personal communica-
tion). Taken as a subsample, the wTTs are useful to test the
assertion that weak-line and naked T Tauri stars as a class
have less circumstellar matter than their classical T Tauri
counterparts (cf. Walter 1987; Walter, Brown, and Vrba
1989). A more general discussion of this problem is given by
SSECS.

Table I lists the stars observed, the appropriate reference

TABLE I. Sample stars.

HBC Name Alt. Name RA (1950) Dec (1950) Ref Class F,(mlJy) o
23 FM Tau Haro 6-1 04:11:07.9 +28 05 19 RSZV TT 31 12
24 FN Tau Haro 6-2 04:11:08.61 +28 2026.9 JH79 TT 31 9
25 CW Tau  MHa 259-3 04:11:11.39 +28 03 26.8 JH79 TT 96 8
26 FP Tau MHa 259-23 04:11:43.50 +26 38 57.5 JHT79 TT <50 -
27 CX Tau MHa 259-22 04:11:44.02 +26 40 42.2 JHT79 TT <40 -
28 CY Tau MHa 259-5 04:14:27.67 +28 1328.6 JHT79 TT 133 11
29 V410 Tau BD+28 637 04:15:24.83 +28 20 01.7 JH79 wTT <30 -
30 DD Tau MHa 259-6s 04:15:25.10 +28 09 14.6  JH79 TT <50 -
31 CZ Tau MHa 259-6n 04:15:25.55 +28 09 44.0 JH79 wTT <30 -
32 BP Tau 04:16:08.61 +28 59 15.3  JH79 TT 37 15
33 DE Tau MHa 259-8  04:18:49.84 +274805.2 JH79 TT 36 7
34 RY Tau 04:18:50.8 +281935.0 RSZV TT 229 17
35 T Tau 04:19:04.21 41925054 JH79 TT 280 9
36 DF Tau MHa 259-11 04:23:59.63 425 3541.7 JH79 TT <25 -
37 DG Tau MHa 259-10 04:24:01.01 42559 355 JH79 TT 443 20
38 DH Tau MHa 259-9n 04:26:37.1 +26 26 29 RSZV TT 53 19
39 DI Tau MHa 259-9s  04:26:38.0 +26 26 21 RSZV wTT <3 -
41 1Q Tau LkHa 265 04:26:47.7 +26 00 17 RSZV  wTT 87 11
43 UX Tau A 04:27:09.96 +180721.0 JH79 wTT 73 14
44 FX Tau Haro 6-11 04:27:27.91 +242018.2 JH79 wTT 20 10
45 DK Tau MHa 259-12 04:27:40.48 +255459.0 JHT79 TT 35 7
46 ZZ Tau 04:27:49.32 42435569 JHT79 TT <15 -
47 V927 Tau Lk Ha 331  04:28:22.39 +240429.7 JH79 wTT <20 -
49 HL Tau Haro 6-14 04:28:44.42 +180736.2 JHT9 TT 879 19
50 XZ Tau 04:28:46.00 +18 07 35.2 JHT9 TT 17 6
48 HK Tau Haro 6-12 04:28:48.85 +24 1756.2 JHT9 TT 41 5
51 V710 Tau Lk Ha 266  04:29:03.57 +181515.5 JH79 TT 1 4
54 GG Tau MHa 257-2  04:29:37.2 +17 25 22 RSZV TT 593 53
52 UZ Tau UZ Tau f/p 04:29:39.26 +2546 13.4 JHT9 TT 172 15
55 GH Tau Haro 6-20 04:30:04.8 +24 03 19 RSZV TT <30 -
56 GI Tau Haro 6-21 04:30:32.4 +24 15 04 RSZV TT <20 -
59 IS Tau Haro 6-23 04:30:32.66 +26 03 34.5  JH79 TT <20 -
57 GK Tau Haro 6-22 04:30:32.8 +24 14 53 RSZV TT 17 7
58 DL Tau MHa 259-13 04:30:36.02 +25 1424.0 JHT9 TT 230 14
60 HN Tau Haro 6-24 04:30:45.67 +174538.2 JHT9 TT 31 15
61 CI Tau MHa 259-20 04:30:52.20 +22 44 16.7 JHT79 TT 190 17
62 DM Tau MHa 257-6  04:30:54.68 +18 03 56.7 JHT79 TT 109 13
63 AA Tau MHa 259-17 04:31:53.45 +24 2244.1 JH79 TT 88 9
64 HO Tau Haro 6-27 04:32:20.9 +22 26 06 RSZV TT <30 -
65 DN Tau MHa 259-18 04:32:25.68 +24 08 52.3 JH79 TT 84 13
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TABLE 1. (continued)

HBC Name Alt. Name RA (1950) Dec (1950) Ref Class F,(mlJy) o
66 HP Tau Lk Ha 258 04:32:53.0 +22 48 18 CK79 TT 62 6
67 DO Tau MHa 259-15 04:35:24.18 +26 04 55.2 JH79 TT 136 11
68 VY Tau 04:36:17.41 42242023 JH79 wTT <50 -
69 V995 Tau Lk He 332 04:39:04.4 +25 17 33 RSZV TT <50 -
70 DP Tau MHa 259-19 04:39:34.31 +25 09 59.9 JH79 TT 18 9
71 GO Tau MHa 259-24  04:39:59.57 425 14 43.0 JH79 TT 83 12
72 DQ Tau MHa 257-7  04:43:59.99 +16 54 40.1 JHT9 TT 91 9
74 DR Tau MHa 257-8 04:44:13.4 +165324  RSZV TT 159 11
75 DS Tau MHa 259-2 04:44:39.1 +29 19 56 RSZV TT 23 4
76 UY Aur 04:48:35.71  +30 42 13.6 JH79 TT 48 9
77 GM Aur MHa 259-1 04:51:59.8 +30 17 15 RSZV TT 253 12
79 SU Aur 04:52:47.84 +3029 19.4 JH79 wTT 21 10

367 V773 Tau  HD 283447 04:11:07.29  +28 04 41.2 JH79 WwTT 42 6
369 FO Tau 04:11:43.60 +28 05 01.6 JH79 TT <50 -
373 V892 Tau Elias 1 04:15:34.51 +28 12 01.8 JHT79 Ae 289 13
374 Hubble 4 04:15:40.89  +28 12 54.0 JH79 WwTIT <25 -
377 FQ Tau Haro 6-3 04:16:06.42 +28 22 21.4 JH79 TT <40 -
378 V819 Tau WK X-Ray 1 04:16:20.1 +28 19 02 RSZV  wTT 34 7
383 FS Tau Haro 6-5 04:18:57.63 426 50 30.5 JH79 TT <3 -
384 FT Tau Haro 6-6 04:20:37.23  +24 49 20.1 JH79 TT 130 14
386 FV Tau Haro 6-8 04:23:49.85 +26 00 13.0 JH79 TT 36 15
396 Haro 6-13 04:29:13.6 +24 22 41 SSMW TT 124 13
399 V827 Tau FK X-Ray 2 04:29:20.6 +18 13 53 RSZV  wTT <3 -
400 V826 Tau FK X-Ray 1  04:29:22.2 +17 55 17 RSZV  wTT 27 10
401 FY Tau Haro 6-17 04:29:28.92 424 13 38.6 JHT79 TT 16 5
402 FZ Tau Haro 6-18 04:29:30.08 +24 13 44.4 JH79 TT 23 7
405 V830 Tau WK X-Ray 2 04:30:08.2 +24 27 26 RSZV wTT <40 -
409 FF Tau 04:32:20.92 422 48 16.8 JH79 wTT 26 9
416 Haro 6-28 04:32:55.8 +22 48 40 SSMW TT <40 -
418 HV Tau 04:35:30.90 +26 04 45.2 JH79 WwTT 30 15
420 IW Tau S9557 04:38:01.94 +24 45218 JH79 wTT <50 -
429 V836 Tau FK X-Ray 3 05:00:02.4 +25 19 07 RSZV wTT 22 6
FR Tau Haro 6-4 04:16:29.11 +28 20 11.5 JH79 <50 -

FU Tau Haro 6-7 04:20:33.29  +24 56 08.3 JH79 <3 -

GT Tau 04:20:34.20 +24 48 21.9 JHT9 <3 -

FW Tau 04:26:25.64 +26 10 22.0 JHT79 <15 -

2Z Tau B 04:27:14.62 424 33 01.5 JH79 WwTT <20 -

IT Tau 04:30:50.47 426 07 14.1 JHT9 20 11

HQ Tau 04:32:47.42 +22 44 16.1 JH79 <45 -

FG Tau 04:33:08.60 +23 56 50.8 JH79 <45 -

HD 283759 04:33:47.29 +24 06 57.5 JHT9 <3 -

FI Tau 04:34:11.32  +23 30 16.3 JH79 <50 -

HT Tau 04:34:46.75 426 18 00.9 JH79 <50 -

GN Tau Haro 6-31 04:36:17.04 +25 39 11.2 JHT9 <50 -

Haro 6-32 04:38:00.00 +25 52 12.2 JH79 <50 -

~ Haro 6-39 04:48:58.24 430 32 47.3 JH79 24 6

Boldface is used to indicate detections of three standard deviations or greater. These detections
were used for the statistics quoted in the text.

number in the Herbig and Robbin-Bell catalog (1988, here-
after referred to as HBC), the positions used in the survey,
references for the positions, and the classification as TT or
wTT when available. The positions of 65 of these stars were
of astrometric quality, known to 0.1” from JH79. The re-
mainder can be found in Strom ez al. (1986) or HBC. All the
positions should be accurate to at least 1”.

Stellar properties—effective temperatures, luminosities,
and so forth—exist in the literature for many of the stars in
this sample and are given in Table II. Columns 1 and 2 are
identical to those in Table I. Columns 3 through 7 list the
spectral type, effective temperature, equivalent width of the
Ha line, visual extinction, and stellar luminosity, respective-
ly. Whenever possible, we calculated the extinctions and

stellar luminosities based on a method described below; oth-
erwise, data are from Cohen and Kuhi (1979) or Rydgren et
al. (1984), corrected for the different assumed distances to
the Taurus complex. We calculated the ages and masses of
the stars from their positions in the HR diagram using con-
vective tracks and isochrones kindly supplied by D. Vanden-
berg (cf. Vandenberg 1983); these are in columns 8 and 9 of
Table II.

