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Abstract. In a recent JCMT submillimeter study, Ward-
Thompson et al. (1994) obtained the first dust continuum maps
of five low-mass dense cores among the sample of starless
ammonia cores from Myers and colleagues. Here, we present
the results of new 1.3 mm continuum mapping observations
for one of these cores, L 1689B, taken with the IRAM 30-m
telescope equipped with the 7—channel and 19—channel MPIfR
bolometer arrays. The new 1.3 mm data, which were obtained
in the ‘on-the-fly’ scanning mode, have better angular reso-
lution and sensitivity than the earlier 800 um data, reaching
an rms noise level of ~ 3 mJy/13”beam. Our IRAM map
resolves L 1689B as an east-west elongated core of decon-
volved size 0.045 pc x 0.067 pc (FWHM), central column den-
sity Ng, ~ 1.5 x 102 cm™2, and mass Mpw gy ~ 0.6 Mg,
in good agreement with our previous JCMT estimates. We con-
firm that the radial column density profile N(8) of L 1689B is
not consistent with a single power law with angular radius 4 but
flattens out near its centre. Comparison with synthetic model
profiles simulating our ‘on-the-fly’ observations indicates that
N(Omaz) o 0,07 for Opma; < 25" and N(Opmaj) o 6, for
25" < Omaj < 90", where 0,4 is measured along the major
axis of the core. The observed mean profile is not consistent
with a simple Gaussian source, being flatter than a Gaussian in
its outer region. However, the profile measured along the minor
axis of L 1689B is significantly steeper and apparently consis-
tent with a Gaussian ‘edge’ in the north-south direction. The
mass, radius, and density of the relatively flat central region are
estimated to be ~ 0.3 M, ~ 4000 AU, and ~ 2 x 10° cm~3,
respectively.

The mass of L 1689B and its large (> 30) density con-
trast with the surrounding molecular cloud indicate that it is
not a transient structure but a self-gravitating pre-stellar core.
The flat inner profile and other measured characteristics of
L 1689B are roughly consistent with theoretical predictions for
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a magnetically-supported, flattened core either on the verge of
collapse or in an early phase of dynamical contraction. In this
case, the mean magnetic field in the central region should be
< 80 uG, which is high but not inconsistent with existing ob-
servational constraints. Alternatively, the observed core struc-
ture may also be explained by equilibrium models of primarily
thermally supported, self-gravitating spheroids interacting with
an external UV radiation field.

The present study supports the conclusions of our previous
JCMT survey and suggests that, in contrast with protostellar en-
velopes, most pre-stellar cores have flat inner density gradients
which approach p(r) o< =2 only beyond a few thousand AU.
This implies that, in some cases at least, the initial conditions for
protostellar collapse depart significantly from a singular isother-
mal sphere.

Key words: interstellar medium: dust — stars: formation — ISM:
L 1689B - radio continuum: dust

1. Introduction

Despite recent observational and theoretical progress, the ini-
tial conditions for protostellar collapse remain poorly known.
The earliest protostellar stage observed so far appears to be the
main infall/outflow phase of star formation, in which a central
hydrostatic protostar has formed, but not yet accreted the ma-
Jority of its final main-sequence mass. At this stage, most of the
mass is still in the form of a dense circumstellar envelope. The
best observational candidates for this phase are the Class 0 ob-
jects recently identified by André, Ward-Thompson & Barsony
(1993 — hereafter AWB93; see André 1995 for a review). The
Class O stage is presumably preceded by a very brief isother-
mal collapse phase in which no hydrostatic core is present (e.g.,
Boss & Yorke 1995). Observationally, however, this isothermal
phase remains elusive (e.g., Chini et al. 1993; Bontemps, André,
& Ward-Thompson 1995).
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Prior to these protostellar stages, the pre-protostellar phase
of star formation (hereafter referred to as the pre-stellar phase
for brevity) may be defined as a phase in which a gravitationally
bound fragment has formed in a molecular cloud, and evolves
towards progressively higher degrees of central condensation,
eventually leading to protostellar collapse. Observationally, it
is by comparing the structure of pre-stellar cores with that of
Class 0 protostars that one may hope to constrain the physical
conditions at the onset of protostellar collapse.

