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ABSTRACT

We present maps of C'80 and C'’0 J =2 — 1 emission toward the embedded young star L1551 IRS 5.
The C'70O emission traces a compact region ~1900 AU in radius which is centered on the star which con-
tains ~0.1 Mg of material. The integrated C!’O emission has a crosslike structure aligned in the cardinal
directions which is very similar to the structure seen in the submillimeter continuum emission from this
source. A spatially more extended component of material which contains an additional 0.1 My of material
within 20” of IRS 5, also contributes to the C17O emission. The cross gas is warmer and has a larger velocity
dispersion than the more extended gas. The motions of the extended material imply a virial mass of 1-3 M,
which is dominated by the mass of the central star plus disk. The C'30 lines have considerable line wing
emission and part of the cross is evident in this wing emission. Comparison with existing maps of the outflow
near IRS 5 suggests that the cross material is part of the heated wall of the cavity evacuated by the outflow.
The presence of such structures near embedded stars complicates the search for accreting material. However,
the properties of the extended C!”O emission constrain the mass accretion rate in L1551 IRS 5 to be less than
14 x 1075 Mg yr~'. Comparison with the observed mass outflow rate from IRS 5 at a similar size scale
suggests that there is currently little or no net accretion of material from the larger scale dense core into the

central 2000 AU radius region about IRS 5.

Subject headings: circumstellar matter — ISM: jets and outflows — stars: individual (L1551 IRS 5) —

star: pre—main-sequence

1. INTRODUCTION

The dense gas at the 0.1 pc size scale in nearby molecular
clouds has been extensively studied (e.g., see reviews by Fuller
1993 and Myers 1994) and the association of obscured young
stars with this gas has established that these regions are inti-
mately involved in the star formation process (Beichman et al.
1986; Myers et al. 1987). However, the properties of the cir-
cumstellar material around young stars, which is the material
most closely associated with the star formation process, are
still poorly understood.

The strong far-infrared and submillimeter continuum emis-
sion from young stars clearly indicates that there is a signifi-
cant amount of material very close to the stars (e.g., Cabrit &
André 1991; Ladd et al. 1991; Terebey, Chandler, & André
1993), but the study of this material has been limited by the
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small size of these regions and the lack of a suitable molecular
probe with which to study them. There are two motivations for
studying this circumstellar material with molecular tracers.
Molecular probes provide a determination of the column
density and temperature of the circumstellar material which is
independent of uncertain dust properties, such as the dust
opacity. More importantly, spectroscopic studies directly
probe the kinematics of the circumstellar region and provide a
virial mass estimate.

Young stars are thought to have spatially separated but
concurrent outflow of material driven by stellar winds, and
infall of material (Parker, Padman, & Scott 1991; Terebey,
Shu, & Cassen 1984). It is therefore desirable that a molecular
probe of circumstellar material trace a region which is suffi-
ciently spatially resolved that the effects of these two com-
peting processes can be identified.

Rare isotopomers of chemically stable species are likely can-
didates for studying these circumstellar regions. These species
are less likely than more reactive ones to suffer extreme chemi-
cal effects, for example, in regions where stellar winds impact
the circumstellar material. Also, the lines of sufficiently rare
species are optically thin in all but the densest regions close to
the young star.
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In this paper we report the first results of a study of rare
! forms of carbon monoxide toward the circumstellar regions of
young stars. We represent recent observations of the J = 2 — 1
. emission of C’0O and C'®0 with 20” angular resolution
toward the well-known young star L1551 IRS 5. C!7O is about
3.5 times less abundant than the more commonly studied rare
isotopomer of CO, C'80 (Wilson, Langer, & Goldmith 1981)
and is more than 10? times less abundant than the commonest
form, 2CO.

L1551 IRS 5 (Strom, Strom, & Vrba 1976) is a well studied,
embedded young star in Taurus at distance of 140 pc (Elias
1978). It is optically invisible and modeling of its spectral
energy distribution suggests that it is an embedded protostar
still accreting material (Adams, Lada, & Shu 1987; Kenyon,
Calvet, & Hartmann 1993a; Kenyon et al. 1993b). IRS 5 has a
total luminosity of ~30 L, (Cohen et al. 1984) and drives a
bipolar outflow which extends to a total of ~25' in the direc-
tion ~45° east of north (Snell, Loren, & Plambeck 1980;
Moriarty-Schieven & Snell 1988).

The submillimeter continuum emission from L1551 IRS 5 at
1100 pum, 850 um, and 730 um has recently been studied by
Ladd et al. (1995). Using JCMT observations they find that in
additional to an unresolved point source component associ-
ated with the central star, there is significant extended emission
at each wavelength. At 1100 um the extended emission is elon-
gated in the north—south direction. The maps at the shorter
wavelengths, and especially the 730 um map, show the emis-
sion to have a crosslike distribution with the arms of the cross
oriented in the north-south and east—west directions. Ladd et
al. modeled the extended emission as arising from two com-
ponents centered on IRS 5: an extended component modeled
as a cool, smoothly distributed envelope and a compact com-
ponent comprising a north—south, east-west cross of warmer
material.

In this paper new observations of J =2 — 1 transition of
C!'70 and C'®0 are discussed in § 2. In § 3 the structure of the
C!'’0 and C'®0 maps and line profiles are discussed. The
physical parameters of the emitting material are derived in § 4.
We consider the nature and origin of the circumstellar struc-
ture and the mass accretion rate near IRS 5in § 5 and our main
conclusions are presented in § 6.

2. OBSERVATIONS

Observations of the J = 2 — 1 transition of C!’O at 224.7
GHz toward L1551 IRS 5 were conducted with the James
Clerk Maxwell Telescope (JCMT)* in Hawaii in 1992 Decem-
ber and 1993 March. A 5 x 5 grid with 10” spacing centered on
L1551 IRS 5 was observed on each occasion. These two maps
were then combined to produce a final C!’O map. The typical
rms noise in the spectra from the combined map is 0.07 K. The
full width half-maximum (FWHM) beam size of the JCMT at
the frequency of the C!70 is 21” and the system temperature
during the observing sessions was between 300 and 600 K.
During the observations the telescope pointing was checked
regularly and was found to have an uncertainty of about 5”.