There are potentially large uncertainties in the calculated
extinction, stellar luminosity, and bolometric luminosity for
each star. We determined extinction by dereddening each
star until the color of the blackbody corresponding to the
stellar effective temperature fitted the ¥ through J magni-
tudes in the least-squares sense; all magnitudes were taken
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TABLE II. Star properties.

HBC  Object SpT  Log(Teg) WHs® Av® Li¢ Log(t)! M.¢
23 FMTau MO 3.593 71 27 06 632 067
24 FNTau M5 3.494 25 28 1.0 486 0.27
25 CWTau K3 3.679 135 26 26 628 1.40
26 FPTau M55 3.483 39 052 0.39 553 0.26
27 CXTau M2 3.566 20 145 0.58 595 0.46
28 CYTau Ml 3.566 70 139 066 587 048
29 V410 Tau K7 3.602 2 066 219 543 0.63
30 DDTau Ml 3.566 182 27 10 554 046
31 CZTau M15 3.555 4 255 0.38 6.13 040
32 BP Tau = K7 3.602 40 137 1.21 585 0.67
33 DETau Ml 3.566 54 162 1.21 540 044
34 RYTau Kl 3.708 21 27 75 533 1.69
35 T Tau K1 3.708 38 21 14 527 191
3 DFTau MO05 3.587 54 1.96 297 5.00 053
37 DGTau Cont 3.590 113 16 1.7 547 0.56
3 DHTau MO 3.593 53 2.39 0.84 6.04 067
39 DITau MO 3.593 2 143 093 597 0.60
41 IQTau MO5 3.580 8 201 092 579 0.54
43  UXTau K2 3.695 4 18 27 642 149
4 FXTau Ml 3.566 10 225 096 557 0.44
45 DK Tau K7 3.602 19 201 194 552 065
46 ZZTau M4 3.509 16 1.81 073 518 0.28
47 V927 Tau M55 3.483 5 15 04 542 0.26
49 HLTau Cont 3.590 65 32 09 598 0.55
50 XZ Tau M3 3.526 274 354 155 474 0.29
48 HK Tau MO0.5 3.580 29 399 0.76 594 0.55
51 V710 Tau Ml 3.566 48 2.66 1.60 5.18 0.42
52 UZTau Ml 3.566 82 286 294 474 044
54 GG Tau K7 3.602 55 1.94 2.03 549 0.65
55 GHTau M2 3.54 15 1.06 088 533 033
56 GITau K7 3.602 19 252 166 564 0.70
57 GKTau K7 3.602 16 1.8 1.6 564 0.67
58 DL Tau Cont 3.590 105 1.53 077 6.08 0.56
59 ISTau K2 3.695 12 45 31 629 158
60 HN Tau Cont 3.590 139 20 03 674 0.59
61 CITau K7 3.602 102 233 114 590 0.70
62 DM Tau MOS5 3.580 140 148 036 651 0.62
63 AATau K7 3.602 37 110 098 6.01 0.67
64 HOTau Mo05 3.580 115 20 02 6.85 0.64
65 DNTau MO 3.593 12 119 112 581 062
66 HP Tau K3 3.679 35 3.01 200 644 143
67 DO Tau K7 3.602 109 343 138 578 0.72
68 VY Tau Mo 3.593 5 211 073 615 0.70
69 V995 Tau K7 3.602 13 42 20 549 0.72
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TABLE II. (continued)

HBC  Object SPT  Log(Tes) WHo® Ay® Ls¢ Log(t)! M.¢

70 DP Tau MO0.5 3.580 86 2.24 054 6.20 0.60
71 GO Tau MO 3.593 81 223 035 6.73 0.67
72 DQ Tau K7 3.602 113 235 107 596 0.67
74 DR Tau Cont 3.590 87 16 25 5.16 0.55
5 DS Tau K3 3.679 59 143 132 6.78 1.29
76 UY Aur K7 3.602 73 1.88 188 555 0.65
7 GM Aur K7 3.602 97 05 0.7 6.25 0.72
79 SU Aur G2III 3.761 4 145 144 448 2.65
367 V773 Tau K2 3.695 2 210 768 571 174
369 FO Tau M2 3.544 117 1.94 - - -
373 Elias1 A6 3.907 13 45 07 763 1.03
374 Hubble 4 K7 3.602 3 0.77 - - -
377 FQ Tau M2 3.544 114 1.12 - - -
378 V819 Tau K7 3.602 2 194 095 6.06 0.72
383 FS Tau M1 3.566 57 29 1.0 557 044
384 FT Tau Cont 3.590 - - - - -
386 FV Tau K5 3.643 23 4.83 - - -
396 Haro 6-13 Cont 3.590 88 6.70 2.1 510 0.55
399 V827 Tau K7 3.602 2 124 130 580 0.67
400 V826 Tau K7 3.602 2 1.05 113 590 0.67
401 FY Tau K7 3.602 59 3.56 - - -
402 FZ Tau Cont 3.590 204 - - - -
405 V830 Tau K7 3.602 3 0.77 081 6.20 0.70
409 FF Tau K7 3.602 1 - - - -
416 Haro 6-28 M5 3.494 92 1.82 - - -
418 HV Tau M2 3.544 4 1.95 - - -
420 IW Tau K7 3.602 4 124 101 6.00 0.65
429 V836 Tau K7 3.602 9 147 065 6.35 0.75
FR Tau - - - - - - -
FU Tau - - - - - - -
GT Tau - - - - - - -
FW Tau - - - - - - -
ZZ Tau B - - - - - - -
IT Tau - - - - - - -
HQ Tau - - - - - - -
FG Tau - - - - - - -
HD 283759 - - - - - - -
FI Tau - - - - - - -
HT Tau - - - - - - -
GN Tau - - - - - - -
Haro 6-32 - - - - - - -
Haro 6-39 - - - - - - -
@ Angstroms
bMagnitudes
‘L
4t in years
‘Mg
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from SSECS. Then the stellar luminosity was varied to give
the best overall fit. Most of these determinations are in ac-
cord with those of SSECS, who use only the ¥ — R color to
determine 4, and subsequently fit to the R magnitude to
determine stellar luminosity. For some stars, the extinction
determined from fits to several wavelengths is larger than
found by SSECS, indicating larger stellar luminosities. We
believe the use of several wavelengths, rather than just two,
provides a more satisfactory method for finding 4,, and have
used the more extensive fits whenever possible.

In general, stars with small visual extinctions should have
well-determined luminosities. Stars that show continuum
plus line emission (Cont in column 3) have the largest un-
certainties and usually the largest extinctions. Cohen and
Kuhi (1979) and Cohen, Emerson, and Beichman (1989)
estimate stellar luminosities by correcting the flux densities
for extinction (independently determined) and integrating
the observed energy distribution. Usually the three methods
give similar values, with the SSECS estimates being system-
atically smaller. The differences are not great and should not
affect the conclusions in this paper.

The sample is almost certainly incomplete in the sense
that there are young stars in the associations that do not
appear in any of these lists. Herbig and Robbin-Bell (1988)
show that He surveys miss stars in the post-T Tauri phase
and do not provide adequately complete samples of pre-
main-sequence stars in any dark cloud. The sample is prob-
ably representative of classical T Tauri variables, few of
which should have been missed in the objective prism sur-
veys, but does not necessarily represent all low-mass pre-
main-sequence stars.

III. OBSERVATIONS

Observations of 1.3 mm continuum emission were made
using the Max-Planck-Institute fiir Radioastronomie
(MPIfR)? He-cooled bolometer (Kreysa 1984) at the
IRAM 30 m telescope on Pico Veleta (Baars et al. 1987)
during 29 and 30 April 1988. The instrument has a beam size
of 11” with a bandpass of 50 GHz (0.24 mm) centered at 1.3
mm. Chopping by 30" at 8.5 Hz provided sky subtraction
and effectively discriminated against emission more ex-
tended than the beam. Sky noise limited the system perfor-
mance, owing to variations in the telluric opacity at the
chopping frequency, but the weather was generally good
throughout the observing sessions.

The survey was carried out in three separate passes, and
each object was observed at least twice on separate days. A
typical observation consisted of about ten measurements,
each one a pair of differences between the two chopped
beams on the sky. Statistical deviations of the measurements
determined the system noise. The total integration time for
each observation was 200 s.

Observations of the planets Mars and Uranus were used to
calibrate the flux density scale. These observations were con-
sistent to within 20%. Final flux densities of the objects were
the calibrated averages of the separate observations, as de-
scribed above.

A few of the strongest sources have been independently
observed at wavelengths near 1.3 mm. Flux densities for HL
Tau and DG Tau determined from observations with the
Owens Valley Interferometer at 1.4 mm are in excellent
agreement with those presented here, being within 5% in
each case (Woody et al. 1989). In addition, V410 Tau, T
Tau, DG Tau, HL Tau, HP Tau, DO Tau, GM Aur, and SU
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Aur have been observed at 1.1 mm in an 18” beam at the
JCMT (Weintraub, Sandell, and Duncan 1989; Adams,
Emerson, and Fuller 1989). Within the uncertainties, their
fluxes are in good agreement with those presented here.

We checked for extended emission near three of the
brightest objects. Continuous cross scans of the stars HL
Tau, GG Tau, and DG Tau showed no emission outside of
the 11" beam, giving confidence that the emission was unre-
solved in all cases. Indeed, interferometric observations of
HL Tau, DG Tau, and GG Tau (Sargent and Beckwith
1987, 1990) at 2.7 mm demonstrate the continuum emission
from these stars is smaller than the 5” resolution of the inter-
ferometer beam. Weintraub, Sandell, and Duncan (1989)
suggest the emission from DG Tau and HL Tau is more
extended. Observations with higher spatial resolution and
sensitivity, as well as more recent JCMT observations (Ad-
ams, Emerson, and Fuller 1989), do not support this conten-
tion.

IV. RESULTS
a) Statistics of Detections

The survey results appear in columns 8 and 9 of Table I
which list the 1.3 mm flux density or an upper limit observed
toward each star in the sample, and the statistical uncertain-
ty. To qualify as a detection, the observed flux density must
be at least three standard deviations (30) above zero. Each
star was observed at least twice; it was found that every star
whose flux density is approximately 3¢ in the final average
was at least 20 in each of the two separate observations,
giving confidence that the detection criteria discriminated
against spurious results.

