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ABSTRACT
Using results and calibrations from a previous paper (Gullbring et al. 1997), we estimate disk accretion

rates for preÈmain-sequence stars in the Taurus and Chamaeleon I molecular cloud complexes. The
median accretion rate for T Tauri stars of age D1 Myr is D10~8 yr~1 ; the intrinsic scatter at aM

_given age may be as large as 1 order of magnitude. There is a clear decline of mass accretion rates M0
with increasing age t among T Tauri stars. Representing this decline as we estimateM0 P t~g, 1.5[ g [

2.8 ; the large uncertainty is due to the wide range of accretion rates at a given age, the limited age range
of the sample, and errors in estimating stellar ages and accretion luminosities. Adopting values of g near
the low end of this range, which are more likely given probable errors and the neglect of birthline age
corrections, masses accreted during the T Tauri phase are roughly consistent with disk masses estimated
from millimeter-wave dust emission. Similarity solutions for evolving, expanding disks are used to inves-
tigate observational constraints on disk properties employing a minimum of parameters. For an assumed
power-law form of the disk viscosity with radius lP Rc, corresponds to The limit cD 1g Z 1.5 cZ 1.
corresponds to a roughly constant ““ a ÏÏ in the viscosity parameterization ; usingShakura-Sunyaev (1973)
current observed disk sizes, we estimate a D 10~2 (on scales D10È100 AU). Much of the observed varia-
tion in mass accretion rates can be accounted for by varying initial disk masses between 0.01 and 0.2

but this result may be strongly a†ected by the presence of binary companion stars. These resultsM
_

,
emphasize the need for older samples of stars for studying disk evolution.
Subject headings : accretion, accretion disks È circumstellar matter È stars : formation È

stars : preÈmain-sequence

1. INTRODUCTION

It has long been apparent from the evidence of the solar
system that disks could play an important role in the forma-
tion of stars and planets. The idea that the solar nebula was
an accretion disk has been developed extensively since the
early papers of Weisa� cker and (seevon (1948) Lu� st (1952)
discussion in The seminal paper ofPringle 1981). Lynden-

& Pringle which explained the activity of TBell (1974),
Tauri stars in terms of disk accretion, foreshadowed the
present view that disks are commonly found in early stellar
evolution et al. et al.(Strom 1989 ; Skrutskie 1990 ; Beckwith
et al. hereafter1990, BSCG).

Currently there is a large and growing body of observ-
ational estimates of T Tauri disk masses and sizes (BSCG;

& Beckwith hereafter et al.Osterloh 1995, OB; Dutrey
& Masson et al. et al.1995 ; Keene 1990 ; Lay 1994 ; Dutrey

& OÏDell Much less progress1995 ; McCaughrean 1996).
has been made in understanding the evolution of T Tauri
disks, largely because of the small age range in present
samples of accreting stars. The issue is complicated by the
possibility of grain evolution. Most detections of disks rely
upon observations of dust emission ; disk masses are thus
dependent upon assumed dust opacities, which may be dif-
ferent from those in the interstellar medium (e.g., Beckwith
& Sargent 1991).

The rate of mass accretion through T Tauri disks is anM0
important parameter for several reasons. Local disk struc-
ture is a†ected by rate of mass Ñow, which in turn is deter-
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mined by the rate of gravitational energy release. Disk
evolution also depends upon the accretion rate. In a simple
viscous disk, the rate at which material is removed is given
by the accretion rate onto the central star ; at the same time,
the disk must expand to account for the angular momen-
tum lost by the accreting material. The rate at which this
accretion and angular momentum transfer occurs is pro-
portional to the viscosity, so the evolution of the disk can be
predicted if the viscosity is known. An initial attempt to
calculate the evolution of the solar nebula accounting for
disk expansion was made by Ruden & Pollack (1991) ;
however, their assumption of a convective viscosity led to
large disk masses left over at the end of accretion, which
may be incorrect if convection is not the source of disk
angular momentum transport & Goodman(Ryu 1992 ;

& BalbusStone 1996).
Given the present theoretical difficulties in understanding

and predicting disk viscosity, we invert the problem and
consider how observations may constrain disk evolution. In
this paper we use improved mass accretion rates for T Tauri
stars presented in a companion paper et al.(Gullbring 1997,
hereafter to constrain the physical conditions in,Paper I)
and evolution of, T Tauri disks. We employ similarity solu-
tions for viscous disks that enable us to interpret the
observed relationships between the disk masses, accretion
rates, sizes, and ages using a minimum number of param-
eters and theoretical preconceptions. The models also make
predictions for disk structure and evolution that can be
tested by future observations. The similarity solutions pre-
sented here can serve as the starting point for more complex
models that will be developed and tested as observational
techniques improve.

2. MASS ACCRETION RATES VERSUS AGE

In we determined mass accretion rates fromPaper I
medium-resolution spectrophotometric measurements of
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the hot continuum emission of 17 preÈmain-sequence stars
in the Taurus-Auriga molecular complex. We also devel-
oped a method by which accretion rates can be estimated
from broadband photometry and optical spectral types.
Here we employ these methods to develop a statistical
picture of mass accretion rates of T Tauri stars as a function
of age.

We supplemented our medium-resolution spectro-
photometric results from with estimates derivedPaper I
from broadband photometry, as also described in Paper I.
BrieÑy, in the photometric method the accretion luminosity
is determined from the excess emission in the U bandpass,
corrected for extinction using the V [R colors of the star
and its spectral type. The photometry and spectral types
were taken from & Hartmann hereafterKenyon (1995,

The Ðnal conversion from U excess emission to bolo-KH).
metric accretion luminosity is derived by comparison with
stars analyzed in detail using spectrophotometry. The
stellar luminosities are derived from the reddening cor-
rected J magnitude as described in (this procedureKH
minimizes extinction corrections). We eliminated stars with
very large accretion luminosities, for which our methods

(and most others) fail. Using the spectral type and e†ective
temperatures given in we can derive the stellar radiusKH,
and place the star in the H-R diagram. Finally, we deter-
mine the stellar mass and age from the H-R diagram posi-
tion using the Canuto-Mazzitelli-Alexander (““ CMA ÏÏ)
evolutionary tracks of & Mazzitelli TheDÏAntona (1994).
mass accretion rate is then derived from the relation

L acc \ 0.8
GM

*
M0

R
*

, (1)

where and are the stellar mass and radius, respec-M
*

R
*tively, and the factor in front on the right-hand side comes

from assuming that the hot continuum luminosity rep-
resents the dissipation of accretion energy as material falls
in freely along the stellar magnetosphere from a radius

(which is close to the typical corotation radius ;D5R
*

Shu
et al. 1994).

2.1. Correlation of Accretion Rates with Ages in Taurus
In we list mass accretion rates and stellar proper-Table 1

ties for Taurus preÈmain-sequence stars in the spectral type

TABLE 1

ACCRETION RATES FOR TAURUS PMS STARS

Object Spectral Type log L
*
/L

_
log L acc/L _

M
*
/M

_
R

*
/R

_
log M0 log t Source

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AA Tau . . . . . . . . . . . . K7 [0.15 [1.60 0.53 1.74 [8.48 5.98 b
BP Tau . . . . . . . . . . . . . K7 [0.03 [0.75 0.49 1.99 [7.54 5.79 b
CY Tau . . . . . . . . . . . . M1 [0.31 [1.34 0.42 1.63 [8.12 6.32 b
DE Tau . . . . . . . . . . . . M2 [0.06 [1.15 0.25 2.45 [7.58 5.02 b
DF Tau . . . . . . . . . . . . M0.5 0.13 [0.45 0.27 3.37 [6.91 5.09 b
DK Tau . . . . . . . . . . . . K7 0.16 [0.78 0.43 2.49 [7.42 5.56 b
DN Tau . . . . . . . . . . . . M0 [0.06 [1.80 0.38 2.09 [8.46 5.69 b
DO Tau . . . . . . . . . . . . M0 0.00 [0.22 0.37 2.25 [6.84 5.63 b
DQ Tau . . . . . . . . . . . . M0 [0.20 [2.40 0.44 1.79 [9.40 5.88 b
DS Tau . . . . . . . . . . . . . K5 [0.24 [0.68 0.87 1.36 [7.89 6.58 b
GG Tau . . . . . . . . . . . . K7 0.10 [1.08 0.44 2.31 [7.76 5.63 b
GI Tau . . . . . . . . . . . . . K6 [0.07 [1.03 0.71 1.48 [8.02 6.09 b
GK Tau . . . . . . . . . . . . K7 0.03 [1.46 0.46 2.15 [8.19 5.70 b
GM Aur . . . . . . . . . . . . K7 [0.13 [1.15 0.52 1.78 [8.02 5.95 b
HN Tau . . . . . . . . . . . . K5 [0.72 [1.46 0.81 0.76 [8.89 7.48 b
IP Tau . . . . . . . . . . . . . M0 [0.39 [2.15 0.52 1.44 [9.10 6.23 b
UY Aur . . . . . . . . . . . . K7 0.02 [0.57 0.42 2.60 [7.18 5.52 b
CI Tau . . . . . . . . . . . . . K7 [0.09 [0.36 0.50 1.87 [7.19 5.87 U
CX Tau . . . . . . . . . . . . M2.5 [0.43 [2.26 0.33 1.63 [8.97 5.93 U
CZ Tau . . . . . . . . . . . . . M1.5 [0.67 [2.40 0.41 1.19 [9.35 6.40 U
DM Tau . . . . . . . . . . . M1 [0.50 [1.05 0.43 1.39 [7.95 6.19 U
DD Tau . . . . . . . . . . . . M1 [0.47 [1.52 0.42 1.44 [8.39 6.14 U
DH Tau . . . . . . . . . . . . M1 [0.34 [1.54 0.38 1.67 [8.30 5.92 U
DI Tau . . . . . . . . . . . . . M0 [0.25 [1.95 0.43 1.71 [8.75 5.92 U
DP Tau . . . . . . . . . . . . M0.5 [0.44 [0.98 0.46 1.44 [7.88 6.17 U
FM Tau . . . . . . . . . . . . M0 [0.59 [1.36 0.58 1.17 [8.45 6.61 U
FO Tau . . . . . . . . . . . . M2 [0.44 [0.78 0.33 1.59 [7.50 5.95 U
FQ Tau . . . . . . . . . . . . M2 [0.54 0.34 0.35 1.42 [6.45 6.09 U
FS Tau . . . . . . . . . . . . . M1 [0.59 [1.13 0.46 1.25 [8.09 6.38 U
FV Tau . . . . . . . . . . . . . K5 0.03 0.75 0.71 1.87 [6.23 6.02 U
FX Tau . . . . . . . . . . . . . M1 [0.21 [2.00 0.34 1.94 [8.65 5.76 U
FY Tau . . . . . . . . . . . . . K7 [0.08 [0.58 0.50 1.87 [7.41 5.87 U
GH Tau . . . . . . . . . . . . M2 [0.29 [1.32 0.29 1.90 [7.92 5.77 U
GO Tau . . . . . . . . . . . . M0 [0.43 [0.98 0.50 1.40 [7.93 6.25 U
Haro 6[37 . . . . . . . . K6 [0.01 [0.10 0.60 1.90 [7.00 5.92 U
HO Tau . . . . . . . . . . . . M0.5 [0.81 [1.68 0.56 0.94 [8.86 6.92 U
IQ Tau . . . . . . . . . . . . . M0.5 [0.14 [0.90 0.35 2.01 [7.55 5.73 U
LkCa 15 . . . . . . . . . . . . K5 [0.14 [1.75 0.81 1.53 [8.87 6.37 U
LkHa 332/G1 . . . . . . M1 [0.04 [0.10 0.29 2.36 [6.60 5.31 U
V955 Tau . . . . . . . . . . K7 0.11 [0.349 0.44 2.34 [7.02 5.61 U