Many low angular resolution, molecular line surveys of
dense cloud cores have been carried out, leading to the iden-
tification of a large number of potential low-mass star-forming
sites (e.g. Myers, Linke & Benson 1983 — hereafter MLB; Ben-
son & Myers 1989 — hereafter BM89 — and references therein).
Roughly half of the ‘Myers’ dense cores have associated IRAS
point sources, the other half being designated ‘starless’ (e.g.,
Beichman et al. 1986). Most of these starless cloud cores are
gravitationally virialized (see Myers 1983) and may therefore
be considered pre-stellar in nature.

The first submillimetre continuum maps of pre-stellar cores
were made by Ward-Thompson et al. (1994 —hereafter WSHA).
They found that pre-stellar cores are less compact and have
larger FWHM sizes than, but comparable masses to, the pro-
tostellar envelopes surrounding Class O protostars. This is con-
sistent with pre-stellar cores being the precursors of Class 0
protostellar clumps, the latter already having begun to collapse.
The WSHA study also suggested that the radial density pro-
files of pre-stellar cores are relatively steep towards their edges
(i.e., sometimes steeper than p(r) oc r~2) but flatten out near
their centres (becoming less steep than p(r) oc r~2). This is ap-
parently inconsistent with the scale-free r~2 power-law density
distributions characterizing singular isothermal spheres, which
are often taken as initial states in protostellar models (see, e.g.
Shu et al. 1993, for a review).

The WSHA data did however appear to agree reasonably
well with existing theoretical predictions for the radial density
profiles of magnetically-supported cores in the ambipolar diffu-
sion phase of low-mass star formation (e.g Mouschovias 1991,
Fiedler & Mouschovias 1993). During this phase, the radial core
profiles asymptotically approach a p(r) oc 7~2 power-law (see
Lizano & Shu 1989). However, fast dynamical collapse sets in
at arelatively early stage, when a substantial region in the center
still has a flat density distribution (e.g., Basu & Mouschovias
1995 — hereafter BM95).

Obtaining further observational constraints on the initial
conditions for collapse is crucial to get at a better understanding
of protostar evolution. In particular, recent theoretical studies
show that the mass-infall rate during the protostellar phase is
quite sensitive to the initial density profile (e.g. Foster & Cheva-
lier 1993, Henriksen 1994).

In the present paper we discuss new millimetre dust con-
tinuum data for one of the pre-stellar cores from the WSHA
sample, L 1689B. This core corresponds to a ~ 2’ x 4/ visually
opaque region in the filamentary cloud L 1689 of the p Ophiuchi
molecular complex (adopted distance d = 160 pc). The peak po-
sition of L 1689B was observed in 3CO(1-0), C'30(1-0), and
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NH; by MLB and BM89. The L 1689B core is embedded in
a large-scale '*CO clump called R65 by Loren (1989a) who
mapped it as part of an extensive study of the structure of the p
Oph complex (see Fig. 1).

The new 1.3 mm data, taken at the IRAM 30-m telescope
equipped with the MPIfR bolometer arrays, have 11” resolution
and were obtained using the on-the-fly mapping technique. They
supplement the WSHA 800-pm data, which were taken at JCMT
with 18" resolution using a point-by-point (‘on-off”) mapping
technique and a single-channel bolometer. As a result, we are
now able to rule out any telescope, or technique-dependent,
effects which might have affected our previous conclusions on
pre-stellar cores. Furthermore, the better sensitivity and spatial
sampling of the new data allow us to make a detailed comparison
with the predictions of ambipolar diffusion models.

2. Observations and data analysis
2.1. Mapping observations

Our 1.3 mm continuum mapping of the pre-stellar core L 1689B
was carried out with the IRAM-30m telescope located near
Granada, Spain, during two observing sessions. The first run
on 1995 February 25th and 28th used the 7-channel MPIfR
bolometer array, while the second run on 1995 March 18th-
19th used the more recent 19-channel MPIfR array. A total of
nine 7-channel ‘on-the-fly’ maps and two 19-channel maps were
obtained and co-added. The resulting final map is equivalent to
~ 100 single-channel coverages of a ~ 3’ x 2’ (7-channel) or
~ 4’ x 3’ (19-channel) effective field of view, with the addi-
tional benefit of better sky-noise cancellation and better posi-
tional registering of individual coverages. All of the data were
taken at night or early morning and most benefited from very
good weather conditions. The zenith transmission, monitored
by ‘skydips’ every 1-2 hr, was only ~ 70% during the first
night (Feb. 25th), but reached ~ 90% the other nights.