C!80 J = 2 - 1 emission was mapped with the same tele-
scope in 1993 September over the same region as the C!’0O
with the same sampling. In addition, the C'®0O map was

4 The James Clerk Maxwell Telescope is operated by the Royal Observ-
atories on behalf of the Particle Physics and Astronomy Research Council of
the United Kingdom, the Netherlands Organization for Scientific Research,
and the National Research Council of Canada.

extended over a region +40” from IRS 5 with full-beam (i.e.,
20") spaced observations. The typical rms noise in the spectra
from the C'80 map is 0.13 K. During this observing session
additional C'’O J =2 — 1 spectra toward IRS 5 were also
obtained. The system temperature during this observing
session was around 300 K and regular checks on the telescope
pointing showed it has an uncertainty of about 5”. All the
observations at JCMT were made using beam switching. For
the C!70 observations a beam separation of 150" was used
while a 300” beam separation was used the C*80 observations.

The JCMT facility acousto-optical spectrometer (AOS-C)
was used for the observations obtained in 1992 December and
1993 March. This spectrometer has a channel spacing of 0.33
km s~ ! at the frequency of the C!’O transition. During the
1993 September observations the JCMT “Dutch ” autocorrel-
ator spectrometer (DAS) was used in a configuration which has
a channel separation of 0.10 km s™! at the frequency of the
C'70 J =2 -1 transition. However, the JCMT 230 GHz
receiver system is not phase-locked, so variations in the local
oscillator frequency contribute a velocity smearing to the
observed spectra. This results in an effective velocity resolution
of 0.5 km s~ ! for both the AOS-C and DAS observations (P.
Friberg, private communication).

A fit to the hyperfine structure of the AOS-C C'7O data
toward IRS 5 indicates that the C!7O is well fitted by a single
component with a Gaussian velocity distribution with a
FWHM of 1.1 4+ 0.1 km s~ . This is somewhat larger than the
0.86 + 0.03 km s~ ! measured from the DAS data. Since the
C'’0 map was made using AOS-C, all further reference to
velocity widths of the C!7O will refer to the fits to the AOS-C
data, except where indicated, but it should be noted that these
may somewhat overestimate the true velocity widths.

Additional observations were obtained in 1993 March and
October at the California Institute of Technology Sub-
millimeter Observatory (CSO)® using the facility acousto-
optical spectrometer (AOS) with a channel spacing of 0.06 km
s~! and a resolution of approximately 0.2 km s~ *. In 1993
March, low-sensitivity maps extending +60” from L1551 IRS
5in the J = 2 — 1 lines of C*70 and C'®0 were made. In 1993
October, spectra were obtained toward IRS Sinthe J =2 -1
and J = 3 > 2 transitions of C!’O and the J =2 -1 tran-
sition of C'80. At the frequency of the J = 3 — 2 transition the
CSO has the same beam size as the JCMT at the J =21
transition.

3. RESULTS

3.1. Spectratoward IRS 5

Figure 1 shows the J = 2 —» 1 C*80 spectrum together with
those of C'’0O J =2—1 and J = 3 -2 toward IRS 5. The
C'80 line toward IRS 5 is well fitted by two Gaussian com-
ponents: a “spike” with a width of 0.74 km s~ at 6.17 km s ™!
and a “broad ” component with a width of 2.6 km s~ ! centered
at 6.32 km s~ ', The large width of the broad component and
its spatial structure (§ 3.3.1) indicate that this component is real
and is not an instrumental effect due to the local oscillator.

The C*70 spectra were fitted for the total optical depth of
the transition, the velocity of the line, the intrinsic velocity
dispersion, and the line amplitude following the method
described by Fuller & Myers (1993). The velocity separation of

5 The California Institute of Technology Submillimeter Observatory is
operated by the California Institute of Technology under funding from the
National Science Foundation.
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F1G. 1.—The spectra of C'®0 J = 2 — 1 (bottom), C*’0 J = 2 — 1 (middle)
from JCMT using the DAS and J = 3 — 2 (top) from CSO toward L1551 IRS
5. The solid curves through the spectra are single-velocity component fits and
the residuals from the fit are shown below the spectrum in each panel. For the
C'70 transitions, the hyperfine structure of the transition is shown. For the
C'80 spectra, where the line wings are very apparent, the single component
was fitted to the line core. The residuals for the C!’0O J =3 —2 and C'80
J = 2 — 1 transitions clearly show the presence of a second, broader velocity
component. The residuals for the C!’0 J = 2 — 1 also suggest the presence of
such a component.

the hyperfine components of the C'’O transitions used in
fitting the data were calculated using the coupling constants
determined by Frerking & Langer (1981). A full description of
the calculation of the hyperfine structure is presented in Ladd
& Fuller (1995).

Maps of the integrated C*30 and C'’O J = 2 — 1 emission
toward IRS S are shown in Figure 2 together with the 730 um
continuum map of the region from Ladd et al. (1995). Both the
line-integrated intensity maps and the 730 um map peak at the
location of IRS 5 and trace a very small region around IRS 5.
The circle with an area equal to the half-peak contour of the
C170 integrated emission has a diameter of 34”. Correcting for
the 21” beam of the JCMT, gives a true size of 27" or 3800 AU,
assuming a distance of 140 pc. The half-peak contour of the
C'80 integrated emission measured at JCMT traces a region
of about the same size. This size scale is significantly smaller
than the half-power size of the C'8O emission mapped with
CSO, which has an extent of 52” or 7300 AU. This correlation
of measured source size with the size of the beam used to make
the observations is similar to that seen in continuum observ-
ations of young stars (Ladd et al. 1991). This correlation sug-
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FIG. 2—Maps of C'®0 J = 2 — 1 emission (left) and C*"O J = 2 — 1 emission (center) integrated over the velocity range 3-9 km s~ * and the 730 um continuum
emission (right) toward L1551 IRS 5. All the maps were made using the JCMT. The dashed box on the C'®0 map indicates the region shown in the C'70 and
continuum maps. All three maps peak at the location of IRS S which is indicated by the solid triangle on the CO maps. The scale bar below the C*’O map indicates a
linear distance of 2000 AU on the C'”O and 730 um maps. The contours for the C'80 map start at 1 K km s~ " and increase in steps of 0.5 K km s~ . For the C'’O
map the contour levels start at 0.5 K km s~ ! and increase in steps of 0.3 K km s~ *. The continuum map is contoured starting at 1.5 Jy beam ™! with 0.5 Jy beam !