Thirty-seven stars in the sample, 42%, pass the formal
detection criterion. Because the uncertainty o was not con-
stant throughout the sample, owing to time-variable telluric
opacity, there is no uniform lower limit to the flux density. A
few formal detections—FY Tau, FZ Tau, DS Tau, Haro 6-
39, and V836 Tau—have very low flux densities, whereas
DH Tau, with a relatively high flux density but also high
uncertainty, is a nondetection. Even if these five stars are
discounted, the detection rate is still fairly high, 36%.

Among the two subclasses, 28 of 53 (53%) T Tauris and
six of 21 (29%) wTTs are detected. These percentages are
very similar to those found by SSECS from their study of far-
infrared properties. The T Tauris are by far the brightest
stars at millimeter wavelengths, and most of the wTTs have
relatively low flux densities. In fact at 1.3 mm, the brightest
wTT, IQ Tau, is fully ten times less luminous than the
brightest TT, HL Tau. We will show in Sec. IVc that the
detectability of emission from the wTTs is related to the rela-
tively cool temperatures of their circumstellar matter.

b) Nature of the Emission

It was assumed at the outset that the millimeter contin-
uum flux is thermal emission from small particles and that
these particles are embedded in disks of dust and gas sur-
rounding the stars. For the bright sources HL Tau and DG
Tau, these interpretations have been clearly established by
Beckwith ez al. (1986) and Sargent and Beckwith (1987,
1989). There are insufficient data to confirm these assump-
tions for every star, but we can show they are strongly sup-
ported for many in the sample and are quite likely to apply to
all the members.
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A likely alternative to thermal radiation is free—free emis-
sion from the ionized regions near the stars, since most of
these stars do show Ha in emission. Figure 1 is a plot of F,, at
1.3 mm vs Ha equivalent width, WHa, of the 1.3 mm detec-
tions. It can be seen that there is no correlation between F,
and WHa. Since WHa should reflect the strength of free—
free emission, it appears unlikely that this makes a signifi-
cant contribution to the 1.3 mm flux.

Using the VLA, Bieging, Cohen, and Schwartz (1984)
surveyed 44 stars in Taurus for 6 cm radio emission and
followed up with 1.3-21 cm observations for some of the
detected stars. Our sample includes 27 of these objects. V410
Tau, T Tau, and DG Tau showed 6 cm emission in excess of
500 uJy. The two brightest objects at 1.3 mm, HL Tau and
GG Tau, were not detected.

V410 Tau is by far the strongest radio source witha 2.1 cm
flux density of 64 mJy; it is reported to be variable by Bieg-
ing, Cohen, and Schwartz (1984). It was not detected in our
1.3 mm survey with an upper limit of 30 mJy. The spectrum
turns over at 2.1 cm, as indicated by the VLA observations,
and the 1.3 mm result is consistent with the centimeter-wave
flux densities, assuming optically thin free—free emission.
We emphasize that of the objects observed with the VLA,
this star is the most likely to produce free—free emission at
1.3 mm, but it was not detected.

T Tau is the next strongest radio source with a 2.1 cm flux
density of 7.5 mJy, which comes mainly from the infrared
companion. Using the VLA data presented by Bieging, Co-
hen, and Schwartz (1984), making the most liberal assump-
tions about spectral index for T Tau itself, and extrapolating
to 1.3 mm, we find the star can contribute at most 70 mJy,
about 25% of the actual flux density. Weintraub, Masson,
and Zuckerman (1989) argue that no more than 20% of the
continuum emission at 2.7 mm can be free—free emission
from the star. If all 280 mJy at 1.3 mm were free-free emis-
sion, the infrared hydrogen recombination lines Ba and By
would be 4.9X 107" and 1.7xX 10~'> W m ™2, respectively.
The actual lines fluxes are 1.6 X 10~ and 7X 10~ 1 W m 2
(e.g., Evans et al. 1987).
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DG Tau has a total flux density of 1.2 mJy at 6 cm with a
spectral index of 0.55+ 0.32. In the extreme case of
a = 0.87, the 1.3 mm flux density would be 36 mJy, about
8% of the observed value. Radio free-free emission cannot
contribute more than a small fraction of the millimeter-wave
luminosity.

The other 24 sources that appear in both samples have 6
cm fluxes less than ~ 500 uJy. Of the fifteen sources with 1.3
mm flux densities above 100 mJy, eight were observed at 6
cm. With the exception of T Tau and DG Tau, none were
detected. If the 6 cm flux densities were 500 pJy for these
stars, their spectral indices would have to be greater than one
to produce the lowest 1.3 mm flux densities detected, 25
mJy. Even in an outflowing wind, free—free emission will not
produce such steep spectra, and we conclude that for the
stars in our sample there is no free—free contribution to the
1.3 mm emission.

Based on these considerations, we believe it unlikely that
any of the 20 strongest sources [ F, (1.3 mm) R 80 mJy] have
substantial free—free emission. For a few of the weak sources,
especially the wTTs, variable nonthermal radio emission
could, in principle, provide the observed millimeter contin-
uum. We assume this is not the case, however, and that the
thermal emission from small particles produces the milli-
meter-wave continuum from all stars.

¢) Particle Distribution

Most of the stars detected in the survey have 1.3 mm flux
densities greater than 50 mJy, corresponding to a beam-
averaged brightness temperature 7, of 0.014 K. The stellar
luminosity is, in all cases, sufficient to make the particle tem-
peratures much higher than this. Therefore, the emission is
either very compact, the low brightness temperatures result-
ing from beam dilution, or optically thin.

Suppose the particles are distributed spherically around
the star with some density distribution p (), which is a func-
tion only of distance 7 from the star, and the particles are
optically thin at all wavelengths. We assume the particle

| 1 1
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opacity «, is a power law in frequency at low frequencies:
K, < v®. For small particles in radiative equilibrium with a
star, the particle temperature will be (cf. Spitzer 1978)

1 R 2/(4+B)
T, = (7 _rt) T,. o)
The stellar radius is R, , and the stellar effective temperature
is T, . The flux density at 1.3 mm is

F, = QBK

j B, (T,)p(r)4mrdr, (2)

where QB is the solid angle of the beam, R is the beam radius
(700 AU at the distance to Taurus), 7, is the inner radius of
the region, B, is the blackbody function, and ,, is the mass
opacity at 1.3 mm. Writing T, (r) = T, (r/ry) ~%* (i.e,,

B=1),p(r) =py(r/ry) ~% assuming s52.6, and using the
Rayleigh-Jeans approximation for Bv, Eq. (2) becomes

1 80k,
26—5s ¢ 0o’
The column density N toward the star is

R
N=J. p_d(r) i
m

sl “

where the average mass per particle is 72. Combining Eq. (2)
and (3), the column density may be expressed in terms of the
flux density as

_26-s__ CF (R/rg)' =" —1
1—s 80k, vV’mkTy 2[(R/ry)** " —1]

A typical star has a luminosity of about 1L, (columns 7
and 4, Table IT). If r, = 0.1 AU, then T;,=~ 1200 K, close to
the dust destruction temperature. We adopt «, = 0.02
cm? g~ ! at 1.3 mm as an upper limit (discussed extensively
in Sec. IVe), Q5 = 1.8 X107 % sr, and in = 4X 1072* g, s0
the resulting column density will be mainly that of hydro-
gen. Using a typical flux density F, ~ 100 mJy, the column
density may be calculated for different density distributions
specified through the exponent s. For s =0 (uniform den-
sity, N~ 6 10%' cm 2, corresponding to a visual extinction
A, of 3 mag (Spitzer 1978). Freely falling accretion onto the
star produces a density distribution with s = 3, yielding 4,,
of 220 mag for the typical star. A uniform velocity stellar
wind gives s = 2and N = 1 X 10 cm~?, and a visual extinc-
tion of about 5100 mag.

Only a few of the objects in the sample have A, as high as 3
mag, and none have 4, greater than 7 mag (column 6, Table
IT). Since the adopted value of «,, is higher by a factor of 5
than the usual value for interstellar particles, the large 1.3
mm flux densities clearly rule out spherical distributions of
particles, unless the density increases with distance from the
star (s <0). But there is no correlation between visual ex-
tinction 4,, and F, (1.3 mm) (e.g., Tables I and IT), making
it highly unlikely that the particles surround the stars com-
pletely. Because the most likely distribution would come
about via infall (s =3) or outflow (s=2), the predicted
column densities are enormously higher than allowed by the
observed small values of 4.

The particles must be distributed very nonuniformly
around each star to account for the simultaneously low visu-

(3)
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al extinctions and high flux densities at 1.3 mm. The most
natural distribution is a highly flattened disk. In principle,
the disks could even be optically thick at millimeter wave-
lengths and the stars would still be visible, except in the rare
case where the disk was viewed edge on. Since such distribu-
tions are expected in realistic models of cloud collapse, in the
rest of the paper we assume that the particles are in thin
disks.

d) Analysis of Disk Structure

For the purposes of this study, the two most important
global properties of a disk are its mass and temperature dis-
tribution. Both can be calculated from the far-infrared and
millimeter-wave spectra. ALS have shown that infrared
spectra of T Tauri stars may be fitted by assuming spatially
thin disks and using numerical models of disk emission with
several adjustable parameters. This section will demonstrate
that only a few of the parameters significantly affect the
emission spectra, and that it is possible to determine proper-
ties such as the temperature distribution and total mass of a
disk from observations, with only minor uncertainties being
introduced by unknown free parameters.

We assume the particles are in spatially thin, axisymmet-
ric disks, with the temperature 7(r) and surface density
3 (r) functions only of the radial distance from the star. Fol-
lowing ALS, we calculate the luminosity density
L, = 47D ?vF,, where F, is flux density at distance D from
the source. If the disk has inner and outer radii 7, and R,
respectively, and is inclined by angle @ to the line of sight
(6 = 0is face on), then

Ry
Lv=4arcos6J- vB,(T)(1 —e™ ™)27rdr. (6)

B, is the usual Planck function, and the optical depth 7, is
7,(r) =k, 2(r)/cos 6. 7

Specification of 7y, Ry, k,, 8, T(r), and 2(r) completely
characterizes the emission from the disk.

