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ABSTRACT

We report on observations of Paf and Bry for a sample of classical T Tauri stars in Taurus and find a
tight correlation between the emission-line luminosities and the accretion luminosity as measured from
the hot continuum excess. We use the Bry luminosity correlation to calculate accretion luminosities in
highly reddened young stars with existing line measurements. The distribution of accretion luminosities
is similar in Taurus and Ophiuchus Class II sources. For the deeply embedded Class I objects, the accre-
tion luminosities are in general less than the bolometric luminosities, which implies that the disk accre-
tion rates are significantly lower than the envelope infall rates. We find that the central sources of many
Class I objects are quite similar to their Class II counterparts.
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1. INTRODUCTION

The mass accretion rate is an essential parameter in
studying pre-main-sequence stellar evolution. As a function
of time, the accretion rate traces the accretion of circumstel-
lar material onto a young stellar object and can be used to
constrain models of disk evolution (Hartmann et al. 1998,
hereafter HCGD). Previous studies (Bertout, Basri, &
Bouvier 1988; Basri & Bertout 1989; Hartigan et al. 1991;
Valenti, Basri, & Johns 1993; Hartigan, Edwards, & Ghan-
dour 1995; Gullbring et al. 1998, hereafter GHBC) have
estimated the accretion rate for classical T Tauri stars
(CTTS) in Taurus, with varying methods and assumptions.

The most obvious tracer of the accretion rate is the
infrared-excess continuum emission caused by viscous dissi-
pation in the disk. However, disk reprocessing of the inci-
dent stellar radiation also results in an infrared excess and
cannot be easily disentangled from the accretion excess,
especially at low and moderate accretion rates (Kenyon &
Hartmann 1987). The most reliable accretion rate estimates
have been determined by measuring the blue continuum
excess emission observed in CTTS. This excess was orig-
inally thought to be emission from a boundary layer
between the accretion disk and the central star (Bertout et
al. 1988 ; Basri & Bertout 1989), although more recent inves-
tigations have supported a magnetospheric accretion sce-
nario where the blue excess is emitted by an accretion shock
where disk material infalling along magnetic field lines
impacts the stellar surface (Calvet & Hartmann 1992;
Edwards et al. 1994; Hartmann, Hewett, & Calvet 1994;
Muzerolle, Calvet, & Hartmann 1998a; Calvet & Gullbring
1998). In either case, the hot continuum excess is a result of
the energy of the accreting material and should therefore be
a direct measure of the accretion rate. GHBC carefully mea-
sured accretion luminosities in CTTS using extracted blue
excess spectra; in the process, they obtained the stellar
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properties (mass and radius) and thus derived accretion
rates. They also found that accretion luminosities could be
determined from U-band photometry, providing a more
easily obtainable diagnostic.

However, measurements of the blue excess are possible
only for stars with relatively low extinction. Some other
tracer of the accretion luminosity/rate that is less affected by
extinction is necessary for studying heavily reddened
sources. We have begun to investigate emission-line diag-
nostics of accretion in CTTS. Radiative transfer models, in
combination with high-resolution spectra, have shown that
the broad permitted emission lines exhibited by CTTS are
formed in the infalling magnetospheric flow (Hartmann et
al. 1994; Muzerolle et al. 1998a; Muzerolle, Hartmann, &
Calvet 1998b). Thus, one would expect the line strengths to
depend on the accretion rate; we have discovered that this
is the case for the Ca 1 infrared triplet (Muzerolle et al.
1998b). To study heavily reddened objects, we need to con-
sider emission lines at even longer wavelengths so that the
line fluxes are not as dependent on the (typically uncertain)
extinction measurements. In this paper, we investigate the
Pap and Bry emission lines in CTTS for this purpose.

Of special interest are the Class I, or embedded, objects.
(There is considerable ambiguity and confusion in the liter-
ature with the terminology associated with highly extincted
TTS and Class I sources. For clarity, we hereafter refer only
to Class I objects—young stars with infalling envelopes—as
being embedded.) Quantitative measurements of inner disk
accretion in Class I objects are crucial to understanding the
earliest stages of star formation and disk evolution. There
are several major questions that have yet to be addressed
satisfactorily, including the nature of the central source and
the fraction of the final stellar mass that is accreted during
the embedded phase. One important issue is the luminosity
problem first reported by Kenyon et al. (1990). One can
roughly estimate an accretion rate from infall (Kenyon et al.
1990). In Taurus, the typical age of an embedded source has
been estimated to be ~10° yr (Myers et al. 1987; Kenyon et
al. 1990), whereas the TTS population is ~10° yr. In order
to build a typical mass (0.5 M) TTS, the time-averaged
accretion rate for embedded stars is then ~5 x 107° M
yr~ 1. This estimate is further supported by spectral energy
distribution fitting of infall models (Kenyon, Calvet, &
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TABLE 1
STELLAR PARAMETERS