The individual on-the-fly coverages were obtained in the
dual-beam raster mode with a sampling of 2" in azimuth and
4" in elevation, a scanning velocity of 4”/sec in azimuth, and a
chopping frequency of 2 Hz. In this observing mode, the tele-
scope is scanned continuously in azimuth along each row while
chopping; for each channel, the raw data corresponding to a sin-
gle on-the-fly coverage consist of a number of rows (or scans)
taken at different elevations. The chop throw was alternately
32" and 44" in azimuth in order to improve the restoration pro-
cess. The passband of the bolometers we used has an equiva-
lent width ~ 70 GHz and is centred at v,y ~ 240 GHz (e.g.,
Kreysa 1992; Guélin et al. 1995). At this frequency, the beam
size of the telescope was measured to be ~ 11", using Uranus
and other strong point-like sources such as quasars. The pointing
was checked every ~ 1 hr and found to be accurate to better than
~ 3" Calibration was achieved through on-off observations and
on-the-fly mapping of the primary calibrators Uranus and Mars
(e.g., Griffin & Orton 1993 and references therein). In addition,
the p Oph secondary calibrator IRAS 16293-2422, which has
a peak 1.3 mm flux ~ 5.3 Jy in an 11” beam (e.g., André &
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Montmerle 1994) was observed before and after each L 1689B
map. Although the relative calibration of individual maps is
probably good to within ~ 5-10%, the total, absolute calibra-
tion uncertainty is estimated to be ~ 20%. The dual-beam maps
were reduced with the new IRAM software for bolometer-array
data (“NIC”; cf. Broguiere & Neri 1995) which uses the EKH
restoration algorithm (Emerson, Klein, & Haslam 1979). The
final unsmoothed map (not shown here), which results from the
combination of all 11 multi-channel coverages, has an estimated
rms noise of ~ 5 mJy per 11” beam in its central ~ 3’ x 1.5
(observed by all channels).

Fig. 2 shows the final co-added 1.3-mm isophotal contour
map of L 1689B superposed on a grey-scale image, after it has
been smoothed to 13" angular resolution for better sensitiv-
ity. The rms is now ~ 3 mJy per 13" beam. In this map, the
main component of the L 1689B core is clearly resolved and
appears as an east-west elongated source of aspect ratio ~ 0.7.
In addition, a secondary, fainter component is visible ~ 80 " to
the north-west of the main core. Its presence probably explains
the apparent SE-NW elliptical shape seen in the 800xm map of
WSHA taken at lower angular resolution (18"). The characteris-
tics of these sources, estimated from two-dimensional Gaussian
fits to the smoothed map of Fig. 2, are given in Table 1 which
lists positions, peak fluxes, deconvolved sizes, and position an-
gles. The parameters of the secondary component are particu-
larly uncertain because of its faint and diffuse appearance. Note
that the results of our single-component Gaussian fit (last line
of Table 1) are in very good agreement with the properties de-
rived by WSHA. Finally, we stress that the actual structure of
L 16898 is probably more complicated than a simple elliptical
Gaussian source. In particular, the core seems to be pinched in
the north-south direction (see end of Sect. 2.2 below).

2.2. Flux density profiles and morphology

To further investigate the structure of the L 1689B core, we
made various estimates of the radial flux density profile through
the main component of Fig. 2 and Table 1. Our first, simple
approach was to assume the source to be circularly symmetric
in the plane of the sky and to average the signal in circular
annuli centered on the peak position. In order to avoid confusion
from the secondary component, the data present in the north-
west quadrant were ignored in this averaging. Figs. 3a and 3b
show the resulting azimuthally-averaged profiles, obtained from
the unsmoothed 11”-resolution map, in linear-linear format and
log-log format respectively. The error bars are +10(8), where
the rms noise o(f) was estimated on the map in a region with
no or little signal and scaled to each annulus of angular radius 6
according to the number of dual-beam data points constraining
the emission in that annulus.