There are two wavelength regimes where L, is sensitive to
only a few of the disk parameters, and it is possible to derive
disk properties directly from the observations. At short
wavelengths, the entire disk is optically thick, and the den-
sity distribution does not affect the emission. Similarly, at
long wavelengths, the disk is optically thin, and the total
emission is proportional to a product of the temperature and
total mass, weighted appropriately by the distribution. To
simplify the calculations, one can adopt power law radial
dependencies for the temperature and density distributions
and derive the essential parametric dependencies of the
emission in the two regimes. In the remainder of the paper,
we adopt power law forms for 7'(7) and 2(7):

T(r) = Ty(r/ry) ~°, (8)
3(r) = Zo(r/ry) P )

Because dust particle opacities increase with frequency,
the disk will be optically thick at all radii for frequencies
greater than some turnover frequency v, and the factor
(1 — e~ ™) is essentially unity. The turnover frequency v,
corresponds to a wavelength of order 100 um for the disks
considered here. For a large range of frequencies greater
than v, the emission near the disk boundaries is negligible
compared to the emission from intermediate radii
(ro<€r<Ry), and the limits of the integration may be safely
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replaced with 0 and o, allowing the essential scaling rela-
tionships in Eq. (6) to be written explicitly:

L, ~Aq,cos 6 Q(q) (Tor8)Yw*~, (10)
with the constant,
Ay = 167h(k /hc?)¥1, (11)
and the function,
0(q) EJ‘W —Xdx. (12)
0 ¢ —1

The physical constants 4, k, and ¢ retain their usual values.
In this region of the spectrum, L, is a power law with spectral
index 4 — 2/g. The index ¢ is uniquely determined from the
spectral index at wavelengths where the opacity is high
(A =100 um), and the magnitude of L, accurately specifies
Tyré, and therefore T(r); the dependence on € is weak until
6~90°. The far-infrared spectral energy distribution thus
provides a good measure of the disk temperature as a func-
tion of radius.

At very low frequencies, v<v,, the disks are predomi-
nantly transparent, and the thermal emission is in the Ray-
leigh—Jeans limit. Equation (6) becomes

Ry
L, =167 cos 0(-"—‘;) f T(r)(1 — e ™)rdr
4 To

Ry
~A, cos 0T f P — e VDY dy (13)
with
A, = 1677 (kv?/c?). (14)

We can approximate the integral in Eq. (13) by separating it
into two parts, one for the portion of the disk where 7,>1,
and one for the portion where 7, < 1. Since the density de-
creases with radius for all realistic disks (p >0), the inner
part will be optically thick and the outer part optically thin
with the boundary occurring at r,, defined as

ro=14"r, (15a)
= (K, Zy/cos 0)'Pr, (15b)
~[(2 —p)/2}VPF'/PR,. (15¢)

In deriving these results, we assume R,/r,>1. The disk
mass M, is related to =, by integrating Eq. (9). The average
disk opacity 7 is defined as

Kk, M,

TE—
cos TR 2

il

(16)

Notice that r, depends only weakly on the choice of R, for a
given disk mass M; if p~ 1.5, then r, ~R 7 '°.

Equation (13) may now be approximated by letting
(1—e ™ =1forr<r,and (1 —e™ ™) =1, for r>r;:

L,=A, fycos 6 Tyrg

Ty Ry
X(J. r'~dr + Toré’f r‘“”"’dr)

R 2-p—q __
::A,f{)coseT(r,)r?( a/m) 1(1+A),
2-p—q
7

The factor f; accounts for the extra luminosity that results
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from ignoring the curvature in the function (1 — e™); for
Jo=0.8, the results given by Eq. (17) and numerical integra-
tions of Eq. (13) correspond very well. The factor A is the
ratio of optically thick to optically thin emission and is dis-
cussed in detail below. For most of the stars in this paper,
A < 1. The exponent 2 — p — g is small for the temperature
and density distributions most frequently assumed in the li-
terature (e.g., ALS). For ¢ = 0.5 (flat spectrum objects)
and p = 1.5, the exponent is zero; in this limit, the luminosity
depends only logarithmically on R, /r;:

L,=A,fycos 0 T(r))rA In(Ry/ry) (1 4+ A). (18)

The luminosity is dominated by the emission near the
7, = lradius, 7,. It is noteworthy that the choice of the inner
boundary 7, is irrelevant so long as 7,<r,. The dependence
on disk mass and outer radius enters through 7'(r,) 72 which
can be explicitly expanded as

T(r)ri =Tyrér, ¢

_ M 2-q)/p
e R3S
2 cosf wR?
< (k Md)(2-q)/pR(lj(2—q)/p](p—2)_ (19)
cos@
The luminosity dependence approaches

L, ock,M; In(M;)R5~? as 2 — p — q approaches 0. Fur-
thermore, when the emission is optically thin, the cos @ de-
pendence vanishes in the relation between L, and M.

Formally, the calculations require specification of eight
parameters (My, 7y, Ry, Ty, ¢, p, 6, and «, ). However, at
long wavelengths where the average opacity is small, the
luminosity is approximately linearly proportional to the disk
mass M, and temperature 77§, and depends weakly on the
choice of outer radius R, and the density exponent p. The
choice of inner radius 7, is unimportant. Thus, only five pa-
rameters, M, Rq, k,, g, and Tyrg, are significant for deter-
mining the emission, and two of these, g and 77§, are estab-
lished from infrared spectra where the emission is optically
thick. Only R, and «,, are poorly constrained from this data-
set, although in principle R, can be established from obser-
vations of the turnover frequency v, . Millimeter wavelength
observations then determine the product «, M.

Optically thick erhission cannot be completely neglected,
even at very long wavelengths. As seen in Eq. (18), emission
is dominated by the radii near 7,. The ratio of optically thick
to optically thin emission referred to in Eq. (17) is given
exactly by

,ﬁ—q_rg—q

R‘Zj—p-q_r%—p—q

A= 1 2—p—gq
T 2—¢q

p
~— . (20)
2 —n{[(2 —p)/2]7}

The logarithmic dependence is strictly true only when
2 — p — g =0. Whenever 2 — p — gis small, however, Aisa
weak function of disk parameters. Because of the nearly
logarithmic dependence, there is almost always some contri-
bution from the optically thick region to the long-wave-
length emission. Nevertheless, since A will be less than one
for almost all objects in this survey, the correction factor
(1 4+ A) is modest, and rather well determined from the ob-
servations.
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By differentiating L, with respect to frequency, we can
determine the spectral index a, defined as
d(logL,)
a=—""
d(log v)
dL
v v
= . 21
L, dv b

Expressing «,, as a power law in frequency with index 8 and
using Eq. (17) allows us to express a approximately as

az3+[B/(1+4A)]. (22)

For a disk that is optically thick, A is large, and @ =3, as it
should be for the sum of blackbodies in the Rayleigh-Jeans
limit. If the disk is optically thin, A is small, and =3 + 5,
so that the power law index of the particle emissivity modi-
fies the spectral index directly. Since A depends logarithmi-
cally on M, and Ry, it can be determined fairly well, even if
M, and R, are only loosely constrained from spectral fits to
the data. :

e) Millimeter-Wave Mass Opacity

Choice of the mass opacity «, creates the largest uncer-
tainty in the derivation of disk masses from the 1.3 mm flux
densities. Recent estimates of «, in the literature span a
range of a factor of 30, from 0.002 to 0.10 cm? g~ ! (Draine
1989). Most determinations are compatible at a wavelength
of 30 um; the divergence comes about from differences in the
assumed frequency dependence of «, at longer wavelengths.

Observational determinations of the mass opacity require
several steps and assumptions, each of which introduce un-
certainties into the final result (cf. Hildebrand 1983). A
further complication is the probability that grains differ in
the diffuse interstellar medium, dense interstellar clouds,
and circumstellar disks. Part of the variation in determina-
tions of «,, can be attributed to the differing environments of
grains studied by various authors.

Unfortunately, even theoretically calculated values can
differ by large factors, owing to the unknown shape of a typi-
cal grain: Draine and Lee (1984) calculate «, (1.3
mm) ~0.002 cm? g~ for mixtures of silicate and graphite
spheroids; Wright (1987) shows «, may be increased by a
factor of 30 or more if the grains are open structures of frac-
tal dimension. The frequency dependence of «, is quite dif-
ferent for the two particle types: small spheroids of silicate or
graphite will have indices 8 = 2 longward of about 100 zm,
owing entirely to the variation in the complex index of re-
fraction; fractal particles may have 85 1 even beyond 1 mm.
In principle, particle types might be distinguished by the
frequency dependence of the opacity at very long wave-
lengths.

Spectral indices at 1 mm are available for four stars in the
sample. Table III presents the flux densities at 2.7 and 1.3
mm, the calculated spectral index a, defined in Eq. (21), and
the estimated value of 8 from Eq. (22) and our estimates of
A discussed in the next section. If the millimeter-wave emis-
sion is primarily optically thin (A < 1), all of these stars re-
quire 85 1 for adequate fits to the spectral index between 1.3
and 2.7 mm. The 2.7 mm continuum flux densities from T
Tau and DG Tau may include contributions from free—free
emission, which should make 8 0, but will not make S~ 2.

Alternatively, if the disks are optically thick even at milli-
meter wavelengths, the spectral indices will be insensitive to
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. This would be the case for relatively massive, compact
disks. The minimum mass and radius needed to fit HL Tau
using S =2 and Hildebrand’s (1983) normalization are
0.9.# -, and 50 AU. For GG Tau, a 1.6.# , disk with radius
of 70 AU provides an adequate fit to the spectrum. But both
of these disks would be more massive than their central stars
and probably unstable to gravitational perturbations.

We may estimate an upper bound on the disk mass for HL
Tau by making use of the gas orbital velocities a few hundred
AU from the star. Sargent and Beckwith (1987) demon-
strate that the total mass of the star plus disk is between 0.5
and 1 .# g, based on the rotation curve of *CO. Table II
gives the mass of the star as 0.55.# , putting an upper
bound of 0.5.# , for the disk alone. This is about one-half
the value required to make the disk optically thick at 1 mm.
As described in the next section, the mass of the disk derived
from the millimeter-wave and far-infrared flux densities is
0.1 (0.02 cm® g~ '/, ) M ¢, where k, is the mass opacity at
1.3 mm. Therefore, a lower bound to &, is 0.004 cm®* g~*, a
value close to that implied by Hildebrand’s (1983) relation
using 8 = 2 to extrapolate from the determined value at 250
pm. It is two times greater than that advocated by Draine
and Lee (1984) for ISM, the value adopted by ALS in their
disk models.