increments between contours.
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gests that the underlying distribution does not have a fixed
scale size but is consistent with a power-law distribution of
emission with projected radius. For comparison, the measured
half-peak size of the 730 um emission is 20" or 2800 AU.
However, it is difficult to compare this size with the size of the
molecular line maps as the continuum map has a significant
contribution from the central source which is not present in the
line maps.

Both line maps in Figure 2 show structure in the extended
emission. The C!80 has extensions to the south, east, and
northwest, while C!7O emission has a four lobe structure. The
extensions in the C!7O to the south and east are similar to
those seen in the C!80 map. However, the C!’O also shows
~ 10" extensions to north and east which are not apparent in
the C'80 map. The absence of the northern and eastern exten-
sions in the C'®0 map may be attributable to the higher
optical depth in the C*80 transition and the presence of signifi-
cant emission in the wings of the C*®0 which masks the pres-
ence of the extensions (§ 3.3). The four-lobed pattern of the
emission in the C!’O integrated intensity is very similar in
shape to the extended component of the 730 and 850 ym con-
tinuum emission (Fig. 2; Ladd et al. 1995). As discussed by
Ladd et al,, it is unlikely that this structure is due to an instru-
mental artifact, especially since the C!’O and continuum data
show similar structures but were taken at different times and
with completely different observing techniques.

In order to investigate the nature and origin of this four-
lobed structure our analysis of the spectral line maps will con-
centrate on two components similar to those used discussed by
Ladd et al. (1995). These two components will be called the
“cross” and “extended” emission. To characterize the
material in the cross, the average of the spectra toward the
position of IRS 5 and the four positions 10” north, south, east,
and west of IRS 5 will be used. The average of the remaining
spectra in the box 420" from IRS 5 will be used to represent
the properties of the more extended component of the C'’O
emission.

It should be noted that the separation of the structure
around IRS 5 in to a cross plus extended component is not the
only possible model for the emission. For example, it would be
possible to model the region as a north-south ridge plus an
east-west bar. Such a model might be suggested by the north—
south alignment of the radio continuum double detected by
Rodriguez et al. (1986) and Beiging & Cohen (1985) and inter-
preted by Rodriguez et al. as tracing the ionized inner edge of
the circumstellar disk around IRS 5. However, the interferome-
ter observations of Sargent et al. (1988) suggest that the dense
circumstellar material is not aligned north-south but is at a
position angle between 135° and 160° east of north. In addi-
tion, the submillimeter spectra of the arms of the cross are not
consistent with the presence of a single dust temperature, indi-
cating the presence of at least two different dust components at
the location of the arms of the cross (Ladd et al. 1995). A model
with a north-south ridge and an east-west bar would therefore
require at least two different temperature dust components in
the north-south ridge. A cooler component to match the larger
scale north-south component (see in the 1100 ym continuum
and the C!20 line core emission) and a second warmer com-
ponent at the location of the north and south extensions of the
cross to match the 850 um and 730 um emission. Since neither
the line nor the continuum data show evidence for differences
between the north-south extensions of the cross and east—west
extensions of the cross, the simplest model is to assume that
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these extensions arise from similar material, the cross com-
ponent.

3.3. Velocity Structure of the Cross and Extended Emission

The prominence of the cross in the C17O integrated intensity
map reflects not only the brighter C!?O line toward the cross
but also its enhanced line width. The spectrum formed by
averaging the central position and the positions 10" north, east,
south, and west (the cross positions) for both CO species are
shown in Figure 3. This figure also shows spectra of the
extended emission in both CO species. A single velocity com-
ponent hyperfine fit to the C*”O cross spectrum, assuming that
the transition is optically thin, indicates the material has a
velocity FWHM of 1.32 + 0.05 km s~ ' while the extended
emission has a FWHM of 1.06 + 0.06 km s~ *. Since the spec-
trum of the cross is an average of fewer individual spectra than
the extended spectrum, it is unlikely that the larger velocity
width of the cross is the result of variations in the local oscil-
lator.

The spectra averaged to represent the extended emission are
from positions farther from IRS 5 than those representing the
cross emission, so it is possible that the width difference
between the cross and the extended emission results from a
general trend for the regions near IRS 5 to have larger line
widths than more distant positions. However, this is probably
not the case, as excluding the spectrum toward IRS 5 from the
cross spectrum does not significantly change the velocity
width. In addition, averaging the four positions (10", 10"),
(=107, 10", (—10", —10") and (10", —10”) which are the
closest noncross positions to IRS 5, we find a velocity FWHM
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F1G. 3—The C'®0 (left) and C'7O (right) J = 2 — 1 spectra toward the
cross and extended material. The cross spectra (C'®O upper left, C'’O upper
right) are the average of the spectra from the (0,0), (10”,0), (—10",0) (0,10"),
(0,—10") positions in the maps. The extended emission spectra (C'®O lower
left, C'"O lower right) are the average of all the spectra within the box +20”
about IRS 5, excluding the cross positions. The solid curves through the
spectra are single-velocity component fits. The residuals from this fit to the
spectra are shown below each spectrum. The C'#O residuals clearly show the
presence of a second, broader component. The cross C'’O emission residuals
are also suggestive of a second component.
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of 1.09 + 0.07, indistinguishable from the value for the spec-
trum of the extended emission. Again, this difference between
the cross and extended emission is not simply the result of the
velocity dispersion increasing close to IRS S.

