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ABSTRACT

We show that the mid- to far-infrared fluxes of “flat spectrum” T Tauri stars can be explained by radiative
equilibrium emission from infalling dusty envelopes. Infall eliminates the need for accretion disks with non-
standard temperature distributions. The simplicity and power of this explanation indicates that models
employing “active” disks, in which the temperature distribution is a parameterized power law, should be
invoked with caution. Infall also naturally explains the scattered light nebulae detected around many flat spec-
trum sources. To match the observed spectra, material must fall onto a disk rather than the central star, as
expected for collapse of a rotating molecular cloud. It may be necessary to invoke cavities in the envelopes to
explain the strength of optical and near-infrared emission; these cavities could be produced by the powerful
bipolar outflows commonly observed from young stars. If viewed along the cavity, a source may be lightly
extincted at visual wavelengths, while still accreting substantial amounts of material from the envelope. Infall
may also be needed to explain the infrared-bright companions of many optical T Tauri stars. This picture
suggests that many of the flat spectrum sources are “protostars "—young stellar objects surrounded by dusty

infalling envelopes of substantial mass.

Subject headings: accretion, accretion disks — infrared: stars — line: formation — stars: pre-main-sequence

1. INTRODUCTION

The paradigm of dusty accretion disks encircling T Tauri
stars (Lynden-Bell & Pringle 1974) has been the basis of exten-
sive research over the last decade (Rucinski 1985; Adams,
Lada, & Shu 1987, 1988, hereafter ALS I, II; Kenyon & Hart-
mann 1987, hereafter KH; Bertout, Basri, & Bouvier 1988;
Basri & Bertout 1989). Disks appear to be the most plausible
explanation of the infrared excesses of many young stellar
objects, as well as the millimeter wavelength radio emission
(Beckwith et al. 1990). However, most T Tauri stars with infra-
red excesses emit more radiation at long wavelengths than
predicted by the simplest disk theories (KH; ALS II), posing an
important challenge to theory.

For many T Tauri stars, such as GG Tau (Fig. 1), the infra-
red excesses are relatively modest. It is possible that the spec-
trum of GG Tau can be explained with a slight modification of
the basic steady-accretion, flat disk model (shown as a dot-
dashed line in Fig. 1). For example, if the disk is slightly curved
or “flared” upward, as might be expected from hydrostatic
equilibrium, more light from the central star can be absorbed,
producing more emission at long wavelengths (KH; dashed
line in Fig. 1). However, the “flat spectrum” T Tauri stars
pointed out by ALS II, such as HL Tau (Fig. 1), have such
large far-infrared excess emission that small modifications to
the disk will not suffice to explain the spectrum. Either the
heating mechanism must be drastically modified, or another
dusty component must be present (Natta 1993).

The spectral energy distribution (SED) of a flat spectrum
source implies that much of the luminosity is radiated at large

1 Also Grup d’Astrofisica de la Societat Catalana de Fisica, Institut
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distances, in contrast with simple disk models in which most of
the energy is released deep on the gravitational potential well
of the system (cf. Lynden-Bell & Pringle 1974; KH; ALS II).
Spiral density waves have been invoked to transfer the neces-
sary large amounts of energy to outer disk regions (ALS II;
Adams et al. 1989; Shu et al. 1990). Unfortunately, this mecha-
nism may require an unrealistically sharp outer edge to the
disk, and predictions of the disk heating by spiral waves have
not yet been made.

Other dusty structures have been invoked to explain the
excess infrared emission of T Tauri stars. Dusty disk winds
emit the excess infrared radiation directly (Safier 1993a, b) or
could enhance disk emission by scattering more light from the
central star into the disk (Natta 1993). However, the physics of
disk winds are uncertain; and if the dust is not well mixed with
the gas, it is not clear that the wind (which must arise from the
upper layers of the gaseous disk) will necessarily contain much
dust.

The largest infrared excesses observed in young stars prob-
ably arise in surrounding dusty envelopes rather than in disks.
Objects with large far-infrared excesses, known as “Class 1”
sources in the nomenclature of Lada & Wilking (1984), are
thought to be embedded in optically thick, dusty infalling
envelopes (Myers et al. 1987; ALS I; Kenyon, Calvet, & Hart-
mann, 1993a hereafter KCH; Kenyon et al. 1993b, hereafter
KWGH). It is plausible that many of these objects are
“protostars,” used loosely in the sense of young stellar objects
which have yet to accrete a substantial amount of their final
mass.

In Figure 1 we show the SED of a typical Class I source in
the Taurus molecular cloud, IRAS 04016+ 2610. It is imme-
diately evident that the flat spectrum source HL Tau has a
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Fi1G. 1.—Spectral energy distributions (SEDs) of the Class I (protostellar)
source 04016+ 2610 (upper panel), the “flat-spectrum” T Tauri star HL Tau
(middle panel), and the T Tauri star GG Tau. The dashed line in the upper
panel represents the dusty infalling envelope model calculated by KCH for
04016 +2610. The model has an infall rate of M = 5.7 x 107 My yr™!

x (M,/1 M)''%, where M, is the central stellar mass, and a centrifugal radius
R, =70 A.U,, observed at an inclination angle i = 60° from the polar axis. The
solid line denotes the Monte Carlo scattering calculations of KWGH for this
object. The same model is also displayed in the middle panel for comparison
with the observations of HL Tau. The dot-dashed line in the bottom panel
represents an MO star plus standard flat disk model. The dashed line represents
a “flared ” reprocessing disk, with the vertical height H of the disk varying with
radial distance r as H oc r°/® (Kenyon & Hartmann 1987; see text).

SED much closer to that of the Class I source than to the
spectrum of the typical T Tauri star. This comparison suggests
that the far-infrared emission of HL Tau might also arise from
an infalling dusty envelope rather than a disk. Indeed, infall
has independently been suggested in HL Tau on the basis of
scattered light analyses and high-resolution spectroscopy
(Beckwith et al. 1989; Grasdalen et al. 1989), and recently from
interferometry at radio wavelengths (Hayashi, Ohashi, &
Miyama 1993). ALS II also suggested the presence of a tenuous
infalling envelope to explain the far-infrared emission and sili-
cate absorption of HL Tau.