Object Spectral Type Ay J K log L,../Lo log M(My yr™%)  Method
AA Tau........ K7 0.74 942 8.00 —1.60 —8.48 b
BP Tau ........ K7 0.51 9.14 797 —0.75 —7.54 b
CY Tau ........ M1 0.32 9.74 8.49 —1.34 —8.12 b
DE Tau........ M2 0.62 9.26 7.83 —1.15 —17.58 b
DF Tau........ MO.5 045 8.28 6.82 —045 —691 b
DG Tau........ K7-M0O 2.20 8.97 6.74 0.70 —6.10 b
DK Tau........ K7 142 8.88 6.99 —0.78 —742 b
DL Tau........ K7 2.10 9.73 797 —0.22 —17.00 b
DN Tau........ MO 0.25 9.16 8.00 —1.80 —8.46 b
DO Tau........ MO 227 9.48 7.44 —0.22 —6.84 b
DR Tau........ K7 1.60 8.95 6.80 0.44 —6.3 b
DS Tau ........ K5 0.34 9.59 8.28 —0.68 —17.89 b
GG Tau........ K7 0.60 8.78 7.34 —1.08 —-17.76 b
GI Tau......... K6 1.34 942 7.79 —1.03 —8.02 b
GK Tau........ K7 0.94 9.02 7.31 —1.46 —8.19 b
GM Aur ....... K7 0.31 9.37 8.48 —1.15 —8.02 b
HN Tau........ K5 0.65 10.82 8.44 —1.46 —8.89 b
IP Tau ......... MO 0.32 991 8.54 —2.15 —9.10 b
UY Aur........ K7 1.26 8.63 6.87 —0.57 —17.18 b
ClTau......... K7 1.77 9.61 7.82 —0.36 —-7.19 U
DH Tau........ M1 1.25 9.67 8.20 —1.54 —8.30 U
DP Tau........ MO.5 1.46 10.33 8.37 —0.98 —17.88 U
FM Tau ....... MO 0.69 10.35 8.67 —1.36 —8.45 U
FQ T Tau........ M2 1.87 10.61 947 0.34 —6.45 U
FS Tau......... M1 1.84 10.66 7.74 —1.13 —8.09 U
FV Tau ........ K5 4.72 9.51 7.37 0.75 —6.23 U
FX Tau ........ M1 1.08 9.16 8.14 —2.00 —8.65 U
GH Tau........ M2 0.52 9.22 7.78 —1.32 —-792 U
Haro 6-37...... K6 2.12 9.31 7.40 —0.10 —7.00 U
1IQ Tau......... MO.5 1.25 9.74 8.10 —0.90 —17.55 U

Note—Method denotes the procedure used to determine the extinctions, accretion luminosities, and mass
accretion rates: b, blue spectrum analysis from GHBC and Calvet & Gullbring 1998; U, photometric calibration of
U-band excess using mean magnitudes and extinctions from KH. J and K mean magnitudes also from KH.

Hartmann 1993a) and is consistent with the theoretical pre-
dictions of collapse for conditions in the Taurus-Auriga
molecular cloud (Adams, Lada, & Shu 1987). The equiva-
lent accretion luminosity (L, = GM, M/R,), using a value
for M, /R, assuming the typical embedded source lies on
the birth line, is ~20 L, which is an order of magnitude
greater than the typical observed luminosity L ~ 1 L.
Thus, there is a large discrepancy between the expected
accretion luminosity from infall and the maximum observed
luminosity, implying that the stellar accretion rate (if L =
L,.) is less than the envelope infall rate. Kenyon et al.
(1990) suggested that a likely solution to the luminosity
problem is that the mass infall rate does not actually
measure the rate of accretion onto the central protostar, but
rather the rate of accretion onto the disk. Material must
then accumulate in the disk until instabilities produce epi-
sodic FU Orionis outbursts with M ~ 10™* M yr~!. The
assumption that L = L, is far from certain, however; inde-
pendent estimates of the disk accretion rate and luminosity
in Class I objects are essential.

There are two main goals of this paper: (1) to establish a
calibration of infrared emission-line luminosity tracers of
the accretion luminosity, and (2) to use the calibration to
determine disk accretion luminosities in heavily extincted
objects (including CTTS in p Ophiuchi and Class I objects in
p Oph and Taurus) for the first time. Comparing observed
line luminosities with previously determined accretion lumi-
nosities in a sample of Taurus CTTS, we find an excellent
correlation for Paf and Bry. We then use the calibration to
estimate accretion luminosities in highly reddened objects
with previously published Bry line luminosities and discuss

the implications for accretion in the earliest stages of star
formation.