The C'80 J = 2 — 1 emission from the cross positions (Fig.
3) is clearly not well fitted by a single-velocity component
model. Compared to a single component which fits the central
spike of emission, the line has additional emission on both the
red and blue sides of the line core. The residuals from fitting the
C!70 J = 2 — 1 line with a model accounting for the hyperfine
structure with a single-velocity component indicate that a
single-velocity component fits better than for the C!®0.
However, there is still some slight suggestion in the residuals of
the fit for structure similar to that seen in the C*®O residuals.
The C'%0 spectrum of the extended emission (Fig. 3) also
shows a wing structure of similar shape and intensity relative
to the line core as toward the cross positions. The C17O spec-
trum of the extended material shows no evidence for any wing
emission.

3.4. Line Wing Emission

Over most of the map the C'®0 line comprises a narrow
central component with excess emission on at least one side of
the line. Maps of the C'80 emission integrated over three
different velocity ranges, corresponding to the blue wing emis-
sion, the line core, and the red wing emission, are shown in
Figure 4. Although the different velocity components all peak
near IRS 5, they have distinctly different spatial distributions.
The bulk of the C'80 line, the line core emission, traces a
region which peaks at the position of IRS 5 and at low inten-
sity levels is elongated north-south. This north-south elon-
gation is similar to that seen at low levels in the 1100 and 1300
um continuum emission from IRS 5 (Ladd et al. 1995; Mezger,
Sievers & Zylka 1991) and also seen in C'®0 J =1-0 by
Walmsley & Menten (1987) and the C*®80 J = 2 — 1 map of
Zhou et al. (1994). The blueshifted C!80 emission forms an arc
around IRS 5 which opens to the southwest and contributes
the southern and eastern extensions seen in the integrated
intensity map. This arc is similar in shape and location to the
shell-like structure seen in the '2CO maps of Moriarty-
Schieven & Snell (1988). These authors argue that the shell
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structure is the edge of the cavity which has been evacuated by
the wind from IRS 5.

The redshifted emission arises from a compact elongated
ridge of emission passing through the position of IRS 5 at a
position angle of about 135° east of north and is responsible for
the extension to the northwest in the integrated intensity map.
This direction is close to perpendicular to the axis of the large-
scale outflow from IRS 5 and is approximately parallel to the
C'80 J = 1 - 0 structure observed by Sargent et al. (1988).

Over most of the map the weakness of the C'’O line, its
hyperfine structure, and the relatively poor spectral resolution
of the mapping data make it difficult to determine whether the
C'70 lines have any wings. However, a second broader com-
ponent of C!”O emission is suggested by the fit to the C*O at
the cross positions and the fits to the C'?O spectra, especially
the J = 3 — 2 transition, toward IRS 5 (§ 3.1; Fig. 1).

4. ANALYSIS

4.1. Optical Depth and Excitation Temperature

The optical depth of the CO transitions was determined
from the ratio of the line temperatures of the C!’O and C'80
J =2 -1 transitions using the method discussed by Myers,
Linke, & Benson (1983), modified to account for the hyperfine
structure of the C!7O transition. A value of 3.5 was adopted for
the abundance ratio C'#0/C'’O (Wilson et al. 1981). The
optical depths toward IRS 5 and for the cross and extended
components are listed in Table 1. The optical depth of the
C'70 transition can also be obtained from the ratio of the
strengths of the different hyperfine components in the tran-
sition. Although the optical depths derived from fitting the
hyperfine structure of the J =2 — 1 transition are consistent
with those derived from the C'80 to C!’O line ratio, the
values are highly uncertain. For example, the hyperfine fit for
the cross emission gives an optical depth of 0.9 + 0.7 and
0.7 4+ 0.7 for the extended component. Two factors contribute
to this large uncertainty. First, all the components are blended
and so the velocity dispersion is not well constrained indepen-
dent of the other line parameters. Second, the hyperfine ratio
poorly constrains the optical depth of nearly optically thin
transitions such as the C*7O lines toward L1551 IRS 5.
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FIG. 4—The C!®0 J = 2 — 1 emission mapped with the JCMT integrated over 4-5.6 km s~ ! (left) corresponding to the blue wing emission, 5.6-6.4 km s™!
(center) corresponding to the line core and 6.4-9 km s~ * (left), the red line wing. Each map is centered on IRS 5 and the observed positions are indicated in the center
panel. The blueshifted arc of emission is similar to that seen in the 12CO map of Moriarty-Schieven & Snell (1988). The lowest contour levels are 0.12, 0.6, and 0.6 K
km s~ with intervals of 0.12, 0.36, and 0.24 K km s~ ! for the blueshifted, line core, and redshifted emission, respectively.
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TABLE 1
PROPERTIES OF THE MATERIAL AROUND L1551 IRS §

FWHM of C!'0 T, NH,) n(H,) Mass

Object (km s™1) 7(C'80) 7(C'70) (K) (10*2 cm™?) (10° cm™3) Mg)
IRSS.......... 13+01 0.6 +0.1 0.17 £ 0.03 21+3 2.7 .

Cross.......... 1.32 + 0.05 05+01 0.14 + 0.03 20+3 22 [ 0.11
Extended...... 1.06 + 0.06 0.7+ 0.1 0.20 £+ 0.03 8+0.5 11 2 0.1

Notes—The velocity width of the C7O J = 2 — 1 results from fitting the line profiles assuming the transition is optically
thin. The values toward IRS 5 are based on the AOS-C C!’O data. The volume density and mass of extended material are
calculated using a radius of 20", corresponding to the size of the region mapped in C'”O. For the cross emission the measured

size of the cross, 27", has been used.