In a second step, we tried to take the asymmetry of the core
into account. Fig. 3¢ shows radial flux profiles along the major
and minor axes of the main source, obtained by averaging the
emission in the 13"-resolution map over a 40° east-west sector
and a 40° north-south sector, respectively. (The smoothed data
were used in this case to improve the signal-to-noise.) While
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Fig. 1. Large-scale spatial distribution of the (low-density) molecu-
lar gas in the L 1689 cloud (adapted from Fig. 3c of Loren 1989a).
The contours represent the '*CO(1-0) line intensity measured at
Visr = 3.83kms™! by the MWO 4.9 m telescope (2.4’ beam) and
go from T = 2 K (dashed line) to T = 12 K by steps of 2 K. The
L 1689B core studied in this paper is embedded within the clump de-
noted R65 by Loren.

the east-west profile is roughly consistent with the azimuthally-
averaged profile of Fig. 2b, the north-south profile appears to
be significantly steeper.

We also averaged the emission over elliptical rings of axis
ratio 0.7 rather than over circular annuli as in Figs. 3a and 3b.
The corresponding radial intensity profile, shown in Fig. 3d,
would more reliably describe the intrinsic source profile than
that of Fig. 3b if the true three-dimensional geometry of the
core were a disk inclined to the line of sight. We stress here
that the sampling of the radial profiles shown in Fig. 3 is five
times better than the sampling of Figs. 3 and 4c of WSHA.
This, coupled with the higher angular resolution, allows us to set
stronger constraints on theoretical models (see Sect. 3 below).

The circularly-averaged and elliptically-averaged profiles
of L 1689B (Fig. 3b and Fig. 3d) appear to have a break at
6 ~ 25", However, the observing technique (dual-beam map-
ping) and reduction method (baseline subtraction and restora-
tion) may affect the shape of the radial profiles of Fig. 3. In
order to quantify these effects and accurately compare our ob-
servational results with simple models, we thus performed a
number of simulations (see, e.g., Motte, André, & Neri 1995).
Starting with several model sources, such as power laws of the
form I(6) o< 6~™ or Gaussians, we first generated synthetic
dual-beam maps simulating those that would be observed by
the various channels of the bolometer array in the on-the-fly
scanning mode (including a convolution with the beam of the
telescope). We then reduced the simulated dual-beam maps in
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Table 1. Results of Gaussian fits to the 13" -resolution map
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Source R.A.(1950)  Dec.(1950) Speak FWHM PA"

(mJy/beam) @) (deg)
Main component  16731™46'1 —24° 31 54”7 51 +3 86 x 58 90 + 20
2nd component  16"31™43%0  —24° 30’ 45" 20+ 10 ~ 130 x 70 100+ 50
Global 16731459 —24°31' 43”7 48+ 3 9 x 66 105+5

® The position angle of the major axis is measured from north to east.
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Fig. 2. “On-the-fly” 1.3mm continuum map of the prestellar core
L 1689B obtained with the MPIfR 7-channel/19-channel arrays in
Feb./March 1995. This map results from the combination of 11
multi-channel coverages and was smoothed to an effective angular
resolution of 13", Contour levels go from —40 to —10 mJy/beam (dot-
ted lines) and from 10 to 60 mJy/beam (solid lines) with steps of 10
mJy/beam. The rms noise level is ~ 3 mJy/13"” beam. The effective
FWHM beam size is shown in the upper left corner.

exactly the same way as the real data, and derived the associ-
ated radial flux profiles. Some of these simulated profiles are
displayed in Fig. 3. The profile shown as a dash-dotted line in
Fig. 3b corresponds to the simulated observation of an axisym-
metric model source with I(§) < 6~ at all angular radii down
to an inner radius 6;, = 1" (which is much smaller than the
beam size). The dotted line corresponds to a model source with
I(6) < 6=°3 up to an angular radius 6 = 25" and I(§) o 6~!
for @ > 25". The dash-dotted line in Fig. 3d and the dotted lines
in Figs. 3c and 3d show simulated profiles corresponding to el-
liptical models of aspect ratio 0.7 which have the same angular
dependence along their major axis as the models of Fig. 3b.
The observed profiles are not consistent with the single power-
law models (dash-dotted lines) and the discrepancy would be
stronger if a smaller value of 6;,, had been adopted. The two-
component models (dotted lines) describe the data much better.