2. OBSERVATIONS AND DATA REDUCTION

In order to calibrate a possible line luminosity versus
accretion luminosity correlation, we chose a sample of
Taurus CTTS for which the accretion rate has already been
measured. The sample includes 19 stars with accretion rates
determined by GHBC from their observations of the blue
excess spectra and an additional 11 stars with accretion
rates measured from the U-band excess (HCGD). Table 1
lists the sample objects, along with their extant infrared
magnitudes, extinctions, and accretion rates. We also
observed two weak-lined T Tauri stars (WTTS) in order to
compare the behavior of the lines between accreting and
nonaccreting systems. Observations were done with the
infrared Cryogenic Spectrometer (CRSP) on the 2.1 m tele-
scope at KPNO on 1998 January 9-12. We observed both
Pap and Bry for each object, with wavelength ranges 1.22—
1.32 and 2.08-2.22 um, centered on each line, respectively.
The resolution of the spectra is R ~ 800. We show some
representative spectra in Figure 1.

The spectra were reduced using the standard IRAF
routines.* Each object was observed at each line in two
pairs of offset positions; the offset pairs were subsequently
differenced (after flat-fielding) to remove background tellu-

4 IRAF is distributed by the National Optical Astronomy Observa-
tories, which is operated by the Association of Universities for Research in
Astronomy, Inc., under contract to the National Science Foundation.
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Fic. 1.—Pap and Bry spectra for three CTTS (spanning a range of accretion rates) and one WTTS (LkCa 7). The Paf spectrum of LkCa 7 and the Bry
spectrum of IP Tau have been shifted down by 1500 and 700 counts, respectively, for clarity. All the spectra have been corrected for telluric absorption (see

text).

ric emission lines. Each differenced spectrum was then
wavelength calibrated using comparison lamp spectra, with
an accuracy of about 1 A (the Bry calibration was slightly
less accurate because of the smaller number of identifiable
comparison lamp lines). Finally, the spectra were divided by
telluric standard star spectra (of approximately the same air
mass and time) in order to remove telluric absorption fea-
tures. This proved to be somewhat problematic in that the
usual hot star standards, preferable because of their rela-
tively featureless spectra, have very deep hydrogen absorp-
tion lines. Thus, in addition to the hot star standards, we
elected to observe later type (late-G and early-K) dwarf
stars, which have far less Paf absorption and virtually no
Bry absorption. Although the spectra of these standards are
not featureless and contain many photospheric absorption
features that will contaminate the division, we are primarily
interested in only the hydrogen emission lines themselves.
Thus, the rest of the observed spectrum is effectively sacri-
ficed using late-type stars for telluric division. Before divid-
ing into each object spectrum, we manually removed the
Pap absorption from the standard spectra by interpolating
across the continuum to either side of the line. This may
leave any telluric absorption near the line uncorrected. As a
check, we compared the standard spectra as a function of
air mass and saw no obvious feature growing in strength
more than about 5% of the hydrogen absorption line.

3. CALIBRATION

The measured equivalent widths of Paf and Bry are
shown in Table 2. Typical measurement errors are about 0.3
A, as estimated by repeated measurements of each line. A
few of the CTTS, including IP Tau and DN Tau, exhibit
weak Paf emission that only partially fills in the photo-
spheric absorption (see Fig. 1). To measure the total emis-
sion, we subtracted the spectrum of a WTTS, which exhibits
no Paf emission, in order to remove the photospheric
absorption feature. We used two different template stars,
LkCa 7 and V819 Tau (both with spectral type K7, the
typical spectral type of our sample), and got similar results.

Lower limits indicate the lack of measurable emission in
excess of the WTTS template. All but one of the CTTS in
the sample, which by definition are actively accreting, show
Pap in emission; most (26/30) show Bry in emission.

The CTTS sample was drawn from stars with known
accretion rates, determined from either blue excess spectro-
photometry (GHBC; Calvet & Gullbring 1998) or U-band
photometry (HCGD). Table 1 indicates these two groups.
Figure 2 shows the Paf and Bry equivalent widths plotted
as a function of the accretion rate. A general trend of
increasing equivalent width with increasing accretion rate
can be seen, although there is considerable scatter.

The equivalent width is not a straightforward diagnostic
since it is not a measure of the line strength alone but also
depends on the continuum. Thus, we estimated the line flux
using our measured equivalent widths, extinctions from
GHBC and HCGD, and mean photometric magnitudes (J
for the Paf continuum, K for the Bry continuum) from
Kenyon & Hartmann (1995, hereafter KH). The line fluxes
for both Paf and Bry are extremely well correlated with the