NOTES.ÈMass accretion rates (col. [6]) are in yr~1. Source (col. [9]) indicates method of determining accretion lumi-M
_nosities and mass accretion rates : b, blue spectrum analysis from U, photometric calibration from using mean UPaper I ; Paper I,

magnitude from KH.
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range K5ÈM2. We chose this range for several reasons.
First, many T Tauri stars in the region lie within these
spectral type limits, and our detailed spectrophotometric
results are mostly for such stars. Second, we wished to mini-
mize problems in correcting for reddening, which become
greater for cooler stars, and to avoid introducing biases
against observing faint ultraviolet accretion emission that
would occur in hotter, more luminous stars. Third, by
restricting our e†ective temperature range we hope to mini-
mize problems due to uncertainties in stellar evolutionary
tracks ; adoption of di†erent theoretical calculations would
change the absolute ages of the stars, but would have less
e†ect on the relative stellar ages.

shows the accretion rates for the Taurus starsFigure 1a
vs. age, with the values derived from detailed spectro-
photometry as solid circles and the estimates from the
broadband photometry as open circles. The two
di†erent methodsÈspectrophotometry and broadband
measurementsÈproduce consistent results. There is a clear
trend of decreasing mass accretion rates with increasing
stellar age, qualitatively as initially identiÐed by Hartigan,
Edwards, & Ghandour The correlation coefficient(1995).
for the whole sample is approximately rD[0.5, and the
nonparametric Spearman rank-order correlation (e.g., Press
et al. indicates that the probability that the data are1986)
randomly distributed is less than 10~3.

We do not think that correlated errors can be responsible
for the trend shown in because there is no e†ectFigure 1a,
that we can identify which would produce important errors
of similar magnitude in and For example, an errorL

*
L acc.in distance would a†ect and in the same way andL

*
L accthus produce a correlated error. However, it is implausible

that variations in the distances to individual Taurus stars
can account for the observed range of measurements. One
might guess that the depth of the cloud complex in the line
of sight is similar to its lateral extent ; this would suggest
distance variations of about 20 pc out of an average dis-
tance of 140 pc & Hartmann this would(Kenyon 1995) ;
account for a scatter of only about 0.25 dex in the age or in

which is small compared with the ranges shown inM0 ),
Moreover, although the slope of the trend ofFigure 1a. M0

vs. t is uncertain, it appears to be steeper than that which
one would expect from distance errors, as discussed in the

following subsection in other words, the accretion(° 2.2) ;
luminosity appears to decrease faster with increasing age
than does the stellar luminosity.

Other possible sources of error seem even less plausible
as the cause of the observed correlation. For example, an
error in extinction would a†ect both accretion and stellar
luminosities in the same direction ; but by using near-
infrared Ñuxes to estimate the stellar luminosity, we mini-
mize the extinction corrections. For typical values A

V
D 1,

the extinction at the J bandÈand thus the correction
needed to obtain the stellar luminosityÈis only D0.36 mag

resulting in only a very modest correction to(Mathis 1990),
the stellar age. In contrast, the typical extinction at U is D2
mag, so that the hot continuum accretion luminosity is
much more sensitive to the extinction. Unresolved binary
companion stars can make the apparent luminosity of the
““ single star ÏÏ erroneously large ; however, this will not
directly a†ect the accretion luminosity estimates, which
depend mostly on the excess Balmer continuum emission

We conclude that the trend observed in(Paper I). Figure 1a
is intrinsic and shows that mass accretion rates decrease
with increasing age for the Taurus K5ÈM2 sample.

2.2. Constraints on M0 (t)
Having demonstrated the existence of a signiÐcant corre-

lation between and t, we next turn to the more difficultM0
problem of quantifying this relation. To do so we need to
consider several possible sources of error, both systematic
and random, in addition to the dispersion due to intrinsic
di†erences in the accretion rates of stars of the same age.

Systematic errors in determining the accretion rates arise
from uncertainties in extinction and from the signiÐcant
bolometric corrections needed to account for the unob-
served portion of the accretion luminosity (Paper I).
Although we suggested in that the magnitude ofPaper I
systematic error might be as much as a factor of 3, this
estimate is uncertain, and further ultraviolet observations
are needed to explore this further. Similarly, there may also
be systematic errors in age determinations. Because there
are currently no direct mass measurements for T Tauri
stars, ages depend upon comparing observed H-R diagram
positions with theoretical evolutionary tracks, which may
di†er due to di†ering treatments of convection, atmospheric

FIG. 1.ÈMass accretion rate vs. age. (a) Stars in the Taurus sample ; indicated are stars with mass accretion rate from blue spectrophotometry (Ðlled
circles) and from U magnitudes (open circles) ; (b) Stars in Taurus (open circles) and in Chamaeleon I (Ðlled circles), the last at a distance of 150 pc. Dashed lines,
least-square best-Ðt assuming that the error in log t is 0.3, while the error in log dM/dt is 0.6. Dotted lines, least-square best-Ðt assuming that the error in
both log t and log dM/dt are 0.4. The dashed line Ðts are preferred because the errors in estimating accretion rates, along with the intrinsic dispersion of
accretion at a given age, are likely to be larger than the di†erential errors in stellar ages (see text).



388 HARTMANN ET AL. Vol. 495

opacities, etc., resulting in systematic changes in ages by as
much as a factor of 2 in the relevant mass range (cf.
Mazzitelli 1989).

The slope g of the log t relation is sensitive toM0 Èlog
di†erential errors. By restricting our analysis to a limited
range in spectral type or e†ective temperature, which limits
the sample to stars of similar mass, we have attempted to
minimize di†erential errors in ages ; however, ““ birthline ÏÏ
age corrections could have a signiÐcant e†ect on g. The ages
in are derived from the Hayashi track evolutionFigure 1
calculations of & Mazzitelli which startDÏAntona (1994),
contraction from (e†ectively) inÐnite radius. In reality, at
the end of protostellar infall, low-mass stars probably have
Ðnite radii and lie along a ““ birthline ÏÏ (Stahler 1983, 1988) ;
this would imply that the Hayashi track ages of the youn-
gest stars in can be overestimated substantially.Figure 1
Current models suggest that the low-mass birthline corre-
sponds roughly to the 3 ] 105 yr isochrone in the DÏAntona
& Mazzitelli CMA tracks (see Cassen, &(1994) Hartmann,
Kenyon for a discussion) ; this suggests that the youn-1997
gest stars in should be shifted preferentially to theFigure 1
left, which would tend to Ñatten the vs. t relation (smallerM0
values of g). However, there is substantial uncertainty in
birthline ages, and so we simply note this problem without
attempting to make a correction.

It is evident from as well as from the value of theFigure 1,
correlation coefficient, that there is substantial scatter in the
accretion rate-age relation. Some of this dispersion may
well be due to intrinsic variations in among stars of aM0
given age, as well as time-variability of individual stars.
Di†erential errors in the accretion rates are much harder to
estimate ; in we suggested that the uncertainties inPaper I

due to geometry, variability, etc. may be about a factor ofM0
3 for an individual star. A previous analysis &(Kenyon
Hartmann suggested that random errors in determin-1995)
ing stellar luminosities for K7ÈM2 stars in Taurus might
lead to errors in ages of a factor of 3. This estimate now
seems somewhat high, as that study assumed that disks
reach to the stellar surface and are not truncated by a mag-
netosphere ; the e†ect is to increase the occultation of the
stellar photosphere by the disk relative to that produced by
disks with inner holes. In addition, the accretion lumi-
nosities assumed by & Hartmann whichKenyon (1995),
must be taken into account in any determination the stellar
luminosity, are substantially higher than estimated here. A
reasonable guess at for the random errors in the ages of our
Taurus stars (apart from systematic errors due to evolution-
ary track calibrations) is probably a factor of 2
(corresponding to an uncertainty of about 50% in the stellar
luminosity ; cf. eq. [2]).