Since infall must eventually cease, one might imagine that
Figure 1 can be read from top to bottom as a sort of evolution-

ary sequence: a young star is first hidden at optical wave-
lengths by its dusty envelope, then becomes more revealed as
the envelope optical depth decreases, and finally emerges as a
typical T Tauri star, with perhaps a trace of infall remaining to
explain the far-infrared spectrum. Whether or not such an evo-
lutionary sequence can be developed, it is clear that the emis-
sion from an infalling envelope can potentially eliminate the
need for a disk mechanism to explain the “flat spectrum”
temperature distribution.

In this paper we present radiative equilibrium dust envelope
models that can explain the spectra of flat spectrum sources,
building on our earlier modeling of the Taurus Class I sources
(KCH; KWGH). We find that envelope models can explain the
mid- to far-infrared emission of flat spectrum sources, although
disk emission is probably necessary to explain the observations
at the shortest and longest wavelengths. In a subsequent paper
we will explore the relationship of infalling envelopes to the
overall spectral evolution of T Tauri stars.

2. METHODS AND ASSUMPTIONS

2.1. Infalling Envelope Models

Extending the pioneering work of ALS I, KCH and KWGH
demonstrated that the SEDs of the Class I sources in Taurus
can be explained by the emission of infalling dusty envelopes in
radiative equilibrium. The key ingredient in the models is rota-
tion, which causes material to fall directly onto the disk, not
the star, reducing the extinction in the inner envelope and
allowing more short-wavelength light to escape. The upper
panel of Figure 1 demonstrates how well a model of this type
can fit the SED of Class I source 04016 + 2610.

A direct application of this same infall model to HL Tau
results in surprisingly good agreement at mid- to far-infrared
wavelengths (Fig. 1). Some enhancement of envelope emission
is required at shorter wavelengths to match the observations.
One possibility is that holes in the envelope are present which
allow more short-wavelength radiation to escape; such holes
are needed to explain the near-infrared fluxes of Class I sources
(KGWH). In addition, the inclusion of disk emission could
increase near-infrared fluxes. Here we discuss modifications of
our models and radiative equilibrium methods needed to
model the optically visible flat spectrum sources.

As in KCH and KWGH, we adopt the Terebey, Shu, &
Cassen (1984, hereafter TSC) density distribution for a rotat-
ing, infalling envelope. At large distances, the TSC model is in
essentially spherical steady free-fall, with a density distribution
p ~r~ 32 On small scales rotation becomes important, and
most of the material lands on a disk rather than directly onto
the star. The centrifugal radius R, denotes the maximum
radius to which infalling material lands on the disk at a given
instant. The basic TSC model is defined by four parameters:
the density at a reference level p,, the centrifugal radius R,, the
total system luminosity L, and the inclination i of the polar
(rotational) axis to the line of sight.

For consistency with KCH we define the reference density p,
as that density the model would have at a radius of 1 A.U. if
R, = 0. The relationship between p,, the mass infall rate M,
and the stellar mass M, is

M=19x10"% Mg yr! Py M, 1/2. (1)
107" gem ™3 \1 Mg

Thus p, fixes the mass infall rate if the central mass is known.
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In KWGH we found that it was impossible to explain the
near-infrared emission of Class I sources in Taurus without
appealing to scattering in cavities in the dusty infalling
envelopes. We suggested that these holes might be driven by
the bipolar outflows commonly observed in early evolution (cf.
Terebey, Vogel, & Myers 1989). Short wavelength radiation
would more easily scatter out of such holes; the solid line in
Figure 1 shows a calculation of scattering from an envelope
hole. Since objects like HL Tau are known to exhibit powerful
bipolar jets (Mundt, Brugel, & Biihrke 1987), it is clear that the
possible effects of outflows on the dusty envelopes need to be
considered.

In this paper we assume that the wind-driven holes are
bipolar conical cavities of opening half-angle at infinity 6,,
measured from the polar (rotational) axis. The schematic
geometry of our model is shown in Figure 2. The idea behind
this simple model is that the wind completely evaculates
material inside this cone, leaving the material outside the cone
undisturbed. This model may not be realistic but we adopt it in
the absence of much definite knowledge of jet geometry.
Material just outside this cone has finite angular momentum,
and so it will not land on the star but on the disk, at a distance
given by

R .

—I? = sin? @, ?)
(e.g., Ulrich 1976; Cassen & Moosman 1981). Our conical
cavity intercepts the disk at this radius, approximating the
streamlines of the infalling material.

2.2. Radiative Transfer Methods

We begin as in KCH by calculating the radiative equi-
librium temperature distribution from the spherical average of
the TSC density distribution (Adams & Shu 1986). We assume
that the luminosity originates entirely in the central source,

F1G. 2—Schematic illustration of our axisymmetric envelope model, shown
as a cross-cut in the meridional plane. The envelope density distribution is
given by the TSC model for rotating collapse (see text), with the same rotation-
al axes for the disk and for the infalling envelope. Material lands on the disk
inside of R, (which value is set by the angular momentum of the envelope). A
bipolar outflow is assumed that evacuates the envelope within a cone whose
axis lies along the rotational axis, which has an opening angle 6,, and inter-
sects the disk at R ;...
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which radiates, isotropically. To minimize the number of
parameters we adopt the standard Draine & Lee (1984) dust
opacities and assume that dust is destroyed at temperatures
21600 K.