The excitation temperatures were determined from the line
temperature, T%, and the optical depth using a telescope
forward efficiency, 7, of 0.8 (Matthews 1993). A beam filling
factor of 0.62, corresponding to the half-maximum size of the
emission, 27", was used in determining the excitation tem-
perature for both the cross component and the measurement
toward IRS 35, giving values of 20 and 21 K, respectively. The
beam-filling factor for the extended emission was assumed to
be unity, giving an excitation temperature of 8 K. The uncer-
tainties given in the table correspond to + 1 ¢ changes in the
C!'70 and C*80 line peak temperatures.

The largest systematic uncertainty in the excitation tem-
perature probably arises from the choice of the beam-filling
factor. The values for the cross component are probably best
determined since the cross size, 27", is reasonably well deter-
mined, although if the emission arises from clumps within the
beam the excitation temperature could be significantly higher.
The magnitude of the uncertainty in the extended emission
excitation temperature can be seen by noting that changing the
beam-filling factor for the extended component from unity to
0.62, the same as for the cross component, changes only the
derived excitation temperature from 7 to 10 K.

An additional source of uncertainty in the optical depths
and excitation temperatures arises from the possibility that the
velocity widths determined from the AOS-C measurements of
the C'7O overestimate the true velocity widths (see § 2), Com-
paring the C'®O spectrum toward IRS 5 with the DAS C'’O
spectrum leads to an optical depth of 1.4 + 0.1 for the C'®0
and 0.40 + 0.03 for the C!”0. The line strengths then give an
excitation temperature of 14 + 1 K.

An estimate of the temperature of the C!’O emitting
material toward IRS 5 is also available from the ratio of the
CSO C'70 J = 3 -2 intensity to that of the JCMT C'’0O
J =2-1. Both the C*’0 J =32 line and the J =21
line have measured integrated intensities of 1.6 K km s
Assuming that the emission in each line has the same size, the
major uncertainty in the ratio of intensities is due to the uncer-
tainty in the sideband ratio at the CSO as JCMT and CSO
have very similar efficiences at the frequencies of these lines.
Estimating an uncertainty in the sideband ratio of 30%, the
ratio of integrated intensities implies a temperature of 225 K.

The C'’0O emission has comparable optical depth in the
cross and extended material. However, the cross positions have
an excitation temperature ~20 K, at least a factor of 2 higher
than the extended material which has a temperature of ~8 K.
This excitation temperature difference directly reflects the dif-
ferent observed line brightness in the cross. Given the relatively
low critical density of 3 x 10* cm™2 for the CO J =21
transitions, these transitions should be thermalized in the
dense material near the star (see § 4.2) and so the excitation

temperatures are good estimates of the kinetic temperature.
Thus the material in the cross is warm with a kinetic tem-
perature of ~20 K and the extended material is significantly
cooler with a temperature of ~8 K. The temperature of the
extended component is in reasonable agreement with the ~20
K dust temperature expected at ~2800 AU from IRS 5
(Kenyon et al. 1993a) and relatively poor coupling between the
gas and dust (Ceccarelli, Hollenbach, & Tielens 1995). It
should also be noted that evidence for two-temperature com-
ponents near IRS 5 is not dependent on the cross plus extended
component model. The need for two-temperature components
results from the decrease in line brightness away from IRS 5
combined with the relatively uniform line optical depth in the
region around IRS 5.

4.2. Column Density, Density, and Mass

The molecular hydrogen column density toward IRS 5, the
cross component, and the extended component are listed in
Table 1. The column density was directly estimated from the
C!70 lines assuming the hydrogen and C*7O column density
are related through

N(H,) = 1.3 x 10’N(C'"0) + 1.4 x 10> em~2. (1)

This relation is based on the C'80 column density to visual
extinction correlation determined for Heiles’ cloud 2 by Cerni-
charo & Guélin (1987) assuming a factor of 3.5 for the relative
abundance of C120 to C'70, and the Bohlin, Savage, & Drake
(1978) conversion between hydrogen column density and
visual extinction. Adopting the correlation between extinction
and C'®0 column density determined by Frerking, Langer, &
Wilson (1982) would increase the derived column densities by
~40%.

Toward IRS 5 the C'70 emission indicates a column density
of 2.7 x 10?2 cm~2 consistent with both the molecular line
observation of Menten et al. (1989) and the recent sub-
millimeter continuum observations of Ladd et al. (1995). Using
a radius of 1900 AU for the cross emission, the measured
column density of 2.2 x 10?2 cm ™2 and size give a mass of 0.11
M. This is significantly larger than the mass of the cross
derived from the continuum emission. However, the C'’O
mass refers to all the material along the line of sight to the
cross whereas the cross mass quoted by Ladd et al., <0.02
M, refers only to the hot material necessary to match the
cross emission and does not include the underlying centrally
condensed cold component. Using a radius of 2800 AU for the
extended material, corresponding to the 20" radius of the
region mapped, leads to a mass of the extended component of
0.1 M.

The volume density estimated from the column density and
estimated source size can also be compared with that predicted
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by the model of Butner et al. (1991). Their best-fit model for the
far-infrared emission from IRS 5 has a density profile which is
consistent with ongoing accretion of core material onto the
central star plus disk. This model predicts an average volume
density of 9 x 10° cm ™3 at an angular radius of 13”8. This is in
good agreement with the density of 6 x 10° cm ™3 estimated
here from the C'7O observations of the cross. Although the
Butner et al. model does not include the effects of the outflow
from IRS 5, the densities it predicts may be reasonable esti-
mates if the outflow has not yet significantly altered the radial
distribution of the infalling material.

5. DISCUSSION

It is unusual to find a molecular transition which peaks at
the position of a young star and traces a compact, but resolved,
region around the star. These features of the C'’O emission,
together with the similarity with the submillimeter continuum
maps, demonstrate that, in L1551 IRS 5, the C'7O emission
predominantely traces the circumstellar material. This is not
the case for many other molecules, even when observed with
high angular resolution. For example, although NH, is a good
tracer of the properties of dense cores, it is relatively unusual to
find the emission peaking at the location of the stars associated
with the cores despite the far-infrared and submillimeter emis-
sion from the stars indicating the presence of circumstellar
material. In L1551, IRS 5 is located about 20" from the peak of
the NH; (1,1) emission (Menten & Walmsley 1985). The reason
that the C'7O traces such a small region around IRS 5 is that
this transition, like the dust continuum emission, has a low
optical depth throughout most of the molecular core around
IRS 5. Only in the densest regions close to IRS 5 is there a
sufficient column density for the C'”O to be strong enough to
be detectable.