TABLE 2
EmissioN-LINE EQUIVALENT WIDTHS
Object Pap Bry Object Pap Bry
AA Tau ...... 32 1.7 GM Aur ....... 14.2 74
BP Tau ...... 3.0 22 HN Tau........ 10.9 3.0
CY Tau ...... 3.1 2.3 IP Tau ......... 0.7 <03
DE Tau...... 42 2.0 UY Aur........ 35 1.5
DF Tau...... 9.6 49 ClTau......... 7.0 42
DG Tau...... 19.1 14.1 DH Tau........ 1.0 0.5
DK Tau...... 4.6 1.8 DP Tau........ 7.5 34
DL Tau...... 26.2 14.6 FM Tau ....... 0.7 <0.3
DN Tau...... 11 0.5 FQTau........ 0.9 <03
DO Tau...... 154 6.1 FS Tau......... 6.5 2.6
DR Tau...... 21.2 73 FV Tau ........ 45 1.0
DS Tau ...... 4.8 2.5 FX Tau ........ 2.0 14
GG Tau...... 54 2.8 GH Tau........ <0.3 <0.3
GI Tau....... 1.5 1.5 Haro 6-37...... 5.3 22
GK Tau...... 1.7 0.7 IQ Tau......... 2.5 11

Note.—Equivalent widths given as negative values in angstroms.
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Fi1G. 2—FEmission-line equivalent widths in angstroms as a function of accretion rate. Filled circles, accretion rates from blue excess spectra; crosses,

accretion rates from U-band photometry.

accretion rate (Fig. 3). We note that the typical dispersions
in the J and K magnitudes are ~0.1-0.2 mag (KH), sug-
gesting that time variability of the continuum will not affect
our flux estimates substantially. Overplotted are results
from our magnetospheric accretion models (see Muzerolle
et al. 1998a). Using the same parameters as those that
matched the Balmer emission lines, the model line fluxes
can account for the observed infrared line emission, sup-
porting our contention that these lines are produced in
magnetospheres.

In Figure 3, we distinguish between the stars with M
determined from spectrophotometry and the stars with M
determined from U-band photometry. We expect the spec-
trophotometry to yield more accurate accretion rates since
the data are simultaneous and the extinctions are estimated
directly from the spectra, whereas the U excesses are calcu-
lated from mean U magnitudes and extinctions estimated
from mean ¥ —R colors (neglecting the effects of veiling).
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The correlation is much tighter when one considers only the
stars with spectrophotometric accretion rates. Two stars are
markedly off the trend, FQ Tau and FV Tau. The extinc-
tions, extremely important in determining dereddened U
magnitudes and thus blue excesses, are highly uncertain for
these stars (and in the case of FV Tau, extremely large). The
Ay derived for FQ Tau from its ¥—R color (used in
HGCD) is much larger than that listed in KH (3.35 and
1.87, respectively). Thus, the line fluxes and accretion lumi-
nosities, both dependent on the extinction, should be called
into question for these stars.

We next make a more direct comparison of line and acc-
retion luminosities. The accretion luminosity (L,,.) is more
straightforward than the accretion rate since one does not
need to know a priori the stellar mass and radius. GHBC
found a good correlation between the U-band luminosity
and the accretion luminosity, which formed the basis for
deriving M from U-band photometry. Figure 4 shows an
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F1G6. 3.—Emission-line fluxes as a function of accretion rate. Filled circles, accretion rates from blue excess spectra; crosses, accretion rates from U-band
photometry. Lines represent emission-line fluxes from magnetospheric accretion models (see Muzerolle et al. 1998a): dotted line,2.2 < R,,,,/R, <3 and
T,..x = 8000 K ; dashed line,2.2 < R, /R, < 3and T, = 10,000 K; solid line,4 < R,,,./R, < 6and T,,,, = 10,000 K.
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analogous plot of L, . versus the Paf and Bry line lumi-
nosities (here we use only the spectrophotometric data).
Again, there is an excellent correlation, indicating that a
measurement of the line luminosity directly measures L.
Once the stellar parameters, M, and R, are known, M can
then be calculated. From a least-squares fit of the data,
taking into account estimated errors in both dimensions, we
get

10g (Lyo/Lo) = (114 + 0.16) log (Lpay/Lo) + (3.15 + 0.58),
(1)
10g (Lyoo/Lo) = (126 + 0.19) log (Lg, /L) + (443 + 0.79).
2

Errors for the accretion luminosity were taken to be about
0.2 dex typically (up to 0.5 dex for the low-luminosity stars
like IP Tau), and errors for the line luminosities were esti-
mated from our measurement uncertainties and the scatter
in the J and K magnitudes used to compute the mean mag-
nitudes in KH.

The lack of simultaneity between our observations and
the spectrophotometry from which L,,. was determined is a
potential problem because of variability. However, we do
not feel that this has a significant effect on the line
luminosity—L,,. correlations for the following reasons.
First, simply finding such a tight correlation—among a
sample of 19 stars—suggests that any changes in luminosity
between the two (IR and UV) data sets on average were not
greater than the breadth of the correlation. If variability
introduced a truly large uncertainty in comparing the two
data sets, one would expect any correlation to be degraded,
not enhanced. Second, and most importantly, past quanti-
tative estimates of intrinsic variability in both accretion
luminosity and infrared line luminosity are not large
enough to significantly affect the correlations. Typical
veiling variations (and, correspondingly, variations in L,_.)
are about 0.2-0.4 dex (Basri & Batalha 1990; Hartigan et al.
1991), similar to the error bars shown in Figure 4. Typical
line emission variations are also not a significant factor; we
observed five of the CTTS (AA Tau, BP Tau, DF Tau, DL
Tau, and DR Tau) on two different nights, and the changes
in line flux are either similar to or less than the measure-
ment errors shown in Figure 4.