The presence of holes in our models introduces substantial
departures from spherical symmetry. We tried therefore to
make an approximate temperature correction to treat this. At
each point of the envelope in the spherically averaged calcu-
lation, we split the mean intensity J at each frequency into two
pieces,

Jo=Jay+ gy 3)

where J, , is the contribution from the dust envelope and J, ,
is the direct stellar contribution. For envelope models with
holes, we assume that J, is the same as in the spherical calcu-
lation, but recalculate the direct stellar contribution

Jev = IdQI*,ve_’Mn s “@

where 7 is the optical depth through the envelope toward the
star, including the cavity and the actual TSC density distribu-
tion, and the integral over solid angle Q is taken over the stellar
disk. With a new estimate of the mean intensity, the tem-
perature is recalculated using the radiative equilibrium equa-
tion,

f “dvi,J,—B)=0, )
0

where B, is the Planck function. This approximation results in
temperature distributions that approach the spherical distribu-
tion far from the cavity, but that are much hotter along the
walls of the cavity because of the enhanced penetration of light
from the central source.

It must be emphasized that this correction to the tem-
perature distribution for the pressure of a hole is approximate.
We shall restrict ourselves to considering only narrow holes,
for which the departure from overall spherical symmetry in the
envelope is minimized. The temperature rise along the edges of
the cavity somewhat enhances the emission at shorter wave-
lengths, but the final results are dominated by the removal of
hot dust from the cavity, which results in less short-wavelength
emission overall (see § 3). We assume that the adjusted source
function is the Planck function, which also tends to reduce the
short-wavelength emission due to the neglect of scattering.

The resulting axisymmetric (but not spherically symmetric)
temperature distribution then provides the source function to
obtain the emergent spectrum at a given inclination angle i
from the formal solution of the transfer equation, as in KCH.

The infall pattern of the TSC model implies the formation of
a disk. For the model envelopes of interest here, which permit
the escape of short-wavelength light either because of low
opacity or the evacuated hole, it is necessary to consider the
effect of the disk and its emission on the SED. We assume that
the disk is optically thick at all wavelengths, so that it blocks
the envelope radiation behind it, with an outer radius of R,.
The radiative equilibrium calculation includes the angle-
averaged disk contribution to the total system luminosity
(equivalently, we assume that the disk emits isotropically a flux
that corresponds to 60° inclination). For simplicity this lumi-
nosity is assumed to originate at the star. This is reasonable,
since we assume the standard temperature distribution for
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steady disk accretion relation (LBP),

3GMM R \'"?
T3(R) = SRS [1 - (7) ] , (6)

where R is the radial distance in the disk plane, and R, is the
stellar radius; this implies that most of the energy is radiated in
the inner disk. The emergent spectrum at inclination angle i is
calculated assuming isotropic radiation from the disk oriented
perpendicular to the envelope rotational axis.

3. RESULTS FOR ENVELOPE EMISSION

The six flat spectrum sources discussed by ALS II exhibit
nearly constant fluxes in AF, between about 3 and 60 um.
Specifically, defining the spectral index s between 3.5 and 60
um as AL, oc A%, the ALS II flat spectrum sources have
—0.6 <5 504 In this section we investigate the parameter
range in which infalling envelopes can produce similarly flat
SEDs without including disk emission or scattered light origin-
ating from the central object. We consider models with L = 4
Ly, slightly higher than the median stellar luminosity in
Taurus (~1 Lg; Kenyon et al. 1990), but comparable to the
luminosities of the flat spectrum sources we model in detail
later. The shapes of the calculated SEDs are insensitive to

differences in luminosity of an order of magnitude or less (cf.
KCH).

3.1. Models without Holes or Disks

We begin by considering how well the simplest models,
namely TSC envelopes without bipolar outflow holes or disks,
can reproduce flat SEDs in this wavelength range. Figure 3
illustrates the radial temperature distributions for TSC models
with R, = 70 A.U., but with different values of log p,. At large
radii, the envelope temperature distribution approaches the
T oc r~ /3 behavior expected in the optically thin limit (Larson
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F1G. 3—Temperature distributions for the TSC infall models without
bipolar holes, labeled by the reference level density p,.
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1972; ALS I; KCH). For the lower-density envelopes also con-
sidered in Figure 3, the optical depths are even smaller, so the
temperature distribution approaches the optically thin limit
even more closely. These relatively flat temperature distribu-
tions are essential to producing a large far-infrared excess.

The upper panel of Figure 4 illustrates the behavior of the
envelope emission as a function of p, and R,. At high densities
(high infall rates), the SED is relatively narrow; most of the
energy comes out in the far-infrared, because the cold outer
envelope strongly extincts the shorter-wavelength light.
However, for p; = 107'* g cm ™2 and R, = 70 AU (shown at
i = 60°), the spectral energy distribution becomes quite broad,
and the 10 um silicate feature nearly disappears. The infall
rates for these two models span the typical values found for
many Taurus Class I “protostars” (KCH, KWGH). At p, =
10~ 15 g cm ™3 the central star (assumed in these calculations to
be a 3500 K blackbody) can be seen clearly, being only slightly
extincted by the envelope.

The lower panel of Figure 4 shows the importance of R, in
producing a broad SED. For spherically symmetric collapse.
KCH showed that the SED is extremely narrow for p; 2
3 x 107 % g cm 3. Even for p; = 1071* g cm ™3, a spherically
symmetric envelope (R, = 0) produces a relatively narrow
SED. If R, is increased to 300 AU—near the upper limit
expected from the observed rotation of cloud cores (Goodman
et al. 1993)—the SED becomes slightly double-peaked, as the
spectrum of the central star once again becomes important.

For the high infall rates of Class I sources in Taurus KCH
pointed out that the inclination of the model made a large
difference in its apparent SED, because of the flattened nature
of the TSC density distribution and the large extinction at
short wavelengths. For more optically thin envelopes, one

log AL, (ergs™)
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F1G. 4—SED:s for TSC models without bipolar holes or disks, illustrating
the dependence of the emergent flux on the reference level density p, for a
centrifugal radius R, = 70 AU and the effect of varying the centrifugal radius
R, atp, =10"**gcm™3.
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would expect that the inclination dependence of the SED
should become less important. This is explicitly demonstrated
in Figure 5, where we show the inclination dependence for two
models.