Based on these considerations, we initially examined Ðts
to the data of using minimum errors of factors ofFigure 1a
D2 in the ages and in the accretion rates. Least-squareZ3
best-Ðt straight lines were determined for the Taurus data in
the form of vs. log t. We found that the results forlog M0
the slope g in the relation log log t depends criti-M0 P [ g
cally on the assumed relative sizes of the errors in t and M0 .
If p(log t) \ p(log then we found g D 1.5^ 0.3. Con-M0 ),
versely, if p(log t)[ p(log then we found g D 2.7^ 0.7.M0 ),
The results for the Taurus sample are also sensitive to
whether we include the oldest star in this sample, HN Tau,
or not. If we eliminate this star, even assuming that the age
error is less than the error in accretion rates, we Ðnd
g D 2.1^ 0.5.

The difficulty in estimating g is the limited age range of
the Taurus sample, coupled with the large spread in mea-
sured accretion rates at a given age. We therefore supple-
mented the Taurus results with data for preÈmain-sequence
stars of the Chamaeleon I association in the K5ÈM2 spec-
tral type region. We were motivated to include the Cha I
sample because it has been suggested that its preÈmain-
sequence stellar population is older and thus may provide a
wider age range to improve constraints on the decay rate of
mass accretion. The data were taken from the compilation
by & Strom and the accretion rates andGauvin (1992),
stellar ages were derived from the photometry and spectral
types as for the Taurus sample. Unfortunately, there is con-
troversy about the correct distance to Cha I, with estimates
ranging from about 140 to 200 pc, as summarized by

While Schwartz suggests that a consensusSchwartz (1991).
seems to be developing for a distance of D150 ^ 15 pc (see
also & The� the situation remains some-Steenman 1989),
what uncertain.

shows the results of adding the Cha I sample toFigure 1b
the Taurus sample adopting a distance of 150 pc (see also

The addition of these few stars do not change theTable 2).
results from those of Taurus in any substantial way,
although now the Ðts do not depend strongly on the inclu-
sion or exclusion of any single star. Adopting our best esti-
mates for errors of 0.3 in log t and 0.6 in log we Ðnd logM0 ,

yr~1) \ [8.00^ 0.10[ (1.40^ 0.29) log (t/106 yr).(M0 /M
_This is our preferred result, not correcting for birthline

age e†ects. However, it must be noted that it is difficult
to rule out a steeper decay in the mass accretion rate
with time, given the uncertainty in errors ; for errors of 0.4
in both log t and in log we Ðnd logM0 , (M0 /M

_yr~1) \ [7.97^ 0.16[ (2.68^ 0.62) log (t/106 yr).
We also considered how our results would di†er if we had

adopted the two extreme distances of 140 and 200 pc for
Cha I. As described in the previous subsection, a change in
distance a†ects both the accretion luminosity and stellar
luminosity in a similar way, which tends to produce a corre-
lated shift between accretion rate and age. To make a simple
quantitative estimate of the e†ect, we approximate Hayashi
track evolution of the low-mass stars under consideration
here as gravitational contraction of a star with a Ðxed poly-
tropic index (i.e., a completely convective star) and a con-
stant e†ective temperature. With these assumptions the
Hayashi track age (i.e., the contraction age from inÐnite
starting radius) varies with stellar luminosity as (e.g., Stahler
1988)

t P L
*
~3@2 . (2)

Changing the distance a†ects the accretion and stellar lumi-
nosities equally, so

L acc P L
*

D t~2@3 . (3)

Since the derived mass accretion rate depends on the stellar
mass and luminosity in addition to the accretion lumi-
nosity, for Ðxed stellar mass SinceM0 PR

*
L acc. L

*
P R

*
2 ,

changing the distance results in a correlated shift of mass
accretion rates and ages,

M0 (apparent) D t~1 . (4)

Our detailed results using the CMA tracks of &DÏAntona
Mazzitelli agree with this estimate fairly well. Since(1994)
this shift is not very di†erent than the main trend of the
Taurus data points, and since there are fewer Cha I stars
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TABLE 2

ACCRETION RATES FOR CHA I PMS STARS

Object Spectral Type log L
*
/L

_
log L acc/L _

M
*
/M

_
R

*
/R

_
log M0 log t Source

CT Cha . . . . . . . K7 [0.18 [1.36 0.55 1.67 [8.28 6.05 U
HM 8 . . . . . . . . . M0.5 [0.58 [0.74 0.57 1.18 [7.83 6.59 U
HM 12 . . . . . . . . M2 [0.71 [2.30 0.36 1.17 [9.20 6.35 U
HM 15 . . . . . . . . M0.5 [0.40 [2.00 0.49 1.44 [8.94 6.19 U
HM 32 . . . . . . . . M0.5 [0.48 [2.12 0.53 1.33 [9.12 6.36 U
SX Cha . . . . . . . . M0.5 [0.35 [1.48 0.47 1.53 [8.37 6.09 U
SY Cha . . . . . . . . M0 [0.43 [1.64 0.50 1.40 [8.60 6.26 U
UY Cha . . . . . . . M1.5 0.05 [1.80 0.28 2.62 [8.23 4.93 U
VV Cha . . . . . . . M1 [0.53 [0.45 0.44 1.34 [7.37 6.26 U
VW Cha . . . . . . K5 0.37 [0.21 0.60 2.75 [6.95 5.54 U
VZ Cha . . . . . . . K6 [0.34 [1.10 0.78 1.30 [8.28 6.60 U
WW Cha . . . . . . K5 0.39 [1.14 0.60 2.82 [7.87 5.51 U
WX Cha . . . . . . M0 [0.17 [1.56 0.54 1.70 [8.47 6.02 U
WY Cha . . . . . . K7 [0.21 [1.49 0.57 1.61 [8.44 6.11 U
WZ Cha . . . . . . M1 [0.64 [0.89 0.47 1.17 [7.90 6.48 U
XX Cha . . . . . . . M1 [0.58 [2.11 0.45 1.26 [9.07 6.36 U

NOTE.ÈColumns represent same quantities as in Photometry taken from & StromTable 1. Gauvin 1992.

than Taurus stars, the straight line Ðts do not signiÐcantly
change whether 140 or 200 pc is adopted and do not di†er
much from the results for Taurus alone, although the Ðts for
200 pc indicate larger uncertainties in the value of g.

We conclude that the relation of vs. t is poorly con-M0 (t)
strained at present. The slope of the relation lies in the range
g D 1.5È2.8, with smaller values being more likely consider-
ing the probable errors of measurement and potential birth-
line corrections for stellar ages. Older samples of stars will
be required to determine this relation more Ðrmly.

3. MASS ACCRETION RATES AND DISK MASSES

The amount of mass accreted by a T Tauri star from its
disk after time t,

Macc \
P
t

=
dtM0 , (5)

is obviously a lower limit to the disk mass that remained at
t. While it is impossible to follow the accretion process of an
individual T Tauri star, if the mass accretion rate varies as a
power law for all times as where g [ 1,M0 (t) \ M0 (t0)(t/t0)~g,
the total mass which will be accreted at times ist [ t0

Macc \ M0 (t0)t0
(g [ 1)

. (6)

(In certain models of disk accretion, such as those discussed
in the following sections, the mass accretion rate at and gt0determine the total mass remaining in the disk, even if at
some later time the accretion process is terminated by
evaporation, formation of planets, etc. before all the mass is
accreted.) If g D 1.5, then

M
d
D Macc D 2M0 (t0)t0 . (7)

Currently, the only systematic and extensive estimates of
T Tauri disk masses have been made by interpreting the
mm and submillimeter dust continuum emission (e.g.,

In these analyses, total disk masses are relatedBSCG, OB).
to the continuum Ñuxes by a relation of the form (see,Fle.g., BSCG)

Fl P ilTd
M

d
ln (R

d
/r1)(1] *) . (8)

Here is the dust opacity at frequency l in units of crossilsection per gram, is the temperature at the outer edge ofT
dthe disk is the radius at which the disk becomesR

d
, r1optically thick at l, and the factor * is the ratio of optically

thick to optically thin emission at that frequency. In what
follows we will use the phrase ““ dust emission masses ÏÏ to
mean total (gas ] dust) disk masses determined from long-
wavelength dust emission using a form of equation (8).

While there are uncertainties in estimating disk dust tem-
peratures, and optical depth e†ects can be important, the
dust opacity probably represents the most importantilsystematic uncertainty in determining disk masses from mm
and submillimeter Ñuxes It has been suggested that(BSCG).
the dust opacity is uncertain in the mm range by a factor of
4È5 et al. but even this represents a signiÐ-(Pollack 1994),
cant systematic e†ect. Moreover, there may be evidence for
evolution in grain properties from the dust continuum
spectra & Sargent which would suggest(Beckwith 1991),
even further uncertainty in dust opacities. While the mass
estimates from accretion rates are subject to their own sub-
stantial uncertainties, particularly in extinctions and bolo-
metric corrections these uncertainties are completely(° 2.2),
independent of the problems involved in estimating disk
masses from millimeter-wave emission ; moreover, the acc-
retion estimates are independent of any assumed dust
opacity, but instead measure the amount of gas being acc-
reted.