In order to verify that the line luminosities do indeed
trace the accretion luminosity, we need to rule out other
causes of these correlations. We compare the photometric
magnitudes and extinctions to the accretion luminosities in
Figure 5. None of these quantities can fully account for the
tight correlations. The J magnitudes show little apparent
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retion rates from blue excess spectra; crosses, accretion rates from U-band
photometry.
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correlation with L, ., as one would expect since it is pri-
marily photospheric emission. The K magnitudes are some-
what correlated with L, ., with considerable scatter. This is
probably due to disk emission from accretion and/or stellar
irradiation. However, the range of K-band brightnesses
over the range of accretion rates is only about a factor of
6—much less than the factor of 100 range in line fluxes.
Finally, the extinctions (at V) also show a slight correlation
with L,.., but the corresponding extinctions at J and K are
much smaller (by factors of 0.3 and 0.1, respectively), and
hence any effect on the line luminosity correlations would
be trivial.

4. APPLICATION TO HEAVILY EXTINCTED SOURCES

4.1. Comparison of Taurus and Ophiuchus Class 11 Sources

As mentioned above, the standard method of determin-
ing disk mass accretion rates in highly reddened stars is
inapplicable since the blue excess cannot be measured. In
these cases, we can apply our infrared line luminosity cali-
bration to sources with observed line luminosities to derive
estimates of their accretion luminosities. We employ Bry
since it is least affected by extinction. First, we would like to
calculate accretion luminosities for the highly extincted
Class II objects (CTTS) in the p Ophiuchi star formation
region, so we can compare to the Taurus CTTS. Greene &
Lada (1996, hereafter GL) published near-infrared spectra
of a large sample of young stellar objects in Ophiuchus;
they detected Bry emission in 10 Class II sources. Using their
published line luminosities and equation (2), we obtain acc-
retion luminosities for these objects (see Table 3). These are
the first direct determinations of the accretion luminosity
for CTTS in p Oph. Figure 6 compares the distribution of
L,.. in p Oph to the GHBC sample in Taurus. The distribu-
tions are strikingly similar, and both peak at L,., ~ 0.1 L.
Those CTTS in Ophiuchus with the lowest accretion lumi-
nosities are probably underrepresented here because of the
detection limits of GL (see the following subsection).
However, these results suggest that there are no gross differ-
ences in disk accretion between the two star formation
regions.

4.2. The Accretion Luminosity in Class I Sources

Most previous work on Class I objects has relied on the
assumption that the total luminosity is dominated by the
accretion luminosity. This may be an overestimate if disk
accretion rates are similar in Class I sources to CTTS, since
the average CTTS accretion luminosity is only ~10% of
the total luminosity. If the accretion luminosity is indeed
less than the total luminosity in embedded stars, then the

TABLE 3

OpHIUCHUS CLASS II SOURCES

Object log Lg,,/Lg log L,../Le
SR 24N ....... —4.1 —0.74
DoAr2s...... —4.6 —1.34
SR22......... —4.6 —1.34
SR24S........ —-32 0.34
GY 93......... —4.5 —1.22
VSS 27........ —42 —0.86
VSSG 27...... —42 —0.86
GSS 39........ —40 —0.62
EL24......... -32 0.34
WL 18 ........ —38 —0.38

NoTE.—Bry line luminosities from GL.
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Fic. 6.—Distribution of accretion luminosities for Class II sources in
Taurus (solid line) and Ophiuchus (dotted line).

luminosity problem discussed in the introduction becomes
even worse.

The near-infrared spectra of GL include six Class I objects
in Taurus-Auriga and 20 in p Ophiuchi with detected Bry
emission; we list those objects with available bolometric
luminosities in Table 4. We note that three of the
Ophiuchus sources have measurements of L, based on
infrared fluxes only out to 20 um or less (Wilking, Lada, &
Young 1989); this clearly underestimates the total lumi-
nosity since the spectral energy distributions of most Class I
sources peak at 60 ym or more. For this reason, we do not
consider these sources in the subsequent figures and
analysis.

We emphasize that there is considerable uncertainty in
the Class I line luminosities because of the large extinction.
Typical values for deeply embedded objects, 4, ~ 20-30,
have a significant effect even at Bry (Ax ~ 2-3). GL did not
specify the extinctions and continuum fluxes they used to
convert their observed line equivalent widths to line lumi-
nosities. We attempted to estimate their extinctions by
using their equivalent widths and J- and K-band photo-
metry from KH to compute line luminosities and then find
the values of the extinction that reproduce GL’s reported
line ratios. From this we determined A, ~ 5-15, less than
expected for typical embedded stars. Hence, the accretion
luminosities we derived from the Greene & Lada Bry lumi-
nosities are probably lower limits.