Comparison between the observed and simulated profiles
shows that the break in the slope of the observed profile is real

and occurs at § = 25" £5” 1t is also clear that a small fraction of
the signal is lost at large angular radii, making the profiles look
steeper than the source and the models actually are. The “best-
fit” slope we derive for the flat inner region (0" < 6 < 25")
is m = 0.3 & 0.2 assuming an axisymmetric source (Fig. 3b),
and m = 0.240.2 assuming an elliptical source (Fig 3d). In the
outer region (25" < 6 < 90”), the averaged profile is roughly
consistent with models having m =~ 1.0 & 0.3, independently
of the symmetry assumed. (Note, however, that the circularly-
averaged profile of Fig. 3b is somewhat steeper than m = 1
beyond 6 ~ 70".)

The circularly-averaged (Fig. 3b) and elliptically-averaged
(Fig. 3d) profiles of L 1689B are not consistent with simple
Gaussian models, such as those used in some numerical simu-
lations of protostellar collapse (e.g. Boss 1987). These models
produce too sharp an outer edge. The data would be better rep-
resented by a two-component Gaussian model: an unresolved
point source of 10 mJy per 11” beam and a 90" x 63" ellip-
tical Gaussian of peak flux 40 mJy/beam. However, even such
a two-component model produces too little emission at large
angular radii (§ > 70") and does not fit the observations as well
as the second power-law model described above. The presence
of a central point source could potentially reflect the fact that
the core has already formed a protostar. However, the weakness
of the central peak and the broad intensity plateau characteriz-
ing the extended component would be in marked contrast with
the radial intensity profiles of known protostars (e.g. Ladd et
al. 1991, AWB93, Motte et al. 1995). We therefore favor the
prestellar interpretation of WSHA and tentatively attribute the
peak to a local inhomogeneity which may trace the onset of a
Jeans-like instability (see Sect. 3).

The radial intensity profile measured along the core minor
axis is very steep in its outer part (see Fig. 3c). In contrast to
the major axis profile, the north-south profile of L 1689B is
steeper than the 1(6) oc 6~! model for 6 2, 45" (dotted lines
in Fig. 3c), and would in fact be better described by a Gaus-
sian model (dashed line in Fig. 3c). The circularly-averaged
profile (Fig. 3b), which includes a significant contribution from
the minor axis, is itself steeper than the power-law models for
6 X 70”. We suggest that we may be seeing the edge of the cloud
core in the north-south direction. In agreement with this view,
the isophotal contours of Fig. 2 are “pinched” in the north-south
direction and the map exhibits negative levels in its northern and
southern parts. These negative levels are not just random noise
since they appear consistently in each mapping coverage. Since
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Fig. 3a—d. Normalized radial flux-density profiles of the L 1689B core (solid lines) obtained by averaging the observed 1.3 mm emission
under circular (a,b) or elliptical (¢,d) symmetry assumptions. In all panels, the beam profile is shown as a light dotted line for comparison. a
Azimuthally-averaged profile in linear-linear format. b Azimuthally-averaged profile in log-log format compared to the simulated profiles of
two model sources. The dash-dotted line corresponds to a model of the form I(8) o< 8~ down to 6 = 1”. The dotted line represents a model
such that I(8) o< 6% for 6 < 25" and I(9)  6~! for > 25”. ¢ Log-log intensity profiles along the major (upper solid curve) and minor
(lower solid curve) axes of the core, obtained by azimuthally averaging the signal observed in the smoothed map of Fig. 2 over 40° sectors.
These observed profiles are compared with the similarly averaged major and minor profiles of an elliptical model of aspect ratio 0.7 such that
I(Omaj) o 0,03 for Oma; < 25" and I(Omas) o 0,p; for Oma; > 25" (dotted lines). The dashed line shows the simulated profile of a
57" (FWHM) Gaussian model which fits most of the minor axis profile of L 1689B. d Elliptically-averaged intensity profile in log-log format,
compared with simulated profiles (dotted and dashed-dotted lines) corresponding to elliptical models with the same angular dependence along
their major axis as the models shown in b. A position angle of 90° and an aspect ratio of 0.7 were assumed for the elliptical averaging.