Before comparing the masses estimated from our accre-
tion rates and above with the dust emissionequation (7)
masses, it is necessary to make a correction for reasons of
consistency. Both and adopt a disk model inBSCG OB
which the surface densities and temperatures are power-law
distributions ; they further adopt a particular form of the
opacity, Hz) g cm~2. The Ñuxes also dependil \ 0.1(l/1012
on the outer disk radii, with AU usually adopted.R

d
\ 100

Using the disk model of and adopting the param-BSCG,
eters reported by them, we are able to reproduce the
observed 1.3 mm Ñuxes. However, we are not able to repro-
duce the observed Ñuxes in using the disk masses andOB
other model parameters listed in their We haveTable 3.
chosen to multiply the disk masses uniformly by aOB
factor of 2.5 ; with this adjustment, the predicted Ñuxes agree
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TABLE 3

ADOPTED DISK PROPERTIES

Fl M
d

Size (2.7 mm)
Object (mJy) (M

_
) Multiplicity (arcsec)

(1) (2) (3) (4) (5)

AA Tau . . . . . . . . . . . . 88 0.021 s
BP Tau . . . . . . . . . . . . . . . . . . . s
CI Tau 190 . . . . . . . . 0.063 s 2] 0.8
CX Tau . . . . . . . . . . . . . . . . . . u
CY Tau 133 . . . . . . . 0.7 s 1] 0.4
CZ Tau . . . . . . . . . . . . . . . . . . . u
DD Tau . . . . . . . . . . . . 17 0.002 b
DE Tau . . . . . . . . . . . . 36 0.008 s
DF Tau . . . . . . . . . . . . . . . . . . b
DH Tau . . . . . . . . . . . . . . . . . . u
DI Tau . . . . . . . . . . . . . . . . . . . b
DK Tau . . . . . . . . . . . . 35 0.005 b
DM Tau . . . . . . . . . . . 109 0.034 u
DN Tau . . . . . . . . . . . . 84 0.027 s 1.7] \1
DO Tau . . . . . . . . . . . . 136 0.018 s
DP Tau . . . . . . . . . . . . 18 0.003 u
DQ Tau . . . . . . . . . . . . 91 0.025 b
DS Tau . . . . . . . . . . . . . 24 0.014 s
FM Tau . . . . . . . . . . . . . . . . . . u
FO Tau . . . . . . . . . . . . . . . . . . u
FQ Tau . . . . . . . . . . . . . . . . . . u
FS Tau . . . . . . . . . . . . . . . . . . . b
FV Tau . . . . . . . . . . . . . 15 0.001 b
FX Tau . . . . . . . . . . . . . . . . . . . s
FY Tau . . . . . . . . . . . . . 16 0.003 u
GG Tau . . . . . . . . . . . . 593 0.29 b
GH Tau . . . . . . . . . . . . . . . . . . u
GI Tau . . . . . . . . . . . . . . . . . . . s
GK Tau . . . . . . . . . . . . 84 . . . s
GM Aur . . . . . . . . . . . . 253 0.060 s 1.2
GO Tau . . . . . . . . . . . . 83 0.057 u
Haro 6[37 . . . . . . . . . . . . . . u
HO Tau . . . . . . . . . . . . . . . . . . u
IP Tau . . . . . . . . . . . . . 16 0.012 s
IQ Tau . . . . . . . . . . . . . 87 0.040 u
LkCa 15 . . . . . . . . . . . . 167 0.060 u
LkHa 332/G1 . . . . . . . . . . . . u
UY Aur . . . . . . . . . . . . 39 0.003 b 6] \0.5
V955 Tau . . . . . . . . . . . . . . . . u

NOTES.ÈFluxes at 1.3 mm (col. [3]) and masses (col. [4]), corrected as
described in taken from and multiplicity (col. [5]) : s, single ;° 3, BSCG OB;
b, binary ; u, unknown; from & Prato andMathieu 1994, Simon 1995,

et al. sizes from et al.Simon 1995 ; Dutrey 1995.

quite well with observations if all the other disk parameters
remain the same. We therefore ensure that the andBSCG

data are analyzed in exactly the same way for estimat-OB
ing masses. The adopted disk masses are listed in Table 3,
along with estimated sizes from the observations of Dutrey
et al. (1995).

compares the results of with theFigure 2 equation (7)
dust emission masses from and corrected asBSCG OB
described in the previous paragraph. There is an order-of-
magnitude scatter of individual data points around a mean
value log (dispersion of the mean).(2M0 t/M

d
)\ 0.14^ 0.23

The results suggest that there is no systematic di†erence
between these two di†erent mass estimates, though for any
individual object the agreement is less certain. If we elimi-
nate the binary systems open circles), the result is(Fig. 2,

(dispersion of the mean),log (2M0 t/M
d
) \[0.07 ^ 0.21

with a dispersion of a factor of 4 for an individual object.
If we instead had adopted g \ 2.8 in theequation (6),

predicted gas masses would be a factor of 3.6 smaller, which
would suggest that the dust opacities might be underesti-
mated by a factor of 3. The di†erent results for di†ering

FIG. 2.ÈEstimated disk mass from accretion rates (vertical axis) vs.
disk mass estimated from dust emission (horizontal axis). The gas mass is
determined from the mass accretion rate and the age of each star. The dust
emission mass is derived from millimeter Ñux measurements et(Beckwith
al. & Beckwith The masses from the latter reference1990 ; Osterloh 1995).
have been increased by a factor of 2.5 to match the observed millimeter
Ñuxes (see text). Open circles indicate known binaries (see Table 3).

values of g probably reÑect a reasonable estimate of the
uncertainty in the results. There are reasons to prefer a
smaller value of g. As discussed in birthline age correc-° 2.2,
tions would probably result in a lower slope. Moreover, in

we argue that large values of g yield rapid disk expan-° 5.2
sion rates that are difficult to reconcile with observations.
We conclude that the current mass accretion rates and age
estimates yield disk masses that show no systematic discrep-
ancy with disk masses estimated from millimeter-wave dust
opacities, though samples with larger ranges of ages are
needed to make a deÐnitive test.

No correlation is present between the two disk mass esti-
mates in The observed dispersion may not be dueFigure 2.
only to errors in measuring accretion rates. The dust emis-
sion masses depend upon analyzing spectral energy dis-
tributions to determine temperatures, the surface density
structure is assumed rather than measured, and optical
depth e†ects can be important, even ignoring the possibility
of evolution in the dust grain populations &(Beckwith
Sargent The uniqueness of millimeter-wave dust1991).
emission mass estimates should be explored further (in the
context of Ðxed dust opacity) to estimate minimum uncer-
tainties.

4. SIMILARITY SOLUTIONS FOR DISK EVOLUTION

The evidence for a decay in disk accretion rates with
increasing age suggests that disk evolution is being detected.
To explore the signiÐcance of the observations further, we
examine the properties of simple viscous disk models that
may be compared with observations. In these models the
only angular momentum transport is provided by viscous
stresses, and the accretion of material into the central star
must be accompanied by an expansion of the remaining
disk material to conserve angular momentum.
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Consider a characteristic size scale or radius of aR
cdKeplerian disk, deÐned in terms of its angular momentum

and massJ
d

M
d
,

J
d
\
P
0

Md
dm)R2 \ (GM

*
)1@2M

d
SjT P M

d
R

cd
1@2 , (9)

where ) is the local angular velocity, dm is an element of
mass in the disk, and is the (constant) stellar mass. AsM

*long as the inner disk radius is much smaller than weR
cd

,
can set the angular momentum of the accreted material
e†ectively to zero (whether or not the angular momentum is
added to the star or is ejected via an inner disk wind ; etShu
al. In this limit, conservation of angular momentum1994).
requires and thereforeJ

d
B constant,

M
d
(t) P R

cd
(t)~1@2 (10)

(see also Thus, the rate of decrease of the diskCassen 1994).
mass with time (and therefore the mass accretion rate) is
related to the rate of expansion of the disk, and vice versa.
(We restrict the analysis to late phases of disk accretion,
when self-gravity of the disk can be neglected, and the
central stellar mass does not change appreciably. These
assumptions are generally satisÐed for the T Tauri stars of
our sample, as can be demonstrated a posteriori.)

Given the limited nature of the observational data avail-
able, we wish to apply simple models with a minimum of
parameters. For this purpose we employ the similarity solu-
tions for disk evolution discussed by & PringleLynden-Bell

which assume that the viscosity has a power-law(1974),
radial dependence and is independent of time. These simi-
larity solutions provide an analytic form that is especially
helpful in understanding the interplay of parameters.
Although the problem can be solved numerically for any
initial distribution of &, the use of a similarity solution
avoids the introduction of additional parameters that are
difficult to constrain. Moreover, & PringleLynden-Bell

showed that disk structure will asymptotically(1974)
approach the similarity solution at large times, regardless of
speciÐc initial conditions. & Bodenheimer(Lin 1982
showed that similarity solutions for disk evolution can
result even in more complex situations, but given the
limited nature of the available observations we restrict our
discussion to the simplest case.)

The overall properties of these solutions can be under-
stood in a simple way, starting from the viscous timescale,

tvisc D R2/l , (11)

where l is now the If the viscosity is a power lawviscosity.4
lP Rc, then

dR
cd

dt
P

R
cd

tvisc
P R

cd
(c~1) , (12)

so that the variation of disk size with time is given by

R
cd

P t1@(2~c) . (13)

From conservation of angular momentum it follows that

M
d
P t~1@*2(2~c)+ , (14)

4 In this and following sections we generally use l for viscosity, while
subscript l denotes frequency ; the meaning should be clear from the
context.

and the variation of mass accretion rate can be found by
di†erentiating with respect to time.equation (14)

Although it is unlikely that real disk viscosities are
power-law functions of radius or are independent of time,
the similarity solutions provide reasonable starting points.
In addition, qualitatively new features not present in
current treatments of T Tauri disk structure are introduced
by simply allowing the disk to expand & Bodenheimer(Lin

see also1982 ; Stepinski 1997).