The primary difficulty in estimating extinctions to
embedded stars lies in disentangling the effects of absorp-
tion and scattering of the central star + disk emission by
the infalling envelope. In the near-infrared, scattered light is
the dominant component of the observed flux and can
cause inferred extinctions to be too large. To circumvent
somewhat the problem with the extinction, we attempted to
estimate line luminosities using the GL equivalent widths
and the “intrinsic” stellar K magnitudes (“ K, ), as deter-
mined for Taurus-Auriga embedded objects by Kenyon et
al. (1993b, hereafter KWGH) from the bolometric lumi-
nosity of the object. Assuming each source is near the birth
line in the HR diagram (Stahler 1983, 1988; Myers et al.
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TABLE 4
Crass I SOURCES

Object log L/Lg log L,./Lo* logL,./Lo,® K-—K,
Taurus-Auriga
04361 +2547...... 0.46 —1.10 —0.24 4.1
04016 +2610...... 0.57 —1.46 —0.48 32
04239+2436...... 0.09 —0.62 0.065 2.7
GV TauB........ 0.77 —1.34 —0.016 39
04489 +3042...... —0.53 —1.70 —1.66 1.4
Haro 6-13 ........ 0.12 —0.74 —1.32 0.5
p Ophiuchi
YLW 10B......... 0.26 —0.86 —0.57 33
WL12 ............ 0.69 —1.10 —0.17 4.1
IRS54 ............ 1.08 —1.34 0.51 5.7
WL2............. 0.13 —0.86 —0.74 5.0
EL29............. 1.68 1.18 1.25 3.8
WL 16 ............ 1.34 0.58 0.95 34
IRS51 ............ 0.15 0.46 —0.83 1.5
GSS 26............ —0.15° —0.02 —0.57 1.3
WL6.............. 0.38° —0.02 —0.37 32
WL 17 ............ —0.49° —0.50 —0.89 1.5

Note.—Bolometric luminosities from Kenyon et al. 1993a (Taurus sample) and
Greene & Meyer 1995 and Wilking et al. 1989 (p Oph sample).

? Accretion luminosities derived from GL line luminosities.

® Accretion luminosities for Taurus sources derived using K — K, extinctions
as in KWGH. Accretion luminosities for p Oph sources derived using K — K|,
extinctions calculated using the same method as KWGH, with K magnitudes

from Barsony et al. 1997.

¢ Bolometric luminosities highly uncertain, based on infrared fluxes only out to

20 pm or less.

1987; Hartmann, Cassen, & Kenyon 1997), one can then
determine an approximate effective temperature and then
estimate the intrinsic J magnitude from an appropriate bol-
ometric correction (see Gomez et al. 1992; KH). Then,
assuming typical TTS colors, one can finally obtain the
intrinsic K magnitude. We calculated K, for the p Oph
sources using this technique and used the values quoted in
KWGH for the Taurus-Auriga sources. The difference
between the observed and intrinsic magnitudes, K — K,
should then approximate the total effective extinction at K,
combining the effects of scattered light and direct absorp-
tion. Typical values are K — K, ~ 3, much more consistent
with that expected for embedded sources than the typical
GL results of ~0.5-1.5 (see Table 4).

As a consistency check, we also tried to estimate a correc-
tion factor, Cg, which measures the total loss of flux from
the central star + disk owing to intervening material by
using the infrared veiling of photospheric features
(assuming that the veiling is due to the envelope). We can
first do this using the observed K magnitudes and assuming
an intrinsic K using typical values for an MO TTS (estimates
of spectral types from bolometric luminosities and an
assumed age of 10° yr give spectral types of late-K and
early-M for most of the Taurus embedded sources;
KWGH). The total observed flux should be a combination
of extincted and scattered central source light, F, ., plus
additional flux from reprocessed radiation by the envelope,
F,. (Calvet, Hartmann, & Strom 1997). This can be
expressed in terms of the veiling, defined byr = F,/F, ..,:

Fobs = (r + 1)Flak,e+s . (3)

The correction factor we require is just the ratio of the
observed flux from the central source to the intrinsic flux:

F
C =2t @

With these two equations, we can obtain the correction
factor if we know the veiling. Converting to magnitudes at
K, we get

Ck=K—-K,+25log(rg+1), )

where K, is the intrinsic magnitude of the central source.
For a typical TTS in Taurus of spectral type MO, K, ~ 8.
We estimated the veiling at K, rg, from the CO absorption
band indices of Casali & Eiroa (1996). Unfortunately, we
can calculate Cg for only two sources, 04016+ 2610 and
Haro 6-13, because of a lack of veiling measurements.
The results, Cx = 3.4, 0.6, compare very favorably with
K — K, = 3.2,0.5 (respectively).