Perforce, the calculations of Draine and Lee (1984) are
inadequate for these disks. Moreover, the long-wavelength
emissivity dependence favored by Hildebrand (1983) does
not properly describe some of the spectral indices presented
in Table III. Grain growth in the dense disks is likely, and it
should not be surprising that particle emissivities can be en-
hanced over those attributed to small particles in the ISM.
The question becomes: what value of x, most accurately de-
scribed the particle properties in these disks?

If grain growth is spheroidal, the emissivities and spectral
indices will be indepedent of grain size (Hildebrand 1983).
If the grain growth leads to fractals, as suggested by Wright
(1987) and others, the emissivities will be enhanced and the
spectral indices decreased. To accommodate the uncertain-
ties in this process, we adopted the general form
k, =0.1(v/10"” Hz)®? cm’g~!, with B=1, giving
x, = 0.02cm? g~ ' at 1.3 mm to apply to all the objects in our
sample. This form is identical to Hildebrand’s for A 250
pm, and for AR 250 um is approximately the geometrical
mean between the lower bound derived above and the largest
opacities in the literature. This choice allows for a factor of 5
uncertainty in either direction, encompassing the values for
«, determined observationally and the most recent estimates
of opacity enhancement owing to nonspherical coagulation.

TABLE III. Spectral indices.

HBC Object F, F, a B
(1.2mm) (2.7 mm)

35 TTau 280+9  75+15° 2.8+03—03+04
37 DGTau 443+20 95+15° 3.1+03 02404
49 HLTau 879419 120415 37+01 1.1+02
54 GGTau 593+53 80+ 5° 37402 1.6+04

F,’s are in mJy; a and /3 as defined in Sec. IVd.
* Wientraub, Masson, and Zuckerman (1987).
® Sargent and Beckwith (1989).
¢ Sargent and Beckwith (1990).
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As seen in the next section, it implies the disk masses are
comfortably less than the stellar masses, on average, and
gravitational instabilities need not limit the disk lifetimes.

f) Properties of Disks

Infrared spectral energy distributions for many of our ob-
jects are presented by Strom et al. (1989) and spectra of
additional stars may be obtained from the IRAS Point Source
Catalogue. Power law fits to the infrared spectra between
wavelengths of approximately 10 and 100 ym determined ¢
and Tyr§ following Eq. (10). A single power law for the
temperature distribution of the disk provides good fits to the
spectral energy distributions at long wavelengths, but at
short wavelengths heating by the star—often called repro-
cessing—will modify the index ¢g. Although unimportant for
the 1.3 mm observations, we included this heating according
to the prescription of ALS to fit the short-wavelength data.
The disk masses were calculated by numerically integrating
Eq. (6) with r,=0.01 AU, R; =100 AU, p= 1.5, and

36 T T T T
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6 = 0 to obtain the best fit to L, at 1.3 mm.

Figure 2 shows the observed and calculated spectral ener-
gy distributions of eight stars representative of the sample.
The solid lines are fits using Eq. (6) with the disk extending
to the stellar surface. The dashed lines show the modification
for disks that have been cleared of material out to several
stellar radii (7, was in the range 0.02-0.3 AU). The dotted
lines are fits to the stellar photosphere using only a Planck
function at the effective temperatures. All spectra have been
dereddened using 4, from Table II. The figure includes six
stars with energy distributions easily fit by the calculations,
typical of the majority of the sample, and two stars that are
extreme cases. The disk radiation in HL Tau completely
dominates that from the star; several of the stars with high
disk temperatures (7, R 300 K) are similar, e.g., DG Tau,
Elias 1, and RY Tau). It was difficult to simultaneously fit
the far-infrared and millimeter-wave data for CY Tau; this
star is discussed in more detail below.

The fits are good for most of the stars in the sample. The
temperature of the disk at any radius is well constrained by
the strength of the infrared emission. The disk particles are

- HP Tou T

FI1G. 2. Spectral energy distributions
of eight stars in the sample. The or-
dinates are log (L, ) as defined in the
text. The solid lines are calculations
of the disk radiation for disks extend-
ing from the stellar surface to R,
normally 100 AU. The dashed lines

GM Aur +

lOg Ly

UX Tau

are calculated spectra for disks that
4 are clear of material from the stellar
surface to an inner radius r,, usually
between 0.1 and 0.3 AU. The dotted
lines are Planck functions at the stel-
lar effective temperatures fitted to
the short-wavelength data. The data
at frequencies greater than 10'* Hz
are corrected for extinction using the
values in Table II.

I HLTou +4+ CYTau

logv (Hz)
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0.020}-

00051

FI1G. 3. Derived disk mass M, as a func-
tin of assumed disk radius R, shows the
relatively weak dependence of M, on R,
in the numerical calculations. Three dif-
ferent values of the density exponent are
shown: p=125 (dot-dash); p=15
(solid); p = 1.75 (dashed). The vertical
line at Ry = 750 AU is the beam radius
at 140 pc.

10 100

generally warmer than 100 K at 1 AU from the stars. The
major uncertainty in the disk masses are in our choice of «,,
at 1.3 mm.

In the majority of cases, the masses are insensitive to exact
choices of g, T, and 6. In no case does the choice of 7, affect
the derived mass. We intend to discuss in detail the uncer-
tainties in the multiparameter fits in a future paper, but we
note that in almost all cases, plausible variations of ¢ and
T\—maintaining consistency with the spectral energy distri-
butions—and @ led to variations in the derived mass of 50%
or less. These uncertainties are less than those introduced by
unknown «, and R,. A few exceptions are discussed below.

Because R, the outer radius of the disk, is unknown for
these stars, it is useful to compare mass estimates for differ-
ent values of R, and density distribution. Figure 3 is a plot of
disk mass of HP Tau versus assumed R, for three different
values of the surface density power law index p. The value of
Ry, in fact, affects the derived mass weakly over the range
20S R, S300 AU; the RY® dependence indicated by Eq.
(19) becomes important only for R, X 500 AU, where the
disk optical depth becomes small enough to make the ap-
proximations valid. The lower bound to R, is required for
the disk to produce the observed 1.3 mm emission in the
optically thick case. Since the beam radius (5.5”) limits the
observed disk radii to 770 AU, the derived disk masses are
probably accurate to better than a factor of 2 regardless of
the actual values of R;. Choosing R; = 100 AU also makes
the results insensitive to the density distribution (cf. Fig. 3).

Table IV lists the results of this fitting procedure in the
cases where infrared data are available. Columns 3 and 4 give
g, the temperature power law index, and T, the disk tem-
perature at 1 AU; italicized object names indicate uncertain
infrared flux densities and correspondingly uncertain fits for
gand T,. The disk masses appear in column 5. Column 6 lists

10000

r,in AU, and column 7 shows the fraction A of the 1.3 mm
flux density contributed by optically thick emission. The cal-
culated disk luminosity L, appears in column 8. This lumi-
nosity depends fairly strongly on the choice of inner radius,
but we list it here for comparison for the stellar luminosities.
For these stars with only upper limits at 1.3 mm, the calcu-
lated luminosity is an upper limit.

A few stars required different choices of R, or g to pro-
duce satisfactory fits. The far-infrared spectrum of CY Tau
is best fitted with ¢ = 0.69; however, this value of ¢ is too
large to produce the observed 1.3 mm flux density, even in
the optically thick case. We chose ¢ = 0.68, which fits the
far-infrared spectrum within the uncertainties and gives a
good fit to the 1.3 mm datum. The derived disk mass is ex-
tremely sensitive to the choice of ¢ for this star—it is the only
star in the sample for which this is true—because the 1.3 mm
flux density is large in comparison with the infrared. With
g = 0.68, the derived mass is also sensitive to the choice of
disk radius. A disk radius of 150 AU was used for the derived
mass. In any case, the mass is uncertain because the disk is
optically thick at 1.3 mm (A = 6).

For the stars HP Tau and SU Aur, B> 1 gives a better fit
to the 100 zm and 1.3 mm flux densities; however, the 100
pm flux densities are difficult to accurately determine, espe-
cially because the spatial resolution of the JRAS observa-
tions is poor, allowing contamination by diffuse emission
from regions beyond the disks. No other millimeter or sub-
millimeter observations were available to determine 3.

An outer disk radius of 20 AU gave a simultaneously good
fit to the 100 zm and 1.3 mm data for the star RY Tau. The
derived mass is not too sensitive to this choice, so long as
R;>20AU. A plotof M, vs R, for RY Tau is very similar to
that for HP Tau shown in Fig. 3. As can be seen in the figure,
the derived mass becomes large only for R, <14 AU.
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TABLE IV. Disk properties

FT99DAT.- T C.J99 T974B0

HBC  Object q T, Mg r A Lg
24  FN Tau 0.54 156 0.004 3 02 03
28  CY Tau 0.68 79 0.7 88 6 0.12
33  DE Tau 057 133 0.007 4 03 03
34  RY Tau? 0.51 360 0.039 20 6 11
35 T Tau 051 390 0.016 7 0.3 17
37 DG Tau 051 308 0.041 15 04 8
41 IQ Tau 064 128 0.040 15 06 04
43  UX Tau A° 052 169 0.009 5 03 0.3
45 DK Tau 0.62 188 0.005 3 03 2
48  HK Tau® 0.46 150 0.005 3 02 03
49  HL Tau 0.49 307 0.10 25 05 6.7
51 V710 Tau 064 112 0.038 12 06 03
52  UZ Tau 062 173 0.054 14 05 14
54 GG Tau 055 180 0.29 45 1.2 0.9
58 DL Tau 059 158 0.087 24 07 0.7
61  CI Tau 058 156 0.063 20 06 0.6
62 DM Tau® 051 108 0.034 13 04 0.06
63  AA Tau 055 135 0.021 9 04 0.3
65 DN Tau 0.58 123 0.027 11 05 0.3
66  HP Tau 050 203 0.005 4 02 1.2
67 DO Tau 054 203 0.018 9 03 14
70  DP Tau 0.61 144 0.003 2 03 06
71 GO Tau 0.60 93 0.057 17 07 0.1
72 DQ Tau 059 141 0.025 9 04 05
74 DR Tau 0.62 227 0.028 11 05 4.
75 DS Tau 0.66 100 0.010 6 05 0.2
76  UY Aur 0.55 243 0.004 2 02 20
77  GM Aur® 051 152 0.060 19 05 02

367 V773 Tau 0.75 207 0.010 6 05 1.3
373  Elias 1 0.49 388 0.013 7 02 16
378 V819 Tau 0.65 68 0.032 13 08  0.06
384  FT Tau 0.55 139 0.034 13 04 03
306  Haro 6-13° 0.54 200 0.014 5 02 08
401 FY Tau 0.70 156 0.003 2 04 06
402  FZ Tau 0.66 152 0.004 3 03 05
429 V836 Tau  0.63 90 0.010 3 0.4 0.10
Haro 6-89 053 103 0.005 4 0.3 0.08
23  FM Tau 0.55 140  <0.005 3 02 0.3
25 CW Tau 059 199  <0.015 7 03 18
26  FP Tau 0.60 94 <0025 <9 <05 0.1
27  CX Tau 057 109 <0011 <6 <03 0.13
29 V410 Tau
30 DD Tau® 054 200 <0005 <4 <02 04

Ty isin K; Mg isin Mg; ) isin AU; and Lgq isin Lg

far infrared flux densities, ¢, and T; are uncertain.