the parallactic angle was close to 0° in all the coverages, the
negative “‘emission” occurs roughly perpendicular to the scan-
ning direction and cannot result from the above-mentioned loss
of signal at large angular radii (which is more severe along the
chopping direction — azimuth). We believe the negative levels
at the top and bottom of Fig. 2 are an artefact of the reduction
technique and may be understood as follows. The restoration
process assumes that there is no emission at the ends of each
map row (Emerson et al. 1979). If the source size is actually
comparable to (or larger than) the map size, then this assump-
tion is invalid. Furthermore it can be seen in Fig. 2 that the source
has a shape resembling an “hourglass” oriented east-west, i.e.,
approximately in the scanning direction. Therefore, along the
upper and lower rows of a dual-beam map, the emission at the
scan edges will be stronger than at the scan centre. Hence, when
the restoring algorithm sets the scan edges to zero, it creates ap-
parently negative signal at the scan centre. Although this recon-

struction problem is easy to verify on dual-beam simulations of
an hourglass-shaped model source, it is more difficult to assess
the true importance of the effect with no further assumption
about the actual core geometry. Since no negative levels are
present in the inner 2’ x 2’ of the map, the problem is not sig-
nificant on small spatial scales, and the inner 60" parts of the
profiles, at least, can reliably be trusted.

2.3. Mass distribution

Since millimeter continuum emission is optically thin, it is a
direct tracer of the mass content of protostellar cores. For a
spherical isothermal dust source, the total (dust + gas) mass,
M(R), contained within a radius R of the center, is related to
the millimeter flux density S7.3mm () integrated over a circle of
projected angular radius 6 = R/d by the equation:

M(R) = [S1.3mm(0) d*1/[k1.3 B1 3(Lgust)],
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where k3 is the dust opacity per unit mass column density
at A\ = 1.3 mm and Bj3(T4yust) is the Planck function at
A = 1.3 mm, for a dust temperature Tz, s;.

The dust temperature derived by WSHA was 15*%, K, based
on the spectral energy distribution (SED) of the flux densities
of L 1689B measured at JCMT, combined with the IRAS up-
per limits corresponding to the non-detection of this source in
the far-infrared. The temperature thus derived is clearly quite
uncertain, since the spectrum peaks precisely in the far-infrared
(see Fig. 5 of WSHA), and it is the peak of the SED which de-
termines the temperature. The kinetic gas temperature, Tk, was
found to be ~ 20 K by both MLB and Loren (1989a), based on
observations of '*CO and C'80 respectively.

Since the CO observations were taken at lower angular res-
olution than the dust continuum observations, it is possible that
the gas kinetic temperature of 20 K merely represents the tem-
perature of the large-scale cloud R65 (Loren 1989a), while the
embedded dense core we observe in the continuum 1is colder,
with a temperature of only ~ 15 K (or less). Since starless
cores/clouds are presumably heated from the outside, their dense
inner regions may indeed be expected to be colder (see, e.g.,
Falgarone & Puget 1985). Recent high-resolution C'#0 obser-
vations of L. 1689B (Ward-Thompson & Jessop 1996) tend to
support this view. However, given the uncertainties described
above, we cannot say for sure that we are observing this effect.
Thus, in the following, we take the mean of the three derived
temperatures, and use a uniform core temperature of 7" = 18 K.

The mass opacity «;.3, which depends on the dust-to-gas
ratio, as well as the composition, shape, and size distribution
of the dust grains, is also somewhat uncertain (see Henning,
Michel, & Stognienko 1995, for a recent review). In this pa-
per, we adopt the dust opacity recommended by Henning et al.
(1995) and Preibisch et al. (1993) for clouds of intermediate den-
sities (ng, < 10° em™3), and we assume a standard gas to dust
mass ratio of 100, yielding k1.3 = 0.005 cm? g~!. Based on the
discussion of Henning et al. (1995) and Kriigel & Siebenmorgen
(1994), we estimate that our adopted value of ; 3 should apply
to the core of L 1689B to within a factor of ~ 2—3 uncertainty.