The sequence of models in Figures 4 and 5 show that infall
models produce relatively broad and flat SEDs provided the
envelope density and optical depth lie within a limited range.
For very low infall densities, the central star is not sufficiently
obscured and the envelope emission becomes too weak with
respect to the short-wavelength peak. For very high infall den-
sities, insufficient near-infrared emission escapes. To a certain
extent, changes in p, can be compensated for by appropriate
changes in R, and i. But there are limits to this scaling, because
the wavelength of the peak of the far-infrared SED depends
upon p, (cf. KCH).

Our “fiducial” model with log p, = —14, R, =70 AU,
i = 60° produces a spectral index between 3.5 and 60 um of
s =0.35. The same model observed at i = 30° results in
s = 0.28, while at the same density and inclination but R, =
300 AU, s = 0.39. These models lie at the upper range of s
considered by ALS II. Thus, infall models can explain the mid-
to far-infrared emission of the flat spectrum sources with the
largest infrared excesses. In fact, some of the Class I sources
listed in these papers would fall into that spectrum category if
defined by this range of s (specifically, IRAS 04295 +2251 and
IRAS 04489 + 3049).

3.2. Thermal Emission Models with Holes

We next consider the effects of bipolar cavities on the
thermal emission from the infalling envelope. (Note that scat-
tering is not included in these calculations.) Figure 6 shows
models with p, =3 x 107** g cm ™3, R, = 200 AU, and with
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FiG. 5—Dependence of two TSC model SEDs on the inclination of the
pole to the line of sight. Both panels show results for i = 0°, 30°, 60°, and 90°,
with the uppermost curve indicating i = 0° and the lowermost curve represent-
ingi = 90°
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FiG. 6.—Effects of bipolar outflow holes on the SED of a TSC model with
log p, = —13.5, R, = 200 AU. Results are shown for two inclinations, i = 60°
(upper panel) and 30° (lower panel). The dotted lines show the TSC model SED
with no bipolar outflow hole; the solid, dashed, and long-dashed lines rep-
resent models with half-opening angles for the outflow holes of 0°, 5°, 10°, and
30° (see egs. [2] and § 2).

hole sizes of 8, = 0°, 5°, 10°, and 30°. The principal effect of the
hole at high inclinations is to remove mid-infrared emission,
because the inner hot dust of the original TSC model has been
removed. A conical hole with 8, = 10°, has a distance of closest
approach to the star r,;,, = 0.03R, =6 AU; thus the hole
removes the dust with temperatures in excess of ~400 K (see
Fig. 2). The flux from the envelope is thus reduced at wave-
lengths shorter than 4 ~ 0.3/T,,,, ~ 8 um.

Similar results are obtained at low inclinations except when
i < 60, In this case the central regions are not affected by
extinction along the line of sight, resulting in very strong emis-
sion at short wavelengths. The resulting SED is dominated by
the emission of the star and disk at short wavelengths and does
not look like a flat spectrum source. In the context of the TSC
model, flat spectrum sources either require outflow holes with
very small opening angles, or an additional source of near- to
mid-infrared emission.

3.3. Summary

Summarizing the results of this section, we find that TSC
infall models without disk emission and with small outflow
holes can explain the largest mid- to far-infrared emission
observed in flat spectrum sources. The required envelope
parameters—p; ~ 1-10 x 107'* ¢ cm~3 and R, ~ 70-300
AU—lie in the range found by KCH and KWGH in their
modeling of Class I Taurus sources.

The thermal emission from TSC models produces excess
emission with s 2 0.3. To obtain s < 0 it is necessary to con-
sider other sources of emission, especially at shorter wave-
lengths. In principle, this is not a major difficulty. Since the flat
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spectrum sources are optically visible, the detailed spectrum of
the central source will affect the resulting SED. Disk emission
is a plausible source of extra near-infrared emission, and it is
clear from the large polarization exhibited at short wave-
lengths by objects like HL Tau that geometry-dependent scat-
tering is also important (e.g., Whitney & Hartmann 1993;
KWGH).

4. MODELS FOR SPECIFIC OBJECTS

Next we demonstrate that inclusion of disk emission and
scattering in bipolar holes allows us to improve the compari-
son between theory and observations at optical and near-
infrared wavelengths. We emphasize, however, that our disks
have standard temperature distributions, and that envelope
emission dominates in the mid- to far-infrared regions.

We consider in detail two objects which represent extreme
examples of the flat spectrum sources studied by ALS II. HL
Tau has the largest extinction of the sample, with a very flat
SED out to nearly 100 um. T Tau has one of the lowest extinc-
tions of the group discussed by ALS II, but it has very large
far-infrared emission. T Tau is also known to be a binary, and
there is now much more information on the relative contribu-
tions of the two sources than was available at the time ALS II
was written. Our models for these objects assume that HL Tau
is not seen along the bipolar flow hole, since it is highly extinct-
ed. In contrast, we find that T Tau can best be explained if we
assume that we are viewing it along the outflow hole.

41. HL Tau

HL Tau is a strong-emission object of the “classical” T
Tauri type (see Cohen & Kuhi 1979), with strong excess emis-
sion at both optical-ultraviolet and infrared wavelengths. The
optical spectrum of HL Tau is dominated by strong emission
lines and “veiling” continuum. The nature of the central star
in HL Tau is uncertain, although it is probably a low-mass
object given the modest luminosity of the system, most of
which does not appear to arise from the stellar photosphere.
This excess luminosity of the strong-emission T Tauri stars is
generally supposed to be produced by rapid disk accretion
(KH; Bertout et al. 1988; Basri & Bertout 1989). HL Tau has a
high-velocity, highly collimated optical jet (Mundt et al. 1987,
1990) situated in the midst of an optical and near-infrared
scattered-light nebula that can be traced thousands of AU
away (e.g., Gledhill & Scarrott 1989).