The C'70 and 730 and 850 um continuum emission (Ladd et
al. 1995) are very similar in shapes. In addition, analysis of
both the line and continuum emission indicates the presence of
two components: warm material giving rise to the cross emis-
sion, plus a cooler, more spatially extended component. For
the cross emission the temperature derived from the C!’0O
J =2-1 emission, ~20 K, is somewhat lower than the
greater than ~50 K suggested by the continuum emission.
However, this is not unexpected as the density of the material
probed by the C!70 is probably not high enough to maintain
the gas and the dust at the same temperature (Ceccarelli et al.
1995). 1t is also important to realize that the analysis of the
continuum emission by Ladd et al. (1995) is based on a model
comprising a hot dust cross superposed on a cold, centrally
condensed dust component. The physical parameters of the
two dust components were then estimated by comparing this
model with the data. On the other hand, the properties of the
C'70 emitting material have been determined from the
observed spectra, which toward the cross includes a contribu-
tion from both the hot cross material and the underlying cold
material. Therefore, it is quite reasonable that the temperature
of the cross derived from the C'’O emission would be lower
than estimated from the two-component dust model, and the
C!'70 derived mass of the cross would be much larger than
that derived from the continuum emission.

The 1.2 M of extended, cool material traced by the 1100
um observations of IRS 5 indicate an average column density
of 5 x 1022 cm ™2 toward the IRS 5 (assuming that the material
is distributed spherically around IRS 5 with a density profile
which varies with radius r as »~!-%). Within a region of project-
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ed radius 20” centered on IRS 5 the continuum observations
imply a mass of 0.3 M. Both the column density and mass
within the central region are in reasonable agreement with the
C'70O derived values of 2.7 x 1022 ¢cm~? and a total C'’O
derived mass of 0.21 M.

This consistency between the continuum and line results
support the interpretation that both tracers are indeed tracing
the same circumstellar material around IRS 5. The extended
component of the C!’O emission close to IRS 5 traces the
inner region of the extended material traced by the 1100 yum
continuum emission (Ladd et al. 1995) and the C!80 line core
emission (Fig. 4). The similar values of the column densities
derived from the line and continuum observations also suggest
that there is little evidence for any depletion of C!’O in the
circumstellar material. Limits on the possible depletion are
proportional to the assumed dust absorption coefficient which
at 1 mm is estimated to be subject to an uncertainty of between
a factor of 2 and 4 (Pollack et al. 1994; Ossenkopf & Henning
1994). Applying the more conservative factor of 4 to the dust
column density toward IRS 5 implies that the C'’O data are
consistent with between a factor of 7 depletion and a factor of 2
overabundance of C!70 toward IRS 5 compared to the abun-
dance used above. IRS 5 therefore shows no evidence of the
large depletions of CO claimed toward some other young
sources (Blake et al. 1995; Mezger et al. 1992).

One difference between the 730 um map and the C'’O emis-
sion is the presence of a strong point source component in the
730 um map which is not obvious in the C'*’O map. This
difference probably results from the difference in optical depth
between the line and continuum. After removing the point
source contribution from the 730 um emission (Ladd et al.
1995), the beam-averaged optical depth toward IRS 5 at 730
um is ~0.04, if a dust temperature of 10 K is adopted (Ladd et
al. 1995). Since much of the dust contributing emission along
this line of sight is warmer than 10 K, this value is an upper
limit to the true optical depth. On the other hand, the beam-
averaged optical depth of the C'70O is ~0.2-0.3. The smaller
optical depth of the continuum emission means that the cen-
trally heated region very close to IRS 5 is much more apparent
in the continuum emission than in the line emission.

5.1. Origin of the Structure

The C!’0O emission traces two different components: a
bright cross of emission plus a more distributed component. As
described above, the cross emission has both a higher excita-
tion temperature and a larger velocity dispersion than the
extended emission. Both these differences would naturally arise
if the cross emission traces a region of interaction between the
outflow from IRS 5 and dense circumstellar gas.

Comparison of the cross and blueshifted C'80 emission
with the '2CO outflow map of Moriarty-Schieven & Snell
(1988) suggests that the arms of the cross trace the walls of the
cavity cleared by the outflow sweeping up the circumstellar
material. The *2CO maps show that close to IRS 5 both the
blue and red outflow lobes have opening angles consistent with
the edges of the outflow cavity being aligned approximately
north-south and east-west. As shown in Figure 5 of Ladd et al.
(1995), the 730 um continuum emission, which is similar in
shape to the C'7O emission (Fig. 2), traces the outer edge of the
cavity seen in '>CO. At a much smaller size scale, high-
resolution near-infrared and optical images of IRS 5 also
provide evidence that the outflow cavity has a large opening
angle. Images at i and K band (Campbell et al. 1988; Hodapp
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et al. 1988) both show nebulae in the blue shifted outflow lobe
which have opening angles ~ 120° within a few arcseconds of
IRS 5.

Dynamically, the observed motions of the cross material are
consistent with an interaction between dense gas and the
outflow. Even if the whole line width of the C!’O cross
material were the result of the action of the outflow, the
momentum in the C*”O motions, 0.07 Mg km s ™!, is a small
fraction of the momentum in the outflow close to IRS 5, 16 M
km s~ ! (Moriarty-Schieven & Snell 1988).