Using the Bry line luminosities and equation (2), we then
get accretion luminosities for the objects listed in Table 4;
these are plotted versus L, in Figure 7. Two values of L,_,
are shown for each object: one from the GL line lumi-
nosities and one using the K — K, extinctions. Figure 7
shows that the total luminosities are on average an order of
magnitude greater than the derived accretion luminosities,
consistent with typical values in TTS. However, there is a
large spread between the two different determinations of
L,.. for many objects, which indicates the level of uncer-
tainty in the extinction toward embedded objects. The
extinction is the limiting factor to determining accurate acc-
retion luminosities, even with the Bry calibration. Neverthe-
less, we obtain similar results for Class I objects in two quite
different star formation regions, which strongly argues for
L,.. < L., despite the uncertainties.
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Fi1G. 7—Comparison of the total and accretion luminosities for Class I
sources. Circles, p Oph sources; squares, Taurus sources. Open points
correspond to line luminosities from GL; filled points correspond to line
luminosities using the effective extinction values K — K, asin KWGH.

As a final check, a maximum correction factor, Cy, can be
determined assuming L,,. = L,,. The expected Bry line
luminosity can be determined from L, by inverting
equation (2). From the observed K magnitudes and Bry
equivalent widths, we can then estimate the correction
factor as an equivalent extinction that yields the expected
line luminosity. The resultant values of C from this method
range from 3 to 6 mag. In many if not all cases, the values
seem implausibly large. As a consistency check, we can sub-
stitute into equation (5) and solve for the intrinsic magni-
tude, K. For the two sources for which we can get the
veiling at K, we derive K, of about 6, rather than 8 (as
above); if the spectral types are K or later, this would put
the stars far above the birth line in the HR diagram (and
yield values for L,,; much higher than what is observed). We
also note that another source, 0448943042, has been
observed with NICMOS (Chen, Hartmann, & Calvet 1998),
and the central object appears as a point source in H, K,
and possibly J. This seems to favor the low K — K, value
for this object (as well as the extinction used by GL, since
there is little difference in Fig. 7) as the true extinction,
rather than the large C, we estimated.

5. DISCUSSION

5.1. Magnetospheric Accretion

Observed high-resolution line profiles of Paf and Bry in
CTTS (Folha, Emerson, & Calvet 1997) and Bry in embed-
ded objects (Najita, Carr, & Tokunaga 1996) are qualit-
atively consistent with our magnetospheric model profiles
(Muzerolle et al. 1998a). The model line fluxes, shown in
Figure 3, also are in general agreement with our obser-
vations. However, the models do not predict that there
should be such a tight correlation of the line fluxes with the
accretion rate. Other parameters, most importantly magne-
tosphere size and temperature, also have a significant effect
on the line flux. Thus, the physical basis for the correlations
is not clear—it is possible that the temperature and size of
the magnetosphere also depend on the accretion rate in
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such a way as to enhance the correlation. We also note that
these models are appropriate only for typical TTS masses
and radii, which may not apply for some of the Class I
sources. Further modeling must be done to explore these
problems in detail.

5.2. Disk Accretion and the Central Star in Class I Objects

Our results suggest that the accretion luminosity in many
Class I objects is on the order of that for the (presumably
older) classical T Tauri stars. This is in conflict with typical
steady accretion models, in which the star is built up from
disk accretion at the same rate as the infall of the protostel-
lar envelope.

Because we do not understand the physics of our L, .-Bry
correlation well, and because our calibration sample is
restricted to roughly a fixed mass, one could argue that our
estimates are misleading since they do not apply to the
typical Class I stellar mass. However, Figure 7 indicates that
most of the central luminosity comes from the star in most
cases; then the Taurus luminosity distribution similarity
between Class I and Class II objects suggests that the two
groups represent a similar population (see KH). We then
obtain a typical protostellar luminosity of ~1 L, which
corresponds to a stellar mass (on the birth line) of ~0.3-0.5
M, which is typical of Class II objects (and of our cali-
bration sample). In addition, Kenyon et al. (1998) found
optical spectral types for several Taurus Class I sources, all
of which were M type, roughly consistent with the median
spectral type K7-MO of the CTTS in our calibration
sample. However, we need to pursue the L, -Bry corre-
lation for lower mass stars to help support these results.