4.1. General Equations
The evolution of the surface density & of a thin Keplerian

disk subject to the gravity of a point mass M is given by
(Pringle 1981)

L&
Lt

\ 3
R

L
LR
C
R1@2 L

LR
(R1@2l&)

D
, (15)

where l is the viscosity. If the l can be written as a power
law in R independent of time,

lP Rc , (16)

then has a similarity solution &equation (15) (Lynden-Bell
Pringle given by1974),

&\ C
3nl1 rc

T ~(5@2~c)@(2~c) exp
C
[ r(2~c)

T
D

, (17)

in which we have introduced the deÐnitions

r 4 R/R1 , l14 l(R1) , (18)

where is a radial scale factor and C is a scaling constant.R1The nondimensional time T is

T \ t/t
s
] 1 , (19)

where the viscous scaling time is

t
s
\ 1

3(2[ c)2
R12
l1

. (20)

Thus, the scaling time is basically the viscous timescale of
the disk at cylindrical radius (cf. ForR1 Pringle 1981). t >

T D 1 and little evolution occurs.t
s
,
Given this solution for &, expressions can be written for

the mass Ñow, the radial velocity, and the torque or the
angular momentum. The mass Ñux can be written as

M0 (R,t) \ CT ~(5@2~c)@(2~c) exp
A
[ r(2~c)

T
B

]
C
1 [ 2(2 [ c)r(2~c)

T
D

. (21)

In the limit that r goes to zero,

M0 /&\ 3nl1 rc\ 3nl(r) , (22)

which is the steady disk result. Because of the expansion
necessary to conserve angular momentum, the mass Ñux in
the evolving disk changes sign at a radius whereR

t
,

R
t
\ R1

C T
2(2 [ c)

D1@(2~c)
. (23)

The net motion of disk material at is outward, whileR[R
tfor matter is accreting. This transition radius movesR\R

toutward as the disk evolves.
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The mass distribution of the disk is given by

M
d
(R, t)\ M

d
(t)M1 [ exp [(R/R1)2~c/T ]N (24)

\ M
d
(t)
G
1 [ exp

C(R/R
t
)(2~c)

2(2[ c)
DH

, (25)

where

M
d
(t) \ M

d
(0)T ~1@*2(2~c)+ (26)

is the total disk mass at time t.
We note two general results for the case T ? 1, corre-

sponding to times much longer than the viscous time ; when
the disk has evolved substantially and precise initial condi-
tions are not important. In this limit the accretion rate onto
the central star (r ] 0) approaches

M0 (t) P t~(5@2~c)@(2~c)P t~g , (c\ 2) (27)

independent of the initial conditions, disk mass, radius, etc.
The decay rate does not depend upon the absolute value of
the viscosity, but instead on the radial dependence of the
viscosity,

c\ (2g [ 5/2)
(g [ 1)

(g [ 1) . (28)

Thus, in principle, the observed value of g can be used to
infer c, although current limits yield great uncertainty
(° 4.3).

We also consider how the disk size scales with time in the
limit T ? 1. We use the transition radius as a scalingR

tpoint to illustrate the expected properties. If we evaluate the
viscosity l at a Ðxed arbitrary radius we haveR0,

R
t
\ R1

A3tl0R1~(2~c)
2R0c

B1@(2~c)
. (29)

At long times, the disk has expanded so much that its initial
radius does not a†ect its size, which is controlled instead by
the magnitude of the viscosity and the age. Note that by
using and identifying as an appropriateequation (23), R

tcharacteristic scaling radius for the similarity solu-PR
cdtion, one can use the equation of angular momentum con-

servation to derive equations and(eq. [10]) (26) (27).

4.2. V iscosity
The main difficulty in solving is the lack ofequation (15)

an appropriate prescription for the viscosity. Current
studies suggest that the so-called ““ Balbus-Hawley ÏÏ magne-
torotational instability & Hawley &(Balbus 1991 ; Hawley
Balbus et al. et al. is1991 ; Stone 1996 ; Brandenburg 1996)
the most likely candidate for producing the necessary
viscous dissipation and angular momentum transport in
disks. While these theoretical developments are promising,
quantitative predictions of viscosities are uncertain.

Viscosities are often described using the a param-
eterization, which we use in the form (Pringle 1981)

l\ ac
s
H , (30)

where is the sound speed in the disk and H is the scalec
sheight, and the a parameter is assumed to be less than unity.

We can translate the magnitude of the required viscosity
into the a formalism from the following considerations. If
the disk is vertically (not radially) isothermal, then H \
c
s
/)(R).

Substituting, we Ðnd

lP aT
d
R3@2 , (31)

where is the disk temperature at R. If a is constant, and ifT
d then the viscosity has a radial power-law depen-T

d
P R~q,

dence with exponent

c\ 3/2 [ q (a \ constant) . (32)

If then c\ 1.q \ 12,The temperature structure of real disks is unlikely to
follow a strict power law. Even in a steady, optically thick
accretion disk, where the surface temperature is Teff PR~3@4, the central temperature can vary in aT

c
4P qT eff4 ,

nonÈpower-law fashion because of changes in opacity that
a†ect the disk optical depth q. However, irradiation from
the central star dominates the disk heating for most T Tauri
stars & Hartmann at large disk radii, the(Kenyon 1995) ;
external heating and the modest optical depths imply that
the disk is fairly isothermal in the vertical direction, and the
Ñaring of the outer disk causes & Hartmannq ] 12 (Kenyon

The observed variation of disk spectral index with1987).
wavelength of observation supports this variation of tem-
perature gradient with radius & Hartmann(Kenyon 1995),
and the detailed vertical structure calculations of DÏAlessio
et al. are consistent with these observations. Since(1998)
most of the disk mass lies at large radii, we make the
approximation which is also reasonably consistentq D 12,
with estimates for the outer disk temperatures of T Tauri
stars With this approximation, consistent with the(BSCG).
main disk heating mechanism being irradiation, the
a \ constant hypothesis implies cD 1, nearly independent
of time. However, if the evolutionary calculations are fol-
lowed for a long enough period of time, the decrease in the
stellar luminosity as the central T Tauri star contracts down
its Hayashi track should be taken into account.

4.3. Comparison with Observations
The similarity solutions for disk evolution have four

parameters : the initial disk mass, the initial disk character-
istic radius (which is not important at large ages), the value
of the viscosity at a speciÐed radial distance, and the radial
dependence of the viscosity c. There are a similar number of
observational constraints available at present (although
several are not accurately known). The mass accretion rate
measurements may be characterized in terms of three inde-
pendent quantities ; a mean or median accretion rate at a
reference time (t D 106 yr), the decay rate g, and an estimate
of the spread in accretion rates at a given age. Dust emission
masses (or its essential equivalent, millimeter-wave
emission) represent an additional observational quantity.
Finally, estimates of disk sizes (e.g., et al.Dutrey 1995)
provide yet another observational constraint for a few
objects. Given the limited and approximate nature of the
observational results, it is evident that the four-parameter
similarity solutions provide a reasonable basis for an initial
exploration of disk evolution and that the application of
more complicated models with additional parameters is not
justiÐed at present.

As noted in a measurement of the decay rate g in the° 4.1,
mass accretion rate can provide an estimate of c. However,
it is clear by considering the large uncertainties in g in the
context of that current observations do notequation (28)
meaningfully constrain c. We therefore limit our discussion
to two illustrative cases.
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4.3.1. Results for c\ 1

For this case, the surface density is

&\ M
d
(0)

2nR12
1

(R/R1)T 3@2 e~(R@R1)@T , (33)

the disk mass interior to R is

M
d
(R, t) \ M

d
(0)T ~1@2

G
1 [ exp

C
[ R

(R1T )
DH

, (34)

and the mass accretion rate is

M0 \M
d
(0)

2t
s

1
T 3@2 e~(R@R1)@T

C
1 [ 2(R/R1)

T
D

(35)

with

t
s
\ 1

3
R12
l1

. (36)

The constant in equations and has been evaluated(17) (21)
in terms of the initial disk mass According to equa-M

d
(0).

tions and is the radius where D0.6 of the mass(24) (25), R1resides initially ; at any time, D0.4 of the mass is inside R
t
.

Most T Tauri stars in Taurus have luminosities D1 L
_

,
and irradiation heating leads to a typical disk temperature

K at 100 AU et al. (This is alsoT
d
D 10 (DÏAlessio 1998).

consistent with observational estimates from spectral
energy distributions of typical T Tauri stars, as indicated by
the results of The typical mass of the stars isBSCG.) M

*
D

0.5 (see Using these results, and the viscosityM
_

Table 1).
prescription we can write the above solutionsequation (31),
in terms of typical values for the expected disk quantities :

t
s
D 8]104

A a
10~2

B~1A R1
10 AU

BA M
*

0.5 M
_

B1@2A T
d2

10 K
B~1

yr ,

(37)

&D 1.4] 103 e~r@T
rT 3@2

A M
d
(0)

0.1 M
_

BA R1
10 AU

B~2
g cm~2 , (38)

M0 D 6 ] 10~7 e~r@T
T 3@2

A
1 [ 2r

T
BA R1

10 AU
B~1

]
A M

*
0.5 M

_

B~1@2A T
d2

10 K
B

M
_

yr~1 , (39)

where is the disk temperature at 100 AU. Finally, theT
d2expansion of the disk can be described by

R
t
\ 5T

A R1
10 AU

B
AU . (40)

This case (c\ 1) is the same as that considered by Hayashi
in calculations of the evolution of the solar nebula.(1981)

Hayashi estimated that the surface density varies as
&P R~3@2 without solving the equations directly. The simi-
larity solution shows that this is not quite correct, as can be
seen immediately from the requirement that the disk
approach a steady state &P l~1P R~1 at radii much
smaller than R

t
.