Evidence that the cross material is tracing the edge of the
outflow cavity rather than the axis of the outflow from IRS 5 or
two unrelated components of material, one east-west and the
other north—south, also comes from considering the location of
the eastern side of the radio continuum jet from IRS 5. Within
2" of the north—-south aligned radio double system which com-
prise IRS 5 (Bieging & Cohen 1985; Rodriguez et al. 1986), the
radio continuum jet is elongated in a direction ~ 70° east of
north (Fig. 5). However, the position angle of the jet changes
with increasing distance from the central double. At 10” from
the central source, the eastern side of the jet has a position
angle 60° east of north, more nearly aligned with the axis of the
large-scale outflow from IRS 5 (Snell et al. 1985). If the jet
maintains or increases its position angle to the ~ 20" size scale
studied here, the radio jet would fall between the northern and
eastern arms of the cross. The western side of the jet has a
similar axis to the eastern jet at ~2” from IRS 5, but at 10” the
western side of the jet is not as extended as the eastern side and
points nearly due south of IRS 5. Further evidence supporting
the model of the arms of the cross as the edges of the outflow
cavity comes from the high-resolution observations of IRS 5 by
Sargent et al. (1988) who identified a ~700 AU long, high-
density region traced by C'®0 centered on IRS 5. This
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F1G. 5.—Comparison of the 5 GHz radio continuum emission from IRS 5
and the integrated C'’O emission. The solid contours show the integrated
C'70 J = 2 - 1 emission measured at the JCMT. The contour levels are the
same as in Fig. 2. The solid triangle marks the location of IRS 5. The dashed
contours show the 5 GHz radio continuum jet mapped by Snell et al. (1985).
The contour levels shown are 0.2, 0.3 and 0.4 mJy beam™'. Note that the
northeastern lobe of the jet passes between the northern and eastern arms of
the C'7O cross. The solid line passing through the location of IRS 5 shows the
position angle of the jet as mapped at 5 GHz at higher angular resolution by
Bieging, Cohen, & Schwartz (1984). The length of the line is about twice the
length of the jet in the high-resolution map.
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material has a position angle of 135° to 160° east of north and
is aligned between the arms of the cross and perpendicular to
the radio jet. Sargent et al. found little evidence of dense
material aligned north-south as would be suggested by the
Rodriguez et al. (1986) model for the central radio double as
the ionized inner edge of the circumstellar disk. More recent
higher angular resolution observations have resolved one axis
of the circumstellar disk (Lay et al. 1994) showing it to have a
60 AU semimajor axis at a position angle consistent with that
measured by Sargent et al.

If the cross emission is tracing material which has been
heated and disturbed by the outflow, the extended material
provides the best estimate for velocity dispersion of the undis-
turbed core material. However, it is possible that even in the
extended material some of the velocity dispersion is due to
interaction with the outflow and so the virial mass estimate
provides only an upper limit to the true mass. Correcting for
the velocity resolution of the JCMT system, the extended
material has a velocity FWHM of 1.0 km s~ !. This leads to a
FWHM velocity for the molecular hydrogen, assuming a tem-
perature of 8 K, of 1.1 km s~ !. Adopting a radius of 2800 AU,
consistent with the size of region mapped in C'"O, this corre-
sponds to a virial mass of between 2 and 3 M, depending on
the mass distribution at smaller size scales.

However, the absolute velocity width of the C!7O lines, and
hence the virial mass, is significantly affected by the poor spec-
tral resolution of AOS-C (see § 2). If the extended component
has a line width as narrow as ~0.8 km s™! as seen in the DAS
observations and confirmed by Ladd & Fuller (1995), the range
of virial masses drops to 1-1.6 M . Even the lower limit of this
mass range is significantly in excess of the mass determined
from the analysis of the C'”O spectra. However, modeling and
observations suggest that the star plus disk have a mass
between 0.5 and 1 My (Ladd et al. 1991; Keene & Masson
1990), so the virial mass is consistent with the mass of the gas
plus the mass of the central star and disk. The C'7O is there-
fore tracing a region in the molecular material around IRS 5
where the gravitational field is dominated, not by the mass of
gas and dust, but rather by the central young star. It is in such
regions that evidence for continuing accretion onto the young
star might be expected to be found.

5.2. The Mass Accretion Rate near IRS 5

Perhaps the most successful model for the collapse of dense
cores to form young stars has been the inside-out collapse of a
singular isothermal core modeled by Shu (1977) and Terebey et
al. (1984). In this model the inner region of a core collapses first
and an expansion wave propagates outward at the local signal
speed. The radius of the expansion wave, r,,,, at a time t after
the start of the core collapse is then at, where a is the isother-
mal sound speed given by a?> = kT/m with T the kinetic tem-
perature, m the mean molecular mass, and k Boltzmann’s
constant.

It is difficult to determine the age of embedded young stars
such as L1551 IRS 5, but one estimate of the minimum age can
be obtained from the dynamical age of the outflow, since out-
flows are thought to start very soon after the formation of the
star (Terebey, Vogel, & Myers 1989). For the L1551 IRS 5
outflow, Moriarty-Schieven & Snell (1988) find an age of
between 3 x 10* yr and 10° yr. This range is consistent with
that found by Kenyon et al. (1993a) from modeling the spectral
energy distribution of IRS 5. Adopting an isothermal sound
speed of 0.19 km s !, corresponding to 10 K molecular hydro-
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gen with 10% helium, this range in ages corresponds to a
present-day radius of the expansion wave of between 1200 and
3900 AU (or between 8” and 28”). Thus some, and possibly all,
the region traced by C*7O should have already passed through
the expansion wave and be collapsing toward IRS 5.

Using the measured size, density, and velocity dispersion it is
possible to place an upper limit on the mass accretion rate, M,
on the IRS 5 through the relation

M = dnr’mnvg,, . (V)]

Adopting a radius r corresponding to 20", a number density n
of 2 x 10° cm ™3, and an infall velocity, v;,¢,; of 0.55 km s~
corresponding to accretion at half the FWHM velocity for the
molecule of mean mass, m, inferred from the observed velocity
FWHM of the C*70, leads to an accretion rate of 1.4 x 1073
M yr~ 1. This is an upper limit to the true mass accretion rate
at the size scale of the C!”O core as the C'7O lines do not show
any velocity shifts indicative of accretion velocities as large as
adopted. In addition, it is likely that even for the extended
material some fraction of the observed line width is due to
interaction with the outflow from IRS 5.