With these assumptions, we can estimate the mass of
L 1689B within various angular radii from its center. Since we
observe the core to be elliptical with axis ratio of 0.7, we mea-
sure the flux density, and hence the mass, within elliptical re-
gions of axis ratio 0.7. Fig. 4 shows a plot of the mass M (6,q;)
contained within such elliptical regions as a function of the el-
lipse semi-major axis 0y,q;. The solid line in Fig. 4 represents
mass estimates derived from direct flux integration in the map
of Fig. 2, without any correction for the loss of flux density oc-
curring at large angular radii (see Sect. 2.2 above). The dotted
line shows a curve of the form M (6) « 6% which fits the obser-
vations at small angular radii, i.e., within the flat inner region.
The dashed line shows the linear relation M (8) o 8 which best
approximates the data in the outer region. Comparison of the
dashed and solid lines of Fig. 4 suggests that we start to loose
significant flux (hence significant mass) at angular radii larger
than 6,,,; ~ 50" due to the finite size of the map. For this
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Radius along major axis (A.U.)
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Fig. 4. Mass contained within ellipses of aspect ratio 0.7 and major
radius Omq; as a function of Oma;. The mass was estimated from the
flux mapped at 1.3 mm with 11" resolution assuming 7" = 18 K and
k13 = 0.005 cm? g~! (see text). The dotted and dashed lines show
the relations M anaj and M « 6ma; which best approach the
observations for Omq.; < 25" and 0mq; > 25", respectively. The
dashed, staight line represents our best estimate of the outer mass profile
after correction for the loss of flux occurring at large angular radii.

reason, it is best to use the dashed line to estimate the mass
contained within large radii.

The central plateau region of angular radius ~ 25" (corre-
sponding to ~ 4000 AU) is of particular interest since this is the
radius at which the flux density profiles of Fig. 3b and Fig. 3d
show a break, becoming steeper outside of this radius. This in-
ner plateau region has a mass My ~ 0.33 M. Assuming
this inner plateau region is approximately spherical, its average
number density is n§;* ~ 2 x 10° cm=>. In addition, based
on Fig. 4, we estimate masses of ~ 0.4 Mg, ~ 1 Mg, and
~ 2.1 M, within angular radii of 30”, 60", and 120" from core
center respectively (corresponding to physical radii of 4800 AU,
9600 AU, and 19000 AU). Note that the mass M(120"’) is more
uncertain than the others due to the abovementioned loss of flux
density at large angular radii.

The mass derived by WSHA within a 30" radius of L 1689B
was 1.2 Mg, assuming a temperature of 15 K (see their Table
2). If we recalculate this using a temperature of 18 K we obtain
amass, based on the 800-um continuum data, of ~0.9 M. This
lies between the values derived here for 30" and 60" radii based
on the 1.3-mm data. We believe that the difference between
the masses derived from the two datasets arises from the lower
resolution and sampling rate of the 800-,m data. This caused the
peak observed at 800 pm to be shifted slightly to the north-west,
due to the presence of the second component to the north-west
discussed in Sect. 2.1 above. Hence the mass derived in a 30"
radius from the 800-um data includes more of the north-west
component than the 30" radius mass derived from the 1.3-mm
data in this paper, and is closer to the value derived for the
1.3-mm, 60" radius mass. We believe therefore that the current
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mass estimates more accurately reflect the true mass of the main
component of L 1689B.

3. Discussion
3.1. Boundary conditions: the parent cloud R65

The large-scale '3CO clump R65 (see Fig. 1) in which L 1689B
is embedded has an estimated mass M =~ 39 M, tempera-
ture T' =~ 20 K, FWHM size ~ 0.77 x 0.44 pc, mean density
ng, =~ 6.5 x 103 cm™3, and one-dimensional velocity disper-
sion o4 ~ 0.39 km s~! (Loren 1989a). This clump or “cloud”
harbors no known embedded YSO but appears to be gravita-
tionally bound and in the process of forming one or more stars.
Indeed, although R65 appears to have a slight excess of kinetic
(turbulent) energy, it is very close to gravitational virial equi-
librium with an estimated M /M, = 0.7. This contrasts with
the majority of the clumps studied by Loren (1989b) which are
much farther from gravitational virial equilibrium and typically
have M /M,;» < 0.1.Even these non-selfgravitating clumps are
not believed to be transient structures but rather clumps con-
fined by external pressure (Bertoldi & McKee 1992; Blitz 1993).
While pressure-confined clouds are expected to have approxi-
mately uniform densities (Bertoldi & McKee 1992), R65 is cen-
trally condensed, as indicated by the NH; detection of BM89
and the peaked dust continuum profile found in WSHA and the
present study. This indicates that self-gravity has been playing