“Best fit was 0.69; forced to 0.68 to fit F,(1.3 mm).
bRy = 150 AU assumed.

°Low near IR flux densities; 0.05 <rp <0.3 AU.

4R, =20 AU necessary for good fit to 100 pm flux.

. Italics indicate
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TABLE IV. (continued)

HBC Object q Ty Mg ry A L4
31 CZ Tau* 0.49 171 <0.003 <2 <0.2 0.5
32 BP Tau 0.62 119 <0.011 <6 <04 0.3
36 DF Tau 0.75 130 <0.010 <4 <0.5 2.3
38 DH Tau 0.55 103 <0.017 <8 <04 0.1
39 DI Tau 0.54 90 <0.011 <6 <03 0.05
44 FX Tau 0.63 118 <0.005 <4 <0.3 0.3
46 27 Tau 0.69 68 <0.014 <17 < 0.7 0.08
47 V927 Tau 0.56 63 <0.012 <6 <04 0.01
50 XZ Tau 0.51 233 <0.001 <1 < 0.2 2.0
55 GH Tau 0.61 140 <0.006 <4 <03 0.5
56 GI Tau 0.60 160 <0.003 <2 <0.2 0.5
57 GK Tau 0.72 155 <0.003 14 <0.1 0.7
59 IS Tau 0.75 80 <0.023 <10 <1 0.3
60 HN Tau 0.68 163 <0.006 <4 <04 0.7
64 HO Tau 0.62 80 <0.019 <9 <0.5 0.06
68 VY Tau 0.52 97 <0.015 <7 <03 0.06
69 V995 Tau 0.56 150 <0.009 <5b <0.3 0.5
79 SU Aur 0.51 259 <0.003 1 <0.2 3.1

369 FO Tau 0.62 121 <0.017 8 <04 0.3
374 Hubble 4
377 FQ Tau 0.59 77 <0.026 10 0.5 0.04
383 FS Tau 0.52 205 <0.003 <2 <0.2 1.3
386 FV Tau 0.58 189 <0.004 <3 <03 14
399 V827 Tau 0.55 72 <0.015 8 <04 0.02
400 V826 Tau 0.61 67 <0.022 10 <0.6 0.03
405 V830 Tau 0.56 75 <0.022 10 <05 0.03
409 FF Tau 0.60 63 <0.024 <9 <0.6 0.02
416 Haro 6-28
418 HV Tau
420 IW Tau 0.60 69 <0.069 11 <05 0.03
FR Tau
FU Tau 0.50 97 <0.008 <5 <03 0.07
GT Tau
FW Tau 0.74 56 <0.046 16 <2 0.07
ZZ Tau B
IT Tau 0.63 103 <0.006 <4 <04 0.18
HQ Tau 0.69 168 <0.011 6 <0.4 0.8
FG Tau 0.52 75 <0.021 <8 <0.4 0.02
HD 283759 0.46 103 <0.006 <4 < 0.2 0.07
FI Tau 0.53 78 <0.023 10 <04 0.03
HT Tau 0.61 76 <0.046 16 <0.7 0.04
GN Tau 0.63 126 <0.016 8 <05 0.4
Haro 6-32

“Lq exceeds apparent Ly at short wavelengths.

f Calculated far-infrared flux density too high for longest wavelength.
98 = 1.5 used for best fit to 100 ym and 1.3 mm data.
"/3 = 0 used for best fit to 60 ym, 100 gm, and 1.3 mm data.

Five close pairs make the IRAS-determined far infrared fluxes uncer-
tain because of beam confusion: DD & CZ Tau, DH & DI Tau, HL
& XZ Tau, GH & GK Tau, and FY & FZ Tau. The corresponding
q’s and T;’s are uncertain.
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The spectra of DD Tau, T Tau, HL Tau, UX Tau, DM
Tau, GM Aur, and Haro 6-13 have lower 12 um flux densi-
ties than expected for disks that extend into stellar surface.
More generally, many of the stars in the sample have near-
infrared (3-12 um) emission smaller than expected from
disks extending into the stellar surfaces that simply repro-
cess the star’s luminosity (cf. ALS). The results require the
inner regions of the disks to be optically thin and essentially
clear of material. These are noted in Table IV as stars requir-
ing the inner radius 7, to be greater than 0.05 AU for ade-
quate fits to the near-infrared data. In all cases, an inner disk
radius between 0.05 and 0.3 AU produces an adequate fit to
the energy distributions. High inclination angles of some
disks will lead to an uncertainty in the temperature scale 7T,.
If so, the temperature estimates for the disks will be low by a
factor of (cos 8)** [Eq. (10)], and the mass estimates will
be too high by a corresponding factor. Since g ~0.5, the error
is a factor of 2 or more only for 82 86°. Uncertainties intro-
duced into the mass estimates by the unknown disk inclina-
tions will, in general, be smaller than the other uncertainties,
particularly in «,,. }

The division of the far-infrared flux between close pairs—
DD and CZ Tau, DH and DI Tau, HL and XZ Tau, GH and
GK Tau, and FY and FZ Tau—is uncertain, owing to the
close proximity of the stars and the relatively large IRAS
beam. For example, SSECS attribute considerably more far-
infrared emission to XZ Tau than we would guess from the
relatively low 1.3 mm emission. The assumed division affects
the XZ Tau mass strongly and the HL Tau mass weakly.
Since XZ Tau gave only an upper limit at 1.3 mm, there is no
clear basis for assigning its far-infrared flux densities more
accurately. We caution that the disk properties derived from
the assumed far-infrared flux—g, T, and L,—are probably
in error.

For the more massive disks, a substantial fraction of the
millimeter continuum emission is optically thick, as seen by
the values of A in Table IV. This runs counter to accepted
wisdom that very long-wavelength thermal radiation comes
from transparent regions and underscores the high surface
densities in the inner parts of the disks. The increased size of
the optically thick part decreases the spectral index relative
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to that expected for a completely transparent disk. The effect
is pronounced for the massive disks such as HL Tau, and
means it will be difficult to determine 8 from submillimeter
observations because of the large correction factor in Eq.
(22). Several of the stars discussed by Weintraub, Sandell,
and Duncan (1989) have this problem.

Disk temperatures resulting from these fits are closely
correlated with the 60 um flux density. Figure 4 shows the
derived 1 AU disk temperatures versus F,, (60 um), the 60
pm flux density. The tight correlation demonstrates that the
far-infrared flux is essentially a measure of disk temperature,
the other disk properties being largely irrelevant. The disk
masses are similarly correlated with the 1.3 mm flux density,
although the correlation is not as tight because temperature
and mass affect the 1.3 mm flux density equally. The derived
disk mass is plotted against F, (1.3 mm) in Fig. 5. The scat-
ter is largely due to temperature uncertainties and empha-
sizes the need for good infrared fluxes to obtain accurate disk
masses from the long-wavelength data.

The average disk mass is a few percent of a solar mass,
depending on «, and the underlying distribution at the low-
mass end. Most disks are only a few percent of the stellar
mass. Figure 6 shows the distribution of disk masses for
those objects detected in the survey. The upper part is a
histogram of log M,; the lower part is the underlying proba-
bility distribution calculated from the maximum-likelihood
method presented by Avni ez al. (1980), a general applica-
tion of the Kaplan-Meier estimator. The most massive
disks, GG Tau and HL Tau, are still smaller than their par-
ent stars (the CY Tau result is quite uncertain). Even if the
masses were increased by a factor of 5 to accommodate a
different value for «,,, only a few of the disks would be more
massive than their central stars.

Disk temperatures exhibit a wide range, from a few tens of
degrees to a few hundred degrees. The distribution of T,
shown in Fig. 7, indicates an average temperature near 120
K. The central stars are usually more luminous than 1L,
and so the typical disk temperature is smaller than the equi-
librium temperature for small particles exposed to the radi-
ation from the star at 1AU. This is probably true for even the
hot disks, although there is considerable uncertainty in the

T T 1)
[ ]
o e
300 1
o
L ° FI1G. 4. Disk temperature at 1 AU, T, derived
9 from the spectral fits is plotted vs the loga-
200 .. g o™ -1 rithm of the flux density at 60 um. The very
T ° ® tight correlation shows that T, is well deter-
1 [ ) ‘. L) mined from the far-infrared observations,
° z ° with other parameters—notably the tempera-
100} s L _ ture index g—having little effect.
&’
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stellar luminosity owing to the unknown contribution from
the disk. Disks with the lowest temperatures are often colder
than they should be from heating by the star alone, at least at
radii less than 1 AU from the stars. V819 Tau is a good
example. These stars must also have optically thin inner re-
gions resulting in a deficit of infrared emission.