The disk mass is determined by the initial disk mass
and the time parameter T , i.e., the number of viscousM

d
(0)

timescales that have elapsed. The viscous time sets thet
s

timescale for initial disk evolution ;

t
s
P R1M

*
1@2(aT

d2)~1 . (41)

For stars of similar mass and luminosity such as in the
present sample, we expect that and do not varyT

d2 M
*much. Keeping these parameters constant, the disk mass is

set by the initial condition for ages while at larget > t
s
,

times the disk mass Thus, we expectM
d
(t) P M

d
(0)(R1/a)1@2.

that disks with the same initial mass and the same ratio of
will have the same and However, theseR1/a M

d
(t) M0 (t).

disks would have di†erent sizes at a given time t,

R
t
\ R1

2
]5
A a
10~2

BA M
*

0.5 M
_

B~1@2A T
d2

10 K
B

]
A t
8 ] 104 yr

B
AU . (42)

For T ? 1 the disk size grows linearly with time. On time-
scales the disk does not evolve greatly ; thus, increas-t > t

s
,

ing slows the rate of disk evolution accordingly.t
s shows results for a few di†erent initial condi-Figure 3

tions. In all cases the models assume andM
*

\ 0.5 M
_K. The heavy solid line shows the ““ Ðducial ÏÏT

d2\ 10
model for the parameters a \ 10~2, andM

d
(0)\ 0.1 M

_
,

AU. The lighter solid line is for a model with theR1\ 10
same parameters but with an initial disk mass M

d
(0)\ 0.01

while the dotted line is again the same but withM
_

,
The mass accretion rates shown in theM

d
(0)\ 0.2 M

_
.

upper left panel decrease in exact proportion to the initial
mass, as do the disk masses shown in the lower left panel.

In the upper right panel we plot the half-mass disk radius
(cf. eq. [34])

R(1/2) \ 2(ln 2)1@2R
t
. (43)

The heavy solid, light solid, and dotted lines overlap in this
Ðgure because these disk models all have the same initial
radii and viscous timescales. Comparison of R(1/2)(t) with

and shows how the expansion of the disk is related toM0 M
dthe accretion rate and the remaining disk mass (cf. eq. [10]).

At early times, the evolution is slower because T is not very
large ; only when the elapsed time is long in comparison
with the initial characteristic viscous time of the disk dot

sthe asymptotic forms of disk evolution take hold.
We also considered models with di†ering which wouldt

s
,

result from changing either the initial radius or a. For
example, infall models for Taurus protostars suggest that
the initial disk radii might be closer to 100 AU (Kenyon,
Calvet, & Hartmann The short-dashed and the dot-1993).
dashed curves correspond to models with the standard Ðdu-
cial parameters except that and 100 AU,R1\ 50
respectively. Because these larger initial disk radii increase
the viscous scaling time the mass accretion rate is lowert

s
,

for a Ðxed initial disk mass, and the decay of disk masses
and accretion rates is slower ; this causes the slope of the

versus t to Ñatten out somewhat from the limiting caseM0 (t)
of g \ 1.5 as T ? 1. However, as shown in the upper right
panel, the disk sizes eventually approach a similar value,
expanding nearly linearly with time.

In the case of the model with a \ 10~3, shown in long
dashes in the scaling time is larger and the rate ofFigure 3,
growth of the disk is smaller as shown in the(eq. [42]) ;
upper right panel of disk sizes do not grow signiÐ-Figure 3,
cantly until after a few million years have elapsed.
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FIG. 3.ÈProperties of similarity solutions with c\ 1 (corresponding to g \ 1.5) compared to Taurus observations. Heavy solid line, Ðducial model, with
parameters a \ 10~2, and AU. All other solutions have the same parameters as the Ðducial model but one, as indicated in theM

d
(0)\ 0.1 M

_
, R1\ 10

following. L ong-dashed line, a \ 10~3. Short-dashed line, AU. Dot-dashed line, AU. Dotted line, L ight solid line,R1\ 50 R1\ 100 M
d
(0)\ 0.2 M

_
.

In all cases the models assume and AU) \ 10 K. Upper left, mass accretion rate onto the star. Observations : TaurusM
d
(0)\ 0.01 M

_
. M

*
\ 0.5 M

_
T
d
(100

sample, as in Upper right, half-mass radius. L ower left, 1.3 mm Ñuxes. L ower right, Disk mass. Filled circles, single or unknown multiplicity stars ; openFig. 1.
circles, binaries. Observations : references in Table 3.

To facilitate comparison with observations, we also com-
puted the disk emission at 1.3 and 2.7 mm assuming that the
disk is vertically isothermal at T (R), using the equation

Fl\
P
0

=
dRk2nRBl T (R)[1[ exp ([ql/k)]/(4nd2) , (44)

where k \ 0.5 is the cosine of the assumed average inclina-
tion angle, is the Planck function, the optical depth isBl

ql \ il&(R) , (45)

using a distance d \ 140 pc. We adopted the dust opacity
used by Hz) g cm~2. sum-BSCG, il \ 0.1(l/1012 Table 3
marizes the data used for comparison and gives the appro-
priate references.

The similarity solution predicts that the disk temperature
should fall to arbitrarily low temperatures at large times. In
contrast, detailed calculations suggest that cosmic-ray
heating might provide a minimum baseline temperature

below which the disk cannot fall et al. For(DÏAlessio 1998).
the purposes of computing disk Ñuxes at 1.3 mm and spec-
tral indices between 1.3 and 2.7 mm, we did notlFlP ls
allow disk temperatures to fall below 7 K. This assumption
is formally inconsistent with our power-law similarity solu-
tion (unless a varies in a compensatory fashion), but since
we have no data for stars with very large, cold disks, we
ignore this complication in the present discussion.

The lower left panel in shows the 1.3 mm emis-Figure 3
sion predicted for the various model parameters. The
models predict relatively little variation with age, and
mostly reÑect di†ering disk masses. It is straightforward to
show that, in the limit that the disk is entirely optically thin
at frequency l, the observed Ñux should vary as

Fl P M
d
T0 M

*
1@2(at)~1@2 . (46)

The dependence on time and mass in the actual models is
weaker than this because of optical depth e†ects. This is
made clearer in where we show the spectral indexFigure 4,
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FIG. 4.ÈAdditional properties of the models shown in The half-mass radius is repeated (upper left) for ease of comparison. L ower left, temperatureFig. 3.
at half-mass radius. L ower right, spectral index, deÐned as log mm)]/log [l(1.3 mm)/l(2.7 mm)] ; the optically thick limit is marked.[lFl(1.3 mm)/lFl(2.7
Upper right, estimated sizes at 2.7 mm from et al. compared with model predictions calculated as described in the text. Symbol meanings areDutrey (1995),
the same as in Fig. 3.

between 1.3 and 2.7 mm in the lower right panel. If the disk
were optically thin, s \ 3 ] b \ 4 (where b is the opacity
dependence in frequency) ; lower values indicate the impor-
tance of emission from optically thick regions. At long
times, the disk expands so much that the importance of
optically thick emission decreases. In this limit one would
predict but the calculated Ñuxes fall o† moreFlP t~1,
slowly than this because of the limiting outer temperature
adopted. The left lower panel of shows the tem-Figure 4
perature at the half-mass radius, which provides an indica-
tion as to the importance of the cuto† temperature in
controlling the predicted Ñuxes and spectral indices.

In the upper right panel of we also show theFigure 4
apparent 2.7 mm sizes calculated for the similarity models,
for comparison with the IRAM observations of etDutrey
al. The two-dimensional brightness distribution of(1995).
the disk model has been convolved with a Gaussian that
approximates the beam size used in the observations
(D3A ] 3A). The convolved brightness distribution was
Ðtted with a Gaussian, whose size (FWHP) is calculated
along each axis. To compare with sizes reported by Dutrey

et al. the deconvolved ““Gaussian ÏÏ size is calculated(1995),
assuming the source has a Gaussian brightness distribu-
tion ; in this case, the square of the convolved size is the sum
of the squares of the deconvolved size and the beam size.

The apparent sizes generally scale with the half-mass
radius upper left), although optical depth e†ects(Fig. 4,
cause di†erences at early and late times. For a \ 10~2 and
ages between D3 ] 105 and D3 ] 106 yr, the size is of the
order of 1A (D140 AU at 140 pc). In this interval the disk
has an inner, optically thick and bright region, which has a
large contrast with the outer fainter regions, so the FWHP
size does not change appreciably. Once most of the disk
becomes optically thin, the contrast between inner and
outer regions decreases and the size increases since most of
the emission comes from the expanding large radii where
most of the disk mass resides. This can also be seen compar-
ing the sizes of models with initial mass 0.1 and 0.01 M

_
.

The latter has larger sizes because it is more optically thin
everywhere. On the other hand, the model with a \ 10~3
does not start to be resolved until D3 ] 106 yr. In this case,
since the characteristic timescale is larger, the disk does not
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start evolving until much later. Also, the inner regions,
where &P a~1, are more optically thick, so the(eq. [22]),
contrast between the central and outer disk brightness stays
larger for a longer time.

Comparison with the observations of Taurus stars in
Figures and suggests that these similarity models are3 4
consistent with observations using reasonable parameters.
For mass accretion rates, disk masses, and mm Ñuxes, the
most important parameter is the disk massÈwhich, for the
models shown, is mostly controlled by the initial disk mass.
The models suggest that most of the observed variation in

can be accounted for by varying initial disk massesM0
between 0.01 and 0.2 corresponding to disk masses atM

_
,

t D 1 Myr between D0.003 and D0.1 This conclusionM
_

.
is reinforced in the bottom right panel of where weFigure 3,
compare with dust-emission disk masses from andBSCG

(cf. Because and estimate disk masses byOB ° 3). BSCG OB
assuming power-law surface density and temperature struc-
ture, one might be concerned that there would be systematic
di†erences using the disk structure of the similarity solu-
tion. However, the calculated mm Ñuxes bottom left)(Fig. 3,
and spectral indices bottom right) compare quite well(Fig. 4,
with the observations, indicating that there is no signiÐcant
systematic e†ect introduced by the similarity disk structure
on mass estimates from mm Ñuxes.