Another reason why we might derive a biased result is
that at high accretion rates, the magnetosphere could be
crushed by the disk, eliminating the line emission. Thus, we
can apply our method only to low-L,., objects. However,
the method does apply to a large fraction of the GL p Oph
sample, in which about 50% each of the Class I, flat spec-
trum, and Class II sources exhibit Bry emission ; no Class III
sources show any emission. These data indicate that the Bry
emission characteristics are not significantly different
among the different classes of objects, as long as the sources
are actively accreting. Moreover, the lack of detectable Bry
emission is not necessarily due to magnetospheric crushing;
at low accretion rates, the emission is hard to detect. After
smoothing our data to their resolution (R ~ 500 for about
75% of the p Oph sample, R ~ 700 for the rest), Bry emis-
sion with equivalent widths of less than 1.5-2 A cannot be
detected. This includes about half of our calibration sample
and corresponds to most stars with less than average accre-
tion luminosities. Of the three Taurus sources without
detected line emission, two have smaller than average bolo-
metric luminosities, and so are likely to have less than
average accretion luminosities. The other, L1551 IRS 5 (a
suspected embedded FU Ori object), has a large bolometric
luminosity (L, = 22 L), and may be a case of a crushed
magnetosphere. Thus, we think that our calibration can
provide typical results for Class I objects.

If typical T Tauri disk accretion rates (1078 My yr™?)
also apply for the younger Class I sources, there is not
enough time to accrete to the final stellar mass (given
typical TTS ages of a few times 10° yr). Additionally, the
typical envelope infall rate is then up to 2 orders of magni-
tude larger than the disk accretion rate; material is rapidly
piling up in the disk, and gravitational instabilities are likely
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FiG. 8—Wind momentum flux vs. accretion luminosity for CTTS (open
circles) and Class I objects (filled circles). CTTS momentum flux from [O 1]
26300 high-velocity component; accretion luminosities from GHBC. Class
I momentum flux from 2CO(2-1) outflows (Bontemps et al. 1996); accre-
tion luminosities from Bry line luminosities (GL) (line indicates range
including estimate from K — K, for one source, 04361 +2547).

to occur. These two consequences strongly argue for epi-
sodic accretion events (i.e., FU Orionis or EX Orionis
outbursts) at the Class I stage of evolution, in which the disk
accretion rate is several orders of magnitude higher on very
short (~100 yr) timescales. Most of the circumstellar
material then accretes onto the star during these brief epi-
sodes, and perhaps in a very brief initial episode at the
beginning of collapse (Henriksen, André, & Bontemps
1997).

5.3. The Outflow Connection

Class I sources also exhibit strong outflows. A compari-
son of accretion and outflow phenomena in Class I and Class
II objects provides further insight into the evolution of these
objects. We take a preliminary look in Figure 8, which
shows the variation of the wind momentum flux as a func-
tion of accretion luminosity for both CTTS and Class I
sources. Wind momentum fluxes for the CTTS are derived
from the mass-loss rates and velocities determined by
Hartigan et al. (1995) from the [O 1] 16300 line. For the
Class I sources, we used the CO outflow momentum fluxes
given in Bontemps et al. (1996) for the sources with
published Bry line luminosities.

Unfortunately, there are only a few sources with both CO
momentum fluxes and Bry line luminosities; thus, any result
gleaned from Figure 8 is far from conclusive. Nevertheless,
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Figure 8 indicates that the Class I sources overlap CTTS in
the level of wind momentum flux and its relation with the
accretion luminosity. The Class I objects may have some-
what higher momentum fluxes; however, given the large
dynamical timescales (= 10* yr; Saraceno et al. 1996) of the
CO outflows, the CO momentum flux may actually over-
estimate the present wind momentum flux, and so could
have been generated by outbursts during this timescale.

6. CONCLUSIONS

We have found that the emission-line luminosities of Paf
and Bry in CTTS highly correlate with the disk accretion
rate/luminosity. Our calibration of the infrared emission-
line luminosity tracer provides a powerful tool for deter-
mining L, . in Class I and other highly reddened objects. We
have applied this calibration to a small sample of Taurus
and p Ophiuchi Class I sources with previously published
Bry measurements; the inferred accretion luminosities are
in general less than the total source luminosities, contrary
to previous assumptions. This result suggests that the time-
averaged disk accretion rate is much smaller than the infall
rate, supporting the notion that periodic FU Ori outbursts
are necessary to deliver the bulk of the circumstellar
material to the young star. However, we have emphasized
that extinction, large even at K and complicated by
envelope scattering in Class I objects, must be correctly
accounted for when measuring Bry line luminosities.

Last, we note that the infrared line calibration has a
potentially wide range of applicability. The standard
method of deriving accretion luminosities from the blue
excess is invalid in many cases other than Class I objects. In
any case where the extinction is so high that blue/UV fluxes
cannot be determined accurately or cannot be determined
at all (not necessarily Class I objects), this new method can
be used. Also, CTTS more massive than ~1.5 M have
photospheres hot enough to effectively mask the accretion
shock emission—measurements of the hot continuum
excess are essentially impossible in these cases. Infrared line
emission is observed in these intermediate-mass stars and
should be able to trace the accretion luminosity, although
further study is required in order to determine whether the
stellar mass and related properties have an effect on the
line/accretion luminosity calibration.
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