Many of the disks have temperature indices g close to 0.5,
the “flat-spectrum” sources of ALS. The distribution of g
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FIG. 6. Distribution of disk masses for the 37 stars detected at 1.3 mm. The
upper part of the figure is the histogram of disk masses from Table IV. The
lower part of the figure shows the underlying probability distribution
calculated from a maximum-likelihood method described in the text.

appears in Fig. 8. Almost none of the disks have indices as
large as 0.75, the value for a pure accretion disk or a thin disk
that reprocesses luminosity from the central star. A4/ disks
with temperatures X 200 K have flat spectra (¢~0.5). Fig-
ure 9is a plot of the temperature index g against the tempera-
ture T',. Only low-temperature disks have ¢ 2 0.6, and these
disks have the most uncertain fits owing to the small infrared
flux densities. There is a weak anticorrelation between ¢ and
T,: q tends to decrease as T, increases. It is particularly
noteworthy that there are no disks with ¢ much less than 0.5.

V. DISCUSSION
a) Disk Characteristics and Evolutionary Trends

Almost half the objects in the sample were detected at 1.3
mm. We have argued that this emission arises in circumstel-
lar disks. Disks are clearly prevalent among pre-main-se-
quence stars that have masses between 0.2 and 2 .# . Their
preponderance has also been noted by other authors using
far-infrared spectra as indicators (Strom et al. 1986, 1989;
Cohen, Emerson, and Beichman 1989). Since our survey is
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F1G. 7. Distribution of disk temperatures at 1 AU for the stars with
known infrared flux densities.
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FiG. 8. Distribution of temperature power law indices ¢. It is
noteworthy that none of the stars has g significantly less than 0.5, and
only three stars have an index ¢=0.75 expected for a pure accretion or
reprocessing disk.

sensitive to disk mass and, owing to the small beamsize,
suffers less from confusion due to extended cloud emission
or Galactic cirrus, it provides a more statistically reliable
sample of detections. Nonetheless, the fraction of detected
objects is almost identical to far-infrared surveys.

Disk masses range from approximately 0.001 to 0.5 .# ),
the lower limit set by the sensitivity of our observations and
the upper value being uncertain, depending strongly on the
choice of unknown disk parameter to fit the spectra. The
average mass, ~0.02.# o, is similar to that assumed for the
early solar nebula. These masses refer to hydrogen gas,
which is assumed to be 100 times the particle mass actually
detected at 1.3 mm. As described in Sec. IV, the principal
uncertainty in disk mass is the choice of 1.3 mm opacity per
unit mass «,. We chose a larger value for «, than usually
assumed for interstellar dust particles, so that the disk
masses may be larger than those derived here. There is cer-
tainly enough material to form planets around most of these
stars. Although a variety of precesses may conspire to dissi-
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pate these disks on timescales comparable to those required
for planet formation (Wolstencroft and Walker 1988; Back-
man, Gillet, and Witteborn 1989), we see little evidence of
this in our sample (see below). We are further encouraged
by the fact that evidence for residual disks of much lower
mass has been found for almost 50% of a sample of nearby
main-sequence A stars (Backman and Gillet 1987) to be-
lieve that planetary systems should be relatively common in
the Galaxy.

On the other hand, almost all the disks are much less mas-
sive than their central stars, usually by more than a factor of
10. ALS supposed that typical disks for the flat-spectrum
sources were fairly massive, 1.4, or more, based largely on
the small value for «, favored by Draine and Lee (1984). It
is clear from the spectral indices that the long-wavelength
opacity does not conform to the Draine and Lee model; our
millimeter-wave results indicate significantly less mass, at
least at radii beyond 7, ~ 1 AU where the emission is optical-
ly thin. Our parametrization of the surface density,
3 cr~ '3, assumes most of the mass is at large radii, and the
mass in the optically thick portion at small radii is a small
fraction of the total. Only if the surface densities are such
steep functions of radius that most of the mass is concentrat-
ed near the star would the millimeter observations be insen-
sitive to the bulk of the material, a situation we regard as
unlikely. For the few cases where there are CO observations
with very good spatial ( < 10”) and velocity ( 0.5 kms™!)
resolution—HL Tau and DG Tau—disk masses of more
than ~0.5.# ;, are excluded by the rotation curves (Sargent
and Beckwith 1987, 1989).

These disks are cold, in the sense that particles in radiative
equilibrium with the central stars would be hotter than the
disks at the same radii. Most disk particles are shielded from
direct stellar radiation by high opacity within the disk. The
temperatures are high enough to make the disk luminosity
larger than the stellar luminosity in a few instances, how-
ever. In these cases, the disk luminosity is not driven by the
stellar luminosity, unless the stellar luminosity has been
grossly underestimated.
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The particles in these disks appear to be different from the
particles in the more diffuse interstellar medium. The four
objects in this sample with well-determined spectral indices
imply 851, if the emission is optically thin at 1.3 mm,
whereas dust grains in molecular clouds typically have 8 ~2
(Hildebrand 1983; Emerson 1988). The smaller value for
might result because disk particles are larger than interstel-
lar grains, perhaps the result of particle growth in the high-
density environment of the disks. An attractive hypothesis is
that grain growth is not spheroidal, but increases with fractal
dimension, creating structures similar to interplanetary par-
ticles collected in the stratosphere (Millman 1975). Such
structures couple well to long wave radiation, and their
emissivities can easily be enhanced to give S5 1, even when
the aggregate sizes are smaller than the wavelength (Wright
1987). A strong conclusion must await spectral index deter-
minations for some of the more tenuous disks in the sample,
where the optical depth must certainly be small.

We see little evidence for evolution of the disk mass over
the 107 yr age span encompassed by this sample. Figure 10
displays the disk mass versus stellar age. There is no correla-
tion between the two quantities up to the limiting age of the
sample stars, approximately 107 yr. Evolution might be ex-
pected if, for example, disk matter dissipated as the disks
evolved. The percentage of stars detected at 1.3 mm is not
obviously a function of the stellar age, as can be seen by
comparing the number of upper limits to detections in Fig.
10. Evidently, dissipation of material or condensation into
very large particles (> 1 mm) takes longer than 107 yr in the
outer parts of the disks (X 1 AU) to which this survey is
sensitive. The most massive disks in the sample do not sur-
round the youngest stars.

There is some evidence for disk temperature evolution, in
the sense that older disks are colder, perhaps the result of
diminishing energetic activity such as accretion or stellar
luminosity. Figure 11 displays the temperature at 1 AU
against the stellar age, showing a mild decrease of disk tem-
perature in older stars. The decreasing temperatures weaken
the far-infrared flux much more severely than do changes in
disk mass. The older stars tend to be fainter at 1.3 mm for a
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given mass and also fainter at far-infrared wavelengths, an
effect SSECS attribute to evolution of the disk masses. De-
creasing temperature presumably reflects a decrease in ener-
getic activity—from accretion, for example—among older
disks. There may also be some tendency for clearing of the
inner disk in these older stars, as indicated by the colder
temperatures and less reprocessed radiation from the stars.

Several of the stars in the sample—V819 Tau, V826 Tau,
V827 Tau, V830 Tau, and V836 Tau—are weak emission-
line or “naked” T Tauri stars (Walter and Kuhi 1981; Fei-
gelson and Kriss 1981). Walter (1987) and Walter et al.
(1989) argue that the naked T Tauri stars are devoid of
circumstellar matter, based on optical emission-line spectra
and x-ray properties. V819 Tau has a fairly massive disk
(0.032.# ), however, and V836 Tau was a marginal detec-
tion with a disk mass of order 0.01.# ,. The relatively small
far-infrared fluxes from these objects means the disk tem-
peratures are much lower than average, making it difficult to
see the disk matter directly at any wavelength, but there is no
indication from this sample that the naked T Tauri stars have
less matter than other pre-main-sequence objects, at least in
their outer parts. »

Broadening the class of naked T Tauris to include those
with very weak Ha lines, <10 A, SSECS concluded that
many of these objects do have some circumstellar material,
albeit less than the classical T Tauri stars. Figure 12 is a plot
of disk mass versus Ha equivalent width WHa. There is an
extremely weak correlation between disk mass and WHa,
and a slight tendency for the objects with strong emission-
line strength to have more massive disks. It is apparent from
the figure that weakness of the emission lines does not imply
the absence of disk material. The optical and x-ray proper-
ties of these stars are presumably a strong function of the
high-energy phenomena, luminosity of the star/disk bound-
ary layer, and generation of energetic mass outflow. It is a
relatively weak function of the total amount of circumstellar
material and we suggest that the optical and x-ray properties
are inadequate to establish the presence or absence of a disk.

It is tempting to speculate that the stars with disks are
isolated, whereas those without disks are members of multi-
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[ 1 1
[ ]
300 ° e -
F1G. 11. Disk temperature T is shown for
L4 stars of different age for all the sample
i °® stars with good infrared spectra. There is
200 & % PY — very little correlation between the tem-
T Py ' ° perature and age, although there is a ten-
1 ° o § x o o . ' dency for the older stars to have cooler
° L PY o ® o disks. If this trend is general, the older
° ° S ° ° stars will be more difficult to detect at 1.3
100 = PY .. ® ° o* - mm, even if the disk masses are similar to
° ° Py .. e ©° L4 those of the younger stars.
% 1 )|
5 5.5 5
log t/yr

ple star systems. The excess angular momentum accompa-
nying cloud collapse would be taken up either by a disk or a
companion. Approximately 50% of all stars are isolated
(Abt and Levy 1976), essentially the same fraction as those
detected in this survey. Tidal forces from companions might
inhibit disk formation.

The stars in this sample with close companions have very
little disk mass. Table V lists the stars with known compan-
ions within the 10” beam used for the 1.3 mm observations.
Twelve stars have companions within 1” (140 AU), and two
more have companions within 3.5” (500 AU). Only three of
the 12 close binaries were detected at 1.3 mm, and two of
these have very small masses, 0.004 and 0.009.# ,. T Tau
has the most massive disk and probably the Jeast massive
companion. The two stars with more distant companions,

V710 Tau and UZ Tau e, have average disk masses, 0.038
and 0.054 .# ), respectively. Pairs with separations compar-
able to or larger than the disk radii may have little effect on
the disks. The upper limits to the disk masses for most of the
other stars are small, typically less than 0.005.# .