From the preceding discussion it is apparent that a
cannot be determined without an estimate of disk size. The
mm sizes observed by et al. coupled to theDutrey (1995),
mass accretion rates and disk masses, place very strong
constraints on the value of a. Included in are theTable 3
sizes for the few stars reported by et al. andDutrey (1995),
these are plotted in the upper right hand panel of Figure 4.
These stars have ages between 5] 105 and 106 yr, and sizes
D1AÈ2A (except for UY Aur). Models with a \ 10~2 predict
sizes entirely consistent with these observations. On the
other hand, if a was much smaller, disks around D1 Myr
stars, which produce values of mass accretion rates and disk
masses comparable to the observations, should not be
resolvable. A model with a \ 10~3 could produce sizes of
order 1A if was increased to D100 AU; this wouldR1require no disk evolution. However, in this case the mass
accretion rate would be essentially constant, and low, over
the range of ages covered by the T Tauri stars (see eqs. [37]
and in disagreement with observed values. At the[39]),
other extreme, if a is larger than a \ 10~2, the characteristic
time for evolution would be much shorter ; in addition to
having sizes larger than observed at 1 Myr, the disks would
have signiÐcantly depleted their mass, so neither the mm
Ñuxes, nor the masses, nor the mass accretion rates would
agree with observations. We conclude that for typical disk
radii of order 100 AU at 1 Myr (and c\ 1), a D 10~2 and
initial disk masses in the range of 0.01 [ 0.2 satisfy theM

_current observational constraints.
The model calculations assume that the diskÏs self-gravity

is unimportant. To check, we calculate the Toomre Q
parameter,

Q\ c
s
i

nG&
. (47)

Setting the epicyclic frequency i to equal the orbital fre-
quency in the Keplerian disk, it is straightforward to show
that the minimum value of Q, where the disk is most gravi-
tationally unstable, occurs at using aR(Qmin) \ 0.75R1T ;

mean molecular weight of 2, we Ðnd

Qmin\ 1.43
A M

d
(0)

0.1 M
_

B~1A M
*

0.5 M
_

B1@2

]
A T

d2
10 K

B1@2A R1
10 AU

B1@4
T 3@4 . (48)

At the earliest time shown in Figures and t \ 1 ] 1053 4,
yr, T \ 2.25 and in our ÐducialQmin\ 2.63 M

d
(0)\ 0.1

model. The model at this time hasM
_

M
d
(0)\ 0.2 M

_so this model is initially near the limit forQmin\ 1.31,
gravitational stability. For lower masses and at larger ages
the models are more stable (e.g., & PringleLarson 1984 ; Lin

et al.1990 ; Shu 1990).
An important caveat in this analysis is that binary (or

multiple) systems cannot be treated. The gravitational
torques due to a companion star can disrupt the disk, com-
pletely altering the evolution described by the similarity
model. In Figures and we indicate known binary3 4
systems by open circles. While there is no evident e†ect of
multiplicity on the mass accretion rates, there is a tendency
for binaries to represent the lowest mm Ñuxes and corre-
sponding masses, as noted previously (Jensen, Mathieu, &
Fuller Similarly, the few binary objects1994, 1996 ; OB).
seem to have anomalous disk spectral indices and sizes (Fig.
4).

4.3.2. Results for c[ 1

As discussed in there is no theoretical basis at° 4.2,
present for a constant a viscosity ; and as pointed out in

the constraints on c are poor. Here we consider the° 4.1,
general properties of models with larger values of c. Since a
is no longer constant, the value of the viscosity must be set
at a Ðducial radius. We have chosen to scale the viscosity to
the value at 100 AU, deÐning it in term of the value of a at
that radius, retaining the approximation q \ 12.

Solutions for a variety of parameters are shown in Figure
In general these models do not seem to be able to repro-5.

duce the range of observational constraints as well as the
c\ 1 solutions. The reasons for this are easy to understand
in the context of these analytic similarity solutions. For
example, take the case g \ 2.5, which corresponds to
c\ 5/3. In this limit the disk expands in a rapidly acceler-
ating manner, correspond-R

t
PT 1@(2~c)P T 3 (eq. [23]) ;

ingly, andM
d
(T ) P T ~1@*2(2~c)+ PT ~3@2 M0 (T ) P T ~5@2

(eqs. and[10], [26], [27]).
Consider Ðrst the limit T ? 1. In this case, the rapid

expansion of the disk upper right) makes it difficult(Fig. 5,
to satisfy reasonable constraints on disk sizes on early and
late times. For reasonable disk sizes at t \ 1 Myr, the initial
disk size (half-mass radius) is very small, much smaller than
typical estimates of disk sizes for very young stars (see
above). Conversely, if one starts out with an initial disk
half-mass radius of a few tens of AU at an age of D0.3 Myr
or less, then the disk sizes tend to become huge at ages

Myr. Such large disk radii are difficult to reconcileZ1È3
with current observational limits on disk sizes, and the large
expansion factors imply such a rapid decrease in the disk
mass that it is very difficult to explain the observed mm
emission unless the initial disk masses are very large. To
obtain some of the largest disk masses, D0.1 at t D 1M

_
,

Myr, with to obtain a steep decline in accretion rates,T Z 4
and g \ 2.5, requires initial disk masses of M

d
Z 0.8 M

_
;
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FIG. 5.ÈProperties of similarity solutions with di†ering values of c. Heavy solid line, Ðducial model, with properties as in and c\ 1, g \ 1.5. AllFig. 3,
other solutions have the same parameters as the Ðducial model, except stated otherwise. L ong-dashed line, c\ 3/2, g \ 2. Short-dashed line, c\ 5/3, g \ 2.5.
Dot-short-dashed line, c\ 5/3, AU. Dotted line, c\ 5/3, a \ 0.14. L ight solid line, c\ 5/3, a \ 3 ] 10~2, AU, Obser-R1\ 50 R1\ 0.3 M

d
(0)\ 0.2 M

_
.

vational points as in Fig. 3.

such large disk masses are almost certainly gravitationally
unstable & Pringle et al.(Larson 1984 ; Lin 1990 ; Shu 1990).

Alternatively, one might suppose that T is not a large
parameter. In this limit, the evolution of the disk is slowed
from its asymptotic value, so that disk sizes change within a
smaller range, and disk masses and millimeter-Ñuxes are
easier to explain. However, as shown in for casesFigure 5,
where the viscous timescale is increased such that T is rela-
tively small at t \ 1 Myr, the corresponding e†ect is to slow
the rate of decay of the mass accretion rateÈwhich was the
motivation to investigate large c solutions in the Ðrst place.

In summary, it appears that the bulk of current obser-
vational constraints are more easily satisÐed with cD 1
than with Studies of older preÈmain-sequence starscZ 3/2.
are required to provide deÐnite conclusions.

5. DISCUSSION

5.1. Implications for Disk Structure
Our new mass accretion rates tend to be lower than some

previous estimates (though not all ; Basri, & JohnsValenti,
suggesting that viscous heating of the disk during the1993),

T Tauri phase is less important relative to irradiation
heating by the central star than frequently assumed. The
time decay of disk accretion, though uncertain, appears to
be relatively rapid in comparison with some estimates of the
timescales for planet formation (e.g., & CassenPodosek

and references therein).1994,
The revised mass accretion rates, coupled with evolution-

ary timescales, indicate disk masses on average within a
factor of 3 of the dust masses derived from millimeter-wave
emission. This result suggests that there are no large sys-
tematic problems with long-wavelength dust opacities, at
least in disks of ages Myr. While rapid evolution of[ 1
grain properties is expected to occur over very short time-
scales, D103 yr at 1 AU, (e.g., & CuzziWeidenschilling

the agreement between the dust-emission masses and1993),
the inferred accretion masses suggests that changes in dust
opacities on scales D100 AU, where most of the disk mass
resides, may be much slower. The results further suggest
that most of the observed range of mass accretion rates in T
Tauri stars can be explained with initial disk masses in the
range 0.01È0.2 consistent with the notion that T TauriM

_
,

accretion takes place after any rapid evolution due to gravi-
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tational instability. They also imply that the change in
central stellar mass during the bulk of the T Tauri phase

Myr) is relatively small.(Z 1
Constraints on viscosity currently are poorly determined

from the decay of mass accretion rates. For cD 1, consistent
with our preferred Ðts to the decay of mass accretion rates,
present measurements of disk sizes imply a B 10~2 on
scales D10È100 AU. in agreement with some current simu-
lations of the Balbus-Hawley instability et al.(Stone 1996 ;

et al. For larger values of c it is moreBrandenburg 1996).
difficult to estimate the appropriate magnitude of the vis-
cosity ; however, such models evolve so rapidly that it is
difficult to reconcile them with observations (° 4.3.2).

illustrates the surface density of the ÐducialFigure 6
model (c\ 1) as a function of radius for three di†erent
times, 0.32, 1, and 3.2 Myr. At these times, the disk has

70, and 212 AU, and mass 0.04, 0.03, and 0.015R
t
\ 25,

The surface density of the Ðducial model agrees rea-M
_

.
sonably well with that of the minimum mass solar nebula of

at early ages, but decreases substantially atHayashi (1981)
ages Myr ; the total mass still remains comparable toZ 1
that of the minimum mass nebula, but it now mostly resides
at much larger radii than the solar system planets. The
model surface density distribution must be considered to be
schematic, especially at small radii. Temperature and vis-
cosity distributions may well exhibit strong nonÈpower-law
behavior, due in part to enhanced opacity trapping of
accretion-generated heat, which is especially important in
the innermost disk regions (see, e.g., and refer-Cassen 1994,
ences therein ; et al. Our calculations,DÏAlessio 1998).
which focus on the expansion of the outer disk and the
corresponding importance of irradiation in determining
disk heating, are somewhat complementary to the recent
evolutionary models of who concentratedStepinski (1997),
in more detail on the structure of the inner disk regions in
which accretion heating dominates.