It is interesting to note that this upper limit to the mass
accretion rate implied by the extended C!70O material is only a
factor of 1-3 larger than that estimated by Kenyon et al.
(1993b) from modeling the scattered light nebula associated
with IRS 5. On the other hand, it is also interesting to note that
the mass outflow rate in the outflow within ~15” of IRS 5 is
estimated to be in the range of 10™* Mg yr™! to 107° Mg
yr~! (Fridlund & Knee 1993), consistent with values for the
whole outflow (Moriarty-Schieven & Snell 1988). Thus it is
possible that within ~ 15" of IRS 5 a larger mass of material is
currently being ejected than is infalling into the central region
around IRS 5. That the mass outflow rate is larger than the
infall rate at these radii must indicate either that the final mass
of IRS 5 will be no more than the total mass currently within
15” to 20” of IRS 5, or that the time-averaged mass outflow
rate at these size scales is smaller than currently observed. This
later possibility is consistent with the interpretation that IRS 5
is currently in an FU Orionis type outburst phase, during
which it has a mass outflow rate higher than the average
during its protostellar evolution. Evidence from optical and
infrared spectra that IRS 5 is in such an outburst has been
presented by Mundt et al. (1985), Carr, Harvey, & Lester
(1987), and Stocke et al. (1988). It is believed that FU Ori
events are powered by high accretion rates through the circum-
stellar disks around young stars (Hartmann & Kenyon 1985).
However, this high disk accretion rate results from the release
of material previously stored in the disk and therefore is not
necessarily associated with high-mass accretion rates through
the more extended circumstellar region.

5.3. Evolutionary Status of L1551 IRS 5

The spectral energy distribution of L1551 IRS 5 (Ladd et al.
1991) and the bolometric temperature derived from it, 97 K
(Chen et al. 1995), indicate that this source is one of the youn-
gest sources in Taurus. Chen et al. identified only two sources
in Taurus younger than IRS 5, L1527 (IRAS 04368 +2557) and
L1551 NE which have bolometric temperatures of 59 K and
75 K, respectively. The Lgpmm/Lvs age indicator (Andre,
Ward-Thompson, & Barsony 1993) suggests that IRS 5 is
somewhat more evolved but is still a relatively young class I
source (Lada 1987). The bolometric temperature of IRS 5 indi-
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cates an age of 1.1 x 10* yr (with a 1 ¢ uncertainty of a factor
of 3) which, within the rather large uncertainty, is in reasonable
agreement with the ages estimated from the outflow (Moriarty-
Schieven & Snell 1988; Bachiller, Tafalla, & Cernicharo 1994)
and modeling of its spectral energy distribution (Kenyon et al.
1993a), 3 x 10* yr to 10 yr.

IRS 5 is the most luminous embedded source in Taurus
(Kenyon et al. 1993a). As discussed above (§ 5.2), its high lumi-
nosity may be due to it currently undergoing an FU Ori out-
burst; however, it is also possible that IRS 5 is a more massive
star than the 0.5 M, typical of Taurus (Kenyon et al. 1993a).
The relatively large virial mass estimated from the observ-
ations could be consistent with this possibility, but the virial
mass may overestimate the true mass as it is possible that even
in the extended component of the C!”O emission some of the
velocity dispersion is due to the outflow.

Despite its young age, the C1’0O and C'®O results presented
here show a significant amount of the circumstellar emission in
these lines arises from material close to the star which has been
disturbed by the outflow. There is, however, evidence of more
quiescent circumstellar material which is presumably less
affected by the outflow and therefore provides the best chance
to study the pristine circumstellar material. This quiescent
material is best traced by the extended component of the C!70O
emission but is poorly traced by the C'®O emission close to
IRS 5.

The presence of both quiescent and disturbed circumstellar
material close to IRS 5 and the absence of net accretion into
the central region containing the young star suggests that
L1551 IRS 5 is in a transistional stage between younger
sources, which have larger amounts of circumstellar material
and more highly collimated outflows and more evolved sources
with less circumstellar material (Ladd & Fuller 1995).

6. CONCLUSIONS

1. New observations of the J = 2 — 1 transitions of C!20
and C!7O show that these lines trace a very small region
around the embedded young star L1551 IRS 5. At the
resolution of these observations, both transitions peak at the
location of IRS 5 and the half-power radius of material traced
by the transitions is ~ 1900 AU.

2. C'70 traces two components around IRS 5. The brighter
component has a four-lobed, crosslike distribution and is very
similar in size and shape to the 850 um and 730 um emission
from IRS 5 mapped by Ladd et al. (1995). The cross emission is
warmer, brighter, more compact and has a larger velocity dis-
persion than the extended, second component. The interpreta-
tion of a warm cross of material overlying a cooler more
extended component is consistent with the model for the sub-
millimeter continuum emission by Ladd et al. (1995).

3. The higher temperature and larger line width of the cross
component, and the cross geometry when compared with maps
of the CO outflow and radio continuum jet close to IRS 5, all
suggest that the cross emission traces the edges of the cavity
cleared by the outflow.

4. The C'80 emission has significant line wings which trace
distinct components of the circumstellar region around IRS 5.
At least one of the wing components is clearly associated with
the outflow cavity seen in *2CO observations. The other com-
ponent extends to the northwest of IRS 5.

5. The C'70 probes a region of the core associated with IRS
5 in which the central young star contributes a significant frac-
tion of the gravitational field. It is in such regions that evidence
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of infall should be detectable. However, much of the molecular
emission from this region, the cross emission, is from material
disturbed by the outflow. If such regions of interaction are
common close to young stars, they will significantly complicate
searches for signatures of the infall of material.

6. The observed properties of the extended C'’O material
lead to an upper limit for the mass accretion rate on to the
young star IRS 5 of 1.4 x 107° M yr~*. This value is compa-
rable with other estimates for the mass accretion rate but is
also comparable to, or lower than, the measured mass outflow
rate close to IRS 5.
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