Statistically, the presence of a close companion appears to
inhibit the amount of material in a disk. If companions form
with the stars, then tidal forces presumably limit the disk
mass, perhaps through truncation of the outer parts or dissi-
pation of the matter via tidal torques. Alternatively, com-
panions may condense from disks. The results here then sug-
gest that much of the disk material is used to make the
companion stars before the companions become visible. Dis-
tant, low-mass companions, such as T Tau IR, may have
little affect on the disks in their early stages.

i T T T
Or o
[ ]
° -1 - hd 0 =1 F1G. 12. Disk mass is shown vs Ha equiva-
s o ® L lent width to test the hypothesis that emis-
e® o L] o ° . .
> 8 [ ] % sion-line strength indicates presence or ab-
.8 2 ce .000 ) °° ° [ e o i sence of a disk. There is at most a mild
- °° o correlation suggesting more massive disks
° ° % e °. have stronger emission lines, but it is clear
o bad ® that even stars with little or no Ha emission
_3 » - have circumstellar disks.
-4 ] 1 1
-25 25 75 125
W Ha
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TABLE V. Multiple star systems.

HBC Object 6 (AU) My Ref
25 CW Tau - < 0.008 HHSM86
35 T Tau 75 0.013 DSZ82
36 DF Tau 10 < 0.006 CS88
39 DI Tau 72 < 0.011 CSLHB89
43 UX Tau - 0.008 HHSMS86
51 V710 Tau 500 0.018 CKT79
52 UZ Tau e 500t 0.034 HHSM86
76 UY Aur 115 0.003 JVB44
383 FS Tau < 60 < 0.002 CS89
386 FV Tau 88 < 0.003 CS88
400 V826 Tau 0.005 < 0.017 MWFFHO83
409 FF Tau 5 < 0.017 CS88
FW Tau 118 < 0.046 CSLHBS89
HQ Tau 1.3 < 0.008 CS88

tUZ Tau e has an additional close companion, sep-
aration < 100 AU.

b) Disk Properties Related to Star and Planet Formation

A disk serves as the repository for almost all the angular
momentum in an initially extended cloud as it collapses to
form a star. The total angular momentum J for a disk may
be calculated using the parametrization discussed in Sec. IV:

Ry
Jy =J z (P rv(r)2mrdr (23a)
:%Md,/GM*Rd (23b)
« L GM*R2%5-". (23¢c)

The last line shows the explicit dependence on the observable
quantities, L, and M #, as well as the unknown radius R;.
There is a rather strong dependence of J; on R,. We assume
that R, is 100 AU to an order of magnitude. Then, noting
that M *~1.# ., and M, ~0.02.# o, a typical disk in this
sample has an angular momentum /; ~6X 10°' gcm?s™".
The angular momentum contained in the Oort cloud of the
solar system is ~3x10°! gcm?s~' (Marochnik, Mukhin,
and Sagdeev 1988), within the uncertainties the same as the
typical star in this sample. Since the large radii dominate J,
and all of the matter at these radii is detected, it is unlikely
that the actual angular momentum in the disks is more than
a factor of 10 above this estimate.

On the other hand, this angular momentum could be
much lower than that of the original clouds that collapsed to
create the stars. Hartmann ez al. (1986) estimate molecular
cloud momenta, Jy, of order 10°*~10% gcm?s~! for the
original protosolar nebula. And a 1.# , star rotating near

breakup velocity has an angular momentum / * ~GM °+R.
ForR *~10"%cm,/ ¥ ~2X 10°2g cm® s~ !, although observa-
tions of T Tauri stars show they are almost always slowly
rotating (Vogel and Kuhi 1981; Hartmann ez al. 1986). The
disks do not necessarily contain most of the angular momen-
tum in the system. In fact, the typical disk in this sample has
only a fraction of the angular momentum presumably con-
tained in this initial cloud. We suppose only the low angular
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momentum parts of the collapsing cloud contribute to the
star and disk.

The stored mechanical energy in the disks is negligible
compared to that in the stars, and the timescale for radiating
this energy is much shorter than the ages of the systems.
Unlike the angular momentum, however, the disk kinetic
energy is dominated by small radii:

Ry
Ed=f %E(r)vz(r)%rrdr, (24a)
p—2
~27P GM*M"@—“—) , (24b)
20—1 r, \r
«L, R, (24c)

Using (24b) with M*~1.#,, M;~0024#, and
R, ~ 100 AU, we can derive an upper limit to E4 using the
stellar radius for r,:7,2 10'' cm implies E,; <3 10* ergs.
The stored energy in the disk is tiny compared to that in the
star, GM %+ /r,~ 10*® ergs, and it cannot provide for much of
the disk luminosity. A characteristic time to deplete the
stored energy is t, = E, /Ly ~10* yr, clearly much shorter
than the lifetime of these disks. Therefore, it is clear that the
energy source for the disk luminosity must be close to the
star and transferred to the disk via radiation, magnetic fields,
or gravity.

The energy transport must behave similarly to radiation
in some essential characteristics. The distribution of spectral
indices (Fig. 8) shows a preference for temperatures falling
as r~ /2, especially for the most luminous objects where the
disk dominates the total luminosity (Fig. 9), and where the
energy transport must be operating most efficiently. This
dependence is identical to that followed by large particles in
radiative equilibrium with a central luminosity source L
where T(r) = (L /16707*)%?°. The index — 0.5 comes
about because the flux decreases as r—2, whereas the rera-
diated power is proportional to T%. Any heating process that
provides a heating flux falling with the inverse square of the
distance will reproduce this law: The reason radiation fails
for the thin disk is because the radial optical depth in the disk
is so high that most distant particles cannot be heated direct-
ly by the star. And, as demonstrated in Sec. IVc, there is
enough mass to make the radial optical depths prohibitively
large, even if the matter were distributed isotropically
around the star. It therefore appears likely that magnetic
fields or gravity play the dominant role in heating the disks.

If accretion is ultimately responsible for much of the lumi-
nosity in these systems, the minimum accretion rates needed
to generate that luminosity in the boundary layer near the
stellar photosphere are large. For accretion luminosity L,,
the infall rate M is 2R *L,/GM *, which, for M *~.# ,
R%~10"cm,and L, ~Lg, is ~1077 .# o yr~'. The disk
mass, 0.02.# ,, is replenished completely in less than 10°yr
at this rate. The disks apparently persist longer than a few
million years (Fig. 10), and unless most of the mass is hid-
den from view even at 1 mm, the large M suggests that mate-
rial in at least the inner disk—r S 1 AU—must be transient;
we are observing part of a continuous flow into the star.
Philosophically, this is an unappealing circumstance; surely
it would be easier to understand if the disks were the reser-
voir for all the mass. Given the uncertainties in these
numbers, and especially the uncertainty in «,,, it is perhaps
too early to conclude there is a real problem.

The actual thicknesses of the disks may be estimated from
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the temperature and stellar mass. Writing the ratio of disk
thickness H to the radius 7 as the ratio of sound speed to

orbital velocity (Pringle 1981), H /R ~JkTr/GM *m ~0.02

at 1 AU for the typical disk. H /R increases no faster than
%%, in this approximation, so the disks are very thin out to
several thousand AU. Very little of the stellar radiation or
wind interacts with a typical disk, and the disks should be
robust even for stars with large radiative and mechanical
outputs. Therefore, the disk material should survive the T
Tauri phase. The disks around the main-sequence stars,
Vega and 3 Pictoris (Smith and Terrile 1984; Backman and
Gillett 1987; and references therein) are orders of magni-
tude less massive than the average of our sample, and we
consider condensation into large masses, such as plants, a
likely possibility.

VI. CONCLUSIONS

Circumstellar disks commonly accompany the formation
of solar mass stars; formally, we detected disks around 42%
of a sample of 86 T Tauri stars in the Taurus dark cloud. The
detected fraction is somewhat lower for stars with weak
emission-line spectra, the weak-line or naked T Tauri stars,
than for those with strong emission-line spectra, but the ac-
tual mass of those detected exhibits little correlation with
strength of the emission lines. The disk masses range from
less than 0.01.# , to nearly 1.# ,, with massive disks being
very rare. There are few, if any, disks more massive than
their central stars. The average mass of such disks is about
0.02(0.02/x, ). # ,, sufficient to form planetary systems like
the solar system.

The disks are cool, typically with temperatures of order
100 K at a distance of 1 AU from the stars. Many exhibit a
flat spectrum, whose luminous output is almost independent
of frequency over a wide range. These disks are character-
ized by temperatures proportional to the inverse square root
of distance from the star. No disks appear to have radial
temperatures varying more slowly than this dependence.
The hottest ones are more luminous than the central stars. It
is not obvious what the source of this luminosity can be;
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accretion or release of stored gravitational energy from the
stars through magnetic fields are possible candidates.

Millimeter-wave spectral indices indicate disk particle
emissivities which vary no faster than inversely with wave-
lengths near 1 mm. They are incompatible with emissivities
varying inversely as the square of the wavelength, as is usual-
ly assumed for dust grains in the interstellar medium. Parti-
cle growth in the disks, perhaps as fractal dimension in linear
size, is probably necessary to enhance the long-wavelength
emissivities, and presents the possibility that one is witness-
ing particle growth perhaps in preplanetary nebulae.

The mass, size, and angular momentum of these disks are
similar to those associated with the solar nebula during the
first stage of planet formation. Because the disks are spatially
thin, most of the matter is shielded from radiation pressure
and mass loss from the stars, and it is likely that this matter
can survive the known environments around T Tauri stars
during their entire pre-main-sequence evolution. We find no
evidence of dissipation over the timescales covered by our
sample, up to 107 yr. Since no main-sequence stars are ob-
served with disks of 0.01.# , or more, the implication is that
these are proto-planetary disks, and that planetary systems
are common in the Galaxy. More extensive observations of a
subset of the stars studied in this paper may reveal the nature
of the process by which planets are born and give us insight
into our own origins.

Many fruitful ideas and insights sprung from conversa-
tions with P. Cassan; it is a pleasure to thank him for these
discussions. We also profited from discussions with S. Ed-
wards, J. Houck, P. Hartigan, F. Shu, M. Skrutskie, K.
Strom, and S. Strom and from comments by J. Emerson and
an anonymous referee. The observations would have been
impossible but for the generosity of P. Mezger in providing
the bolometer, and we are grateful to the staff of IRAM for
excellent support of the observations. This work was partial-
ly supported by the NSF through Grants No. AST 88-02458
to Cornell and Grant No. AST 87-14405 to Caltech, and by
the Max-Planck Society.
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