The surface density distributions of the similarity solu-
tions di†er from the usual assumptions used in disk model-
ing (cf. For these solutions, much of the mass of theBSCG).
disk resides in the outer region where the surfaceR[R

t
,

density falls o† (roughly) exponentially with increasing dis-
tance. The exponential behavior is a generic result for
viscously expanding disks ; the details of the solution will
depend upon the precise value of c, but the outer ““ edge ÏÏ of
the disk is not sharp. In this connection it is interesting to

FIG. 6.ÈSurface density of the Ðducial model, with parameters as in
for three di†erent times : 0.32 Myr, 1 Myr, and 3.2 Myr. TheFig. 3, Hayashi
minimum mass solar nebula surface density distribution, &P R~3@2,(1981)

is plotted for reference.

note that & OÏDell argued that theMcCaughrean (1996)
circumstellar disks seen in silhouette against the bright
background of the Orion Nebula also have exponentially
varying surface density distributions in their outer regions.
Although the exponential edges of these disks may be
created by a variety of e†ects & OÏDell(McCaughrean

and photoevaporation and photodissociation may be1996),
dominant Shu, & Hollenbach it is worth(Johnstone, 1996),
noting that the basic picture of viscous disk expansion also
predicts exponential or quasi-exponential disk edges,
assuming that the disks have expanded somewhat from
their initial states. Furthermore, although the radii of the
silhouette disks are also relatively large compared with
Taurus estimates, ranging from about 25 AU to about 500
AU, they are not inconsistent with the standard models
presented here for Taurus, even though the ages of the
Orion Nebula stars may be yrt [ 106 (Hillenbrand 1997).
The essential point is that the dust opacity at visual wave-
lengths is quite large, so that shadow sizes represent the
extreme tenuous outer disk regions. For a quantitative
comparison, we can calculate the radius where the optical
depth at a given wavelength is unity, Assuming anRj.opacity of 380 cm2 g~1 at 0.5k & Lee and(Draine 1984),
using our c\ 1 solution, the implicit equation describing
the evolution of with time isR0.5
AR0.5

R1

B
e(R0.5@R1)@T \ 5.4] 105

T 3@2
A M

d
(0)

0.1 M
_

BA R1
10 AU

B~2
.

(49)

Inspection of this equation shows that will increase asR0.5long as and will decrease as T ~3@2 forR0.5/R1[ T
R0.5/R1 >T .

shows the radius where optical depth q\ 1 atFigure 7
0.5 km, calculated for the same models in It is seenFigure 3.
that the models with the Ðducial Taurus parameters can
easily explain disk sizes of order 500 AU at optical wave-

FIG. 7.ÈRadius where optical depth is equal to 1 at 0.5 km (upper set
of lines) and at 1.3 mm (lower set of lines). Models for c\ 1, labeled as
in Fig. 3.
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lengths. In contrast, the optically thick regions at millimeter
wavelengths are much smaller, as also indicated in Figure 7.
This di†erence reÑects the fact that a very small amount of
dust is required to produce signiÐcant absorption at optical
wavelengths ; the silhouettes are probing the outermost disk
regions and are not good indicators of the total amount of
material present. On the other hand, since most of the disk
is optically thin at radio wavelengths, the emission depends
directly on the total mass present. Comparisons between
optical and millimeter-wave measurements of disk sizes can
provide a test of the disk structure predicted here.

5.2. Implications for Disk Evolution
Although our results for disk accretion and consequent

evolution are highly preliminary, they incorporate several
independent astronomical constraints into a consistent
physical picture with reasonable parameters. One of the
messages of is that simple models predict relativelyFigure 3
little evolution in many easily observable parameters, such
as millimeter-wave disk Ñuxes ; much of the range in long-
wavelength Ñuxes and mass accretion rates may well derive
from di†ering initial disk masses (which may in turn reÑect
e†ects of gravitating companions ignored here).

The models suggest that T Tauri disks may expand far
beyond their initial sizes during their preÈmain-sequence
evolution. In this connection it is interesting to consider the
b Pic stars, some of which have outer disk sizes of order 103
AU; the models in Figures and suggest that even low-3 4
mass stars might have such extended disks at ages of 10
Myr. (For c[ 1 disk expansion is even more rapid.) The
ultimate fate of this material is uncertain, and other pro-
cesses such as photoevaporation Johnstone, & Hol-(Shu,
lenbach and tidal truncation need to be considered.1993)
Nevertheless, the expansion implied by the viscous disk
solutions suggest that low-mass stars like the Sun might
have had disk systems of appreciable mass that extended far
beyond the limits of the present solar system planets at an
age of 10 Myr or more (Tremaine 1990).

While the properties of inner disks may di†er substan-
tially from those of outer disks, the evolution of the outer
disk may drive overall system behavior. For example, the
similarity solutions formally extend the disk all the way to
R] 0, though there must be some inner boundary that
a†ects disk properties. The inner boundary condition may
be one of zero torque, as in the classical boundary layer
solution at the stellar surface & Pringle(Lynden-Bell 1974),
or in the case of an inner X-wind coupled to a stellar magne-
tosphere which carries away the accreted angular momen-
tum at the corotation radius et al. Alternatively,(Shu 1994).
it is possible that some angular momentum of the star is
transferred back to the disk & Pringle(Lynden-Bell 1974 ;

& Lamb et al. & Camp-Ghosh 1979 ; Shu 1994 ; Cameron
bell Campbell, & Quaintrell1993 ; Cameron, 1995 ;

& Clarke In either case, the angularArmitage 1996).
momentum inner boundary condition for the accretion disk
does not strongly a†ect the overall evolution (Lynden-Bell
& Pringle & Bodenheimer The mass accre-1974 ; Lin 1982).
tion rate is set by the expansion of the outer disk, while the
surface density distribution at small radii is modiÐed by the
inner boundary condition.

It has been suggested that winds or jets may remove
signiÐcant amounts of angular momentum from outer
regions accretion disk (e.g., this would elimi-Ko� nigl 1989) ;
nate the need for the outer disk to expand. However, we

take the view that winds or jets are a phenomenon of only
the innermost disk, for reasons outlined in Hartmann (1995 ;
see also and et al. In this case thePringle 1989 Shu 1994).
wind/jet does not a†ect the overall problem greatly, since
most of the mass to be accreted comes from outer disk
regions where wind angular momentum loss is unimpor-
tant.

T Tauri accretion is now thought to proceed through a
stellar magnetosphere rather than a boundary layer (Ko� nigl

see also Basri, & Bouvier1991 ; Bertout, 1988 ; Hartmann
The decay of mass accretion rates with age suggest1995).

that, at some point, the stellar magnetosphere may be suffi-
ciently strong so as to prevent accretion onto the central
star & Pringle & Clarke(Lynden-Bell 1974 ; Armitage

All other things being equal, for a dipolar stellar1996).
magnetic Ðeld one expects the magnetic truncation radius
to vary as thus, in our standardR

m
P M0 ~2@7 (Ko� nigl 1991) ;

solutions, the t~3@2 decay of the accretion rate would
suggest that the magnetospheric truncation radius would
increase by a factor of about 2.5 as the star ages from 1 to 10
Myr. If the truncation radius is close to corotation at 1 Myr

et al. then this scaling would imply a shut o† of(Shu 1994),
accretion, along with a corresponding elimination of the
optical signaturesÈhot continuum and emission linesÈof
accretion.

It is highly unlikely that disks exhibit pure power-law
viscosity over several orders of magnitude of radius. In
general, di†ering viscosities in the inner disk will tend to
modify the surface density distribution accordingly, while
the mass accretion rate is set by the expansion of the outer
disk This conclusion could(Cassen 1994 ; Stepinski 1997).
be modiÐed by time-dependent angular momentum trans-
port. For example, in the model of only theGammie (1996),
layers of the disk within a column density D100 g cm~2, or
hotter than about 1000 K, are ““ active ÏÏ ; regions not
satisfying this constraint do not have sufficient ionization to
e†ectively couple the magnetic Ðeld to disk material and
allow the Balbus-Hawley instability to transfer angular
momentum. In these low-ionization regions, mass builds up
in the disk, probably leading eventually to an instability
and a short phase of rapid accretion. We note that, in our
standard model, the nonsteady region according to
GammieÏs prescription is conÐned to radii AU, so that[ 3
the outer disk evolution is not strongly a†ected. Moreover,
Gammie concluded that the low-state accretion rate is
roughly 10~8 yr~1, comparable to the median valuesM

_found here, suggesting that short-term variability using the
Gammie prescription may occur within a modest range
around the mean values predicted by our similarity models.
Time-dependent calculations are needed to explore this
question further.

6. CONCLUSIONS

We have shown a correlation between age and mass acc-
retion rates for a sample of K5ÈM2 preÈmain-sequence
stars in Taurus. The precise form of this correlation is
uncertain ; for g D 1.5È2.8, with some preferenceM0 P t~g,
for lower values of g considering likely errors and probable
age corrections for birthline positions. The mass accretion
rates, coupled with estimates of stellar ages, imply disk
masses that are consistent with estimates from millimeter
and submillimeter dust continuum emission, suggesting
that the interpretation of the latter data is not subject to
order-of-magnitude systematic errors from dust opacities.
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Extrapolations of the present data suggest that accretion
rates may fall so low that stellar magnetospheres can
prevent accretion at ages Myr. Viscosities are poorlyZ10
constrained by the present data ; however, similarity solu-
tions with initial disk masses range from D0.01 to 0.2 M

_
,

below the limit of gravitational instability, and viscosities
parameterized by a D 10~2 are consistent with obser-
vations. The similarity solutions suggest that disks may

possibly become quite large, D1000 AU, by the end of preÈ
main-sequence evolution. Future observations of accretion
rates in older preÈmain-sequence stars can strongly con-
strain evolution of T Tauri disks.
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