Both Beckwith et al. (1989) and Grasdalen et al. (1989) have
previously suggested that HL Tau has an infalling envelope.
Grasdalen et al. observed redshifted C, absorption lines in the
8800 A region, with velocities ~20 km s~!. Beckwith et al.
suggested that the near-infrared scattered light from HL Tau
came from an envelope, based on the morphology of the
nebula, and estimated at a mass infall rate of ~3 x 107° M °
yr 1. Recently Hayashi et al. (1993) have suggested that a
flattened gaseous disk around HL Tau is falling in at
~5x 107 Mgyr ' ,

As discussed in § 1 (Fig. 1), an infalling envelope model with
log p, = —13.5 and R, =70 AU produces a SED that is
similar to that observed in HL Tau at long wavelengths, but
does not produce enough emission at short wavelengths. In the
context of the TSC model, the far-infrared emission is more
sensitive to p,, while the amount of near-infrared light escaping
is enhanced by increasing R, (see KCH). We therefore initially
calculated models with the same p, but larger R,.
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Figure 7 shows that models with log p, = —13.5, R, = 200
AU, and a central star with a blackbody temperature of 3500
K, can produce a reasonable fit between ~ 10 and ~ 100 um, as
long as the inclination is not much greater than 60°. The inner
optical depth depends upon the product p; x R '/2, so to
some extent one can compensate for a higher density with a
larger centrifugal radius. This is demonstrated in the bottom
panel of Figure 4, although the low-density model can prob-
ably be rejected since its peak is at shorter wavelengths than
indicated by the observations. (It should be noted that the
IRAS fluxes are measured with beamsizes that include both
HL Tau and its near neighbor XZ Tau. We assumed that HL
Tau is twice as bright as XZ Tau in the IRAS bands, in the
same proportion as the ground-based 10 and 20 um fluxes.)

The standard infall models come gratifyingly close to
explaining the overall shape of the SED, particularly explain-
ing the large far-infrared excess that is so difficult to explain
with disk models. However, none of the infall models produce
enough emission at A < 3 um. In addition, the CVF photom-
etry of HL Tau by Cohen (1980) indicates a modest silicate
absorption feature, whereas the models suggest weak silicate
emission.

A more realistic model for HL Tau should include outflow
holes, since the jet should be powerful enough to produce a
cavity in the envelope (Mundt et al. 1990). It is also necessary
to introduce some additional envelope asymmetry to explain
the observed reflection nebula (compare Gledhill & Scarrott
1989 with TSC model results without holes in Whitney &
Hartmann 1993). We tried a model with a hole of 6, = 10°,
which could be consistent with the highly collimated jet.
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FiG. 7—Comparison of TSC models with the SED of HL Tau. The log
py = —13.5, R, = 200 AU models do reasonably well at explaining the SED
for wavelengths longer than A X 10 um, as long as the inclination is not too
large. At short wavelengths the observations indicate more emission than the
simple TSC models can provide. Note that the model predicts that if HL Tau
were viewed nearly equator-on, it would be identified as a Class I source.
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As shown in Figure 6, the inclusion of the cavity substantially
reduces the envelope emission shortward of 10 um. Within the
context of the conical hole model the near-infrared emission
must come from the disk.

We obtained the best fit to the near infrared spectrum with a
disk that has a steady accretion disk temperature distribution
(eq. [6]) and a central hole (in the disk) of ~7R,,, with R, =3
R. The final model is shown in Figure 8. To obtain the flux in
the near-infrared, most of the luminosity must be accretion
luminosity. In this model one third of the system luminosity is
emitted by the disk, while the other two thirds of the lumi-
nosity must be emitted by a hot component. We assume that
the hot component has a temperature of 10,000 K. The thermal
emission from the envelope SED is not sensitive to the
assumed temperature of the hot component, since this short-
wavelength radiation is effectively absorbed by the envelope.
However, the optical radiation is sensitive to the choice of
temperature.

The thermal-equilibrium model calculations do not include
scattering of short-wavelength light. On the other hand, the
high polarization observed at 4 < 2 um indicates that optical
and near-infrared emission is mostly scattered light from the
central source (Hodapp 1984; Bastien 1985). Using the same
envelope parameters, conical hole size, and input source spec-
trum as those assumed in the radiative equilibrium calcu-
lations, and the methods and standard dust properties
described in Whitney & Hartmann (1992, 1993) and KWGH,
we calculated the scattered flux in the optical and near infrared
shown in Figure 8 (open circles); it agrees remarkably well with
the observations. The optical radiation is sensitive to the tem-
perature of the hot component, given a fixed system lumi-
nosity.

The results of the modeling of the optical and near-infrared
emission are at best tentative, given all the parameters
involved, and are certainly not unique. However, the basic idea
for the physics of the situation is not without precedent. Stellar
magnetospheres that hold off T Tauri disks from the central
star are increasingly invoked to explain observations (Bertout
et al. 1988; Konigl 1991; Calvet & Hartmann 1992; Bouvier et
al. 1993; Edwards et al. 1993). Bertout et al. (1988) found that
they could not model DR Tau, a strong-emission T Tauri star
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F1G. 8—Comparison of a TSC model (solid line) with log p, = —13.5,
R, =200 AU (see Fig. 7) but now including a bipolar cavity of opening angle
0, = 10° and disk emission (see text). The inclusion of the hole and the disk
near-infrared emission now enables the fit to be made to the mid-infrared
emission, for wavelengths A 2 3 um, and also produces a silicate absorption
feature in better agreement with observations. Scattered light calculations
(open circles) show that the model can also explain the optical and near-
infrared emission with a hot central source and enhanced scattering because of
the bipolar cavity (see text).
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like HL Tau (see Cohen & Kuhi 1979), without stopping the
disk at about three stellar radii. Kenyon et al. (1994) have
arrived at a similar conclusion and furthermore conclude that
most of the accretion energy is liberated as the infalling
material in the magnetosphere shocks against the stellar
photosphere. The strong excess emission of HL Tau at optical-
ultraviolet wavelengths relative to the stellar photosphere is
generally interpreted to mean that the accretion luminosity is
much bigger than the stellar luminosity (KH; Bertout et al.
1988; Basri & Bertout 1989), as we have assumed in this partic-
ular model.

Interestingly, the inclusion the inclusion of disk emission
changes the silicate feature from emission to absorption, in
better agreement with observations. This occurs because part
of the envelope is now seen in projection against the bright
disk. Our modeling suggests that the appearance of the silicate
feature could be quite sensitive to disk accretion rate and
geometry in addition to the infall rate.

Our model envelope has an infall rate remarkably consistent
with the estimate of Beckwith et al. (1989). The central mass is
not accurately known, but adopting 0.5 M, results in M ~ 4
x 1078 My yr™!, almost identical to the Beckwith et al. esti-
mate, and comparable to the Grasdalen et al. (1987) and
Hayashi et al. (1993) estimates. Moreover, our results show
that the infalling envelope required by Beckwith et al. to
explain the near-infrared scattering must produce very large
infrared emission, comparable to that which is observed, if the
envelope extends to a few thousand AU. Beckwith et al. did not
come to this conclusion because the scattered light could only
be seen to a distance of a few hundred AU in their data, but the
envelope must be much larger than this, as indicated by the
deeper images (e.g., Gledhill & Scarrott 1989).

The ~20 km s~ ! redshift of C, lines found by Grasdalen et
al. (1989) suggests that material is falling in quite close to the
central star, to distances of no more than a few AU. If this
observation is correct, it supports our model requirement that
dust fall in quite close to the central source to produce suffi-
cient mid-infrared envelope emission. In the model shown in
Figure 7, the closest dust to the star is at R,,, ~ 6 AU. The
free-fall velocity at this distance is ~14(M/0.5 Mo)Y/? km s,
so we might need to modify our model to have an even smaller
R..,, especially considering projection effects. (Note that the
presence of infall to such small distances suggests that the jet is
highly collimated and comes from the very innermost disk;
otherwise this infalling material would presumably be blown
away.)

As pointed out by Whitney & Hartmann (1993), infalling
dusty envelopes, having cavities and infall rates and R, compa-
rable to those adopted here, can produce high polarization
such as observed in HL Tau. An opaque envelope can extinct
the unpolarized light from the central star much more than the
highly polarized scattered light from the extended nebula.
Moreover, Whitney & Hartmann (1993) showed that
envelope + cavity models tend to produce a net polarization
perpendicular to the disk axis; in contrast, disk models gener-
ally produce polarization parallel to the disk axis (Whitney &
Hartmann 1992). In the case of HL Tau, the net polarization of
the central source is perpendicular to the jet (Hodapp 1984), so
that if we assume the jet is along the disk axis, the observations
are more consistent with the envelope model than with the disk
scattering model. More discussion of the scattered light nebula
and polarization of HL Tau will be presented in a forthcoming
paper (Whitney et al. 1994).
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HL Tau emits strongly at mm wavelengths from a region
<190 AU at 2.7 mm; Sargent & Beckwith (1987, 1991) and
Beckwith et al. (1990) attribute this emission to a relatively
massive disk. Our model envelope contains very little mass on
this scale and so cannot explain this unresolved millimeter
emission.

In summary, we find that an infalling envelope model can fit
the mid- to far-infrared SED of HL Tau. Moreover, the SED
model is quantitatively consistent with completely independent
observations supporting the infall picture. Disk emission is
probably required to explain the near-infrared emission (as well
as the mm emission), and enhanced scattering due to a hole in
the envelope is required to explain the optical emission.

4.2. T Tau

T Tauri has been recognized as a binary system for several
years (Dyck, Simon, & Zuckerman 1982; Schwartz et al. 1984;
Schwartz, Simon, & Campbell 1986; Ghez et al. 1991) and is an
example of the class of T Tauri stars with optically invisible,
infrared-bright companions. The detailed speckle measure-
ments of Ghez et al. (1991) distinguish the separate fluxes of the
two components between 1.3 and 12 ym. The infrared-bright T
Tau S is quite variable; for this object we show the fluxes at the
latest epoch (~ 1990) in Figure 9.

It is evident from these observations that both objects
exhibit substantial excess infrared emission. At optical wave-
lengths T Tau N undoubtedly dominates the emission. The
situation at far-infrared wavelengths is much less clear. T Tau
S appeared much fainter at the epoch (~ 1983) of the IRAS flux
measurements (Ghez et al. 1991), and so it may be that the
far-infrared emission shown in Figure 9 was mostly powered
by the optical star. We assume this in the analysis that follows.

The summed emission of the optical star and the infrared
companion produces a SED that is naturally flatter than those
of the individual components. ALS II noted the presence of the
infrared companion, but argued that the combination of two
separate sources would be very unlikely to add up so nicely
over such a large wavelength interval. However, each individ-
ual source in T Tau has a much broader SED than a single-
temperature blackbody. Because T Tau N is optically visible,
with little apparent extinction (Cohen & Kuhi 1979), the intrin-
sic spectrum of this source is fairly well known, and it seems
likely that the near-infrared excess of the optical object arises
in a circumstellar disk (KH).

An infalling dusty envelope in the T Tau system has been
invoked by Weintraub et al. (1992) and Whitney & Hartmann
(1993) to explain the near-infrared scattered light. Weintraub et
al. suggested that the surrounding nebula must depart from
spherical symmetry to reconcile the scattered light distribution
with the low visual extinction to the optical component.
Whitney & Hartmann explicitly suggested that the low A, is
due to a wind-driven hole along the line of sight, since T Tauri
is probably observed nearly pole-on (Herbst et al. 1986).

Figure 9 (upper) shows a comparison between T Tau N (the
optical star) and an envelope model with p, = —14, R, = 100
AU (compare also Fig. 6.) We have included a hole of opening
angle 20°, and have assumed that the inclination to the line of
sight is almost zero, that is, that we are looking down the hole.
The central source of the model is a star with T, = 5000 K
and R = 3.5 R, surrounded by a steady accretion disk that
emits 10% of the luminosity of the system. Another 10% is
emitted in a hot component, which accounts for the ultraviolet
excess (KH).
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F1G. 9.—(upper panel) T Tau N SED compared to TSC models with bipolar
holes and disk. The data for 2 um < A < 20 um are taken from the speckle
interferometry of Ghez et al. (1991). It is assumed that all of the optical light
arises from T Tau N. We also associate the far-infrared IRAS and KAO
observations with T Tau N, although this emission arises on scales much
larger than the binary, because the historical information on the variability of
T Tau S indicates that it was much fainter during these observations (see text).
The dashed line is a model log p, = —14, R, = 100 AU, with a bipolar cavity
of opening angle 6, = 20°. Disk emission is included in the model, which
explains the infrared emission at wavelengths <10 um; the disk is taken to
have a standard temperature distribution with radius (see text). The envelope
emission produces the silicate emission feature and dominates the continuum
at long wavelengths (lower panel). The SED of T Tau S, taken from the speckle
observations of Ghez et al. (1991) near maximum light. The model (dashed line)
is shown for the same p, as used for T Tau N, but with R, = 30 AU and no
bipolar outflow hole (see text).

The infalling envelope contributes most of the flux at wave-
lengths > 10 um. The envelope does not need to come as close
to the central star as in the case of HL Tau to explain the
infrared spectrum, since the disk dominates in the wavelength
region ~2-10 um. Our model disk has the standard Lynden-
Bell & Pringle (1974) temperature distribution.

The silicate feature is in emission in the model. This emission
was observed by Ghez et al. (1991) in T Tau N. We find that
90% of the flux in the silicate emission arises within 30 AU
~0"2 of the optical star. This seems to be consistent with the
slit scans of Ghez et al. (1991), which appear to have had a
FWHM resolution ~0"5.

Infall in a binary system must have a much more compli-
cated density structure than can be predicted by the simple
TSC model (see, e.g., the discussion in Bonnell & Bastien 1992).
However, since the far-infrared emission must be produced in a
circumbinary envelope, envelope material must be falling
toward T Tau S as well. The bottom panel of Figure 9 shows a
comparison of T Tau S with an infall model with the same p,
but with a smaller R, = 30 AU. Note that one can obtain
silicate absorption instead of emission with the same infall rate,
pointing out the importance of geometry in the appearance of
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the silicate feature. The comparison suggests that the infalling
envelope is a viable model for T Tau S, although our simple
model geometry prevents us from making more than an
approximate comparison.

Our suggested picture for the T Tau system is that the
central stars are surrounded by a circumbinary infalling
envelope which is responsible for the far infrared excess. The
line of sight to T Tau N is relatively clear, and so we see
basically the star plus disk, along the excess at A 2 10 um from
the infalling envelope. For some reason the line of sight to T
Tau S is more extincted. Although the situation must be
complex, we suggest that this observation can in principle be
explained by an infalling envelope which has a centrifugal
radius of the order of the 100 AU projected binary separation.
If the components are of unequal mass, then one component
might be more visible to us because it is closer to the system
center of mass, and thus possibly more aligned with the
outflow hole. Clearly further examination of this problem will
require more sophisticated dynamical calculations. For the
moment, it is encouraging that T Tau S can be fitted with the
same p, as T Tau N, which is to be expected if both are
necessarily situated within a common infalling envelope.

Note also that if we adopt a central mass of 2 M, (cf. Cohen
& Kuhi 1979), then even by adopting a somewhat lower value
of log p; = — 14 the mass infall rate, 2.7 x 1076 Mg yr™, is
right at the median for Class I Taurus sources.

The case for the infalling envelope model in T Tau S is
strengthened by the lack of plausible alternatives. Another
model, suggested by Ghez et al. (1991), is that T Tau S is a
rapidly accreting disk. Ghez et al. show that such a model can
reproduce the SED of T Tau S reasonably well. They further
note that this object has been quite variable in the past few
years, and suggest that it might be a type of FU Orionis object.

One difficulty with a pure disk model is the low peak tem-
perature, which implies a very large inner radius. To see this,
note that the maximum temperature of a steady accretion disk
is

3GMM\4
=04 , 7
Toax = O 88( 8nRia> (7
and since the accretion luminosity of the disk is
1 GMM
Li=5= ®)
3Ld 1/4 Ld 1/4 R -1/2
T,.. = 0.488 = 1140 K * .
max (47tRiO’> 8 Lo 30 Re
)

As pointed out by Ghez et al., to explain the low temperature
of the disk without invoking much more extinction toward the
southern than the northern component, it is necessary to
assume that the inner radius of the disk is R 2 30 Ry at
maximum light. This inner radius is very large in comparison
with the typical radii of T Tauri stars R, ~ 2-3 Ry and the
inner disk radii of well-studied FU Ori objects (R; ~ 5 Rg).
Although magnetospheres may hold T Tauri disks off the
surface of the star to substantial distances, as we have assumed
for HL Tau, it is worrisome to invoke a magnetospheric radius
as large as ~15 R, (Camenzind 1990; Konigl 1991).

The strongest argument against the pure disk model
involves the change in luminosity of T Tau S between 1986 and
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1991 of nearly a factor of 10. For a constant inner radius the
disk model would predict an increase of nearly 1.8 in the
maximum temperature of the disk, while the observations indi-
cate a constant T, ,, or perhaps even a slight decrease at high
luminosity. As Ghez et al. point out, the inner disk radius could
change; but if the inner inner radius is determined by a magne-
tosphere, then one would expect the magnetosphere to shrink
under the impact of a higher accretion flow. This would
produce an even larger change in the maximum temperature.

On the other hand, the absence of any large change in the
peak wavelength of the SED with increasing luminosity is
much more simply explained with an infalling envelope model.
As shown by KCH, the peak of the SED for dusty envelopes
changes very slowly with luminosity (4., ~ L/'? at long
wavelengths), more consistent with the observed absence of
color variations.

T Tau S may well be an accretion disk embedded within an
infalling envelope. As suggested by Ghez et al., the variability
of this source may best be explained in the context of variable
disk accretion. In this case, the infall of material may feed the
disk and help produce events of rapid accretion (Kenyon &
Hartmann 1991).

5. DISCUSSION

The results of the previous section show that infalling
envelope models can reproduce the mid- to far-infrared emis-
sion of flat spectrum T Tauri stars. The infall rates needed are
precisely those predicted by theory (e.g., Shu 1977; Stahler,
Shu, & Taam 1980). Moreover, observations of Class I sources
suggest the same infall rates (ALS; Butner et al. 1991; KCH;
KWGH). Thus, the infall model is situated solidly in the
context of the current picture of star formation. Moreover,
because the infall rates are the same for other objects regarded
as “protostars,” young objects still to acquire substantial
amounts of mass from their infalling envelopes, it seems quite
likely that some of the flat spectrum sources are protostars as
well.

The models demand that the infalling material land directly
on a disk. Disks are therefore an essential component of the
infall picture. Disk emission may need to be taken into
account, particularly at short wavelengths. On the other hand,
these disks do not need to have nonstandard temperature dis-
tributions. The envelope most naturally explains the mid- to
far-infrared emission. The ultimate energy source is, as
expected, situated deep in the gravitational potential well, and
the envelope serves merely as a mechanism for converting this
energy to long-wavelength radiation. The simplicity and power
of this explanation indicates that models employing “active”
disks, in which the temperature distribution is a parameterized
power law, should be invoked with caution.

Another attraction of the infall picture is that it can natu-
rally explain the extended reflection nebulae of objects such as
T Tau and HL Tau (Whitney & Hartmann 1993), whereas disk
models have difficulties in explaining the morphologies and
polarization patterns of these nebulae (Whitney & Hartmann
1992). Indeed, infall was originally suggested for both of these
particular objects as a means of explaining the observed scat-
tered light (Beckwith et al. 1989; Weintraub et al. 1992).

Our models predict the existence of a dusty envelope on
scales of thousands of AU around flat spectrum sources. In the
case of HL Tau, Sargent & Beckwith (1987, 1991) discovered
an elongated structure in !3CO of extent ~3000 AU at a
position angle very nearly perpendicular to the optical jet.
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The morphology and kinematic behavior of this structure orig-
inally suggested a rotating Keplerian disk seen nearly edge-on.
The scale of this disk is apparently inconsistent with our
models; it is comparable to our envelope dimensions, rather
than our disk. However, Hayashi et al. (1993) have recently
interpreted this extended molecular material as a gaseous disk,
but one in which the material is not centrifugally supported;
the dominant motion is infall, not rotation. It is tempting to
suggest that this material might correspond to our infalling
envelope, but our envelope cannot be a highly flattened disk;
there would not be enough far-infrared emission, because the
envelope would subtend too small a solid angle to explain the
observed far-infrared luminosity. For the same reason, the
scattered light from a very flattened structure would be much
fainter than for the less flattened envelope we envision.

Galli & Shu (1993a, b) have pointed out that magnetic fields
might play a role in flattening an infalling envelope, and
suggest that the HL Tau observations might indicate the for-
mation of a “pseudodisk,” in which part of the gas falls in to
form a nonrotationally supported, infalling disk, while a more
extended halo of infalling gas, in a more nearly spherical dis-
tribution, is also falling in. Perhaps further studies of the
optical and near-infrared scattered light, which emerges over a
region comparable to “extended gaseous disk,” can help
resolve this issue.

Another question is the structure of bipolar flows and the
holes that they must produce in the surrounding dusty
envelope. As shown above, if bipolar holes are too large, the
envelope will not produce enough near- to mid-infrared emis-
sion, which must in consequence be accounted for by disk
emission (or possibly by envelope emission from an infrared
companion). On the other hand, the observations of 20 km s !
redshifts in the C, lines of HL Tau by Grasdalen et al. (1989)
suggest that material manages to fall in as close as ~1 AU.
Clearly this important observation should be reconfirmed and
extended if possible, since it bears directly on the question of
envelope emission at short wavelengths.

Finally, if flat-spectrum sources are produced by infall at
high rates, then their number should be constrained by the
natural timescale of infall. We will defer detailed consideration
of this point to a later paper, but note here that the number of
such sources in Taurus (which depends somewhat on the exact
definition of the class) is a modest fraction of the known Class I
sources. This is consistent with the basic infall hypothesis, since
an optically selected sample of objects with substantial infall
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must be biased toward objects with large R, or favorable incli-
nations to the line of sight, and these should not be the major-
ity of the infall sources.

6. CONCLUSIONS

We have shown that emission from infalling dusty envelopes
around T Tauri stars provides an attractive explanation of the
SEDs of flat spectrum sources, without recourse to “flat
spectrum ” disks with unknown physics. We are able to repro-
duce mid- to far-infrared SED of HL Tau with a dusty infalling
envelope in radiative equilibrium, adopting essentially the
same mass infall rate as that independently estimated from
observations of scattered light and redshifted absorption. We
are also able to explain the far-infrared excess of T Tau N,
adopting a similar infall model as in HL Tau, but observing the
system along an evacuated bipolar cavity. The infall model is
also consistent with models constructed to explain the scat-
tered light nebula of T Tau, and probably can explained the
main features of the SED of the infrared companion T Tau S.
For both systems, disk emission is required to explain the
near-infrared and millimeter wavelength fluxes, but the disk
may have the standard (i.e., Lynden-Bell & Pringle 1974; ALS)
temperature distribution. The infall rates required by models of
flat spectrum sources are similar to those required to model
Class I sources.

There are several major unresolved issues concerning the
infalling envelopes of Class I sources and T Tauri stars. For
example, what is the real structure of the envelope? The TSC
model is attractive, but if binary formation occurs early on, the
remnant envelope could look substantially different (e.g.,
Bonnell & Bastien 1992; Bonnell et al. 1992). Galli & Shu
(1993a, b) have pointed out that magnetic fields might play a
role in flattening the envelope, which we have not considered
here.

Finally, if infall does not terminate abruptly, but rather
decays over a finite interval of time, there could be a period in
the evolution of T Tauri stars during which the surrounding
envelope is not very opaque, but still affects the far-infrared
emission by scattering light into the disk (Natta 1993). We will
examine this question further in a subsequent paper.

This work was supported in part by NSF grant INT-
9203015, CONICIT grant PI-078, and by NASA grant
NAGW-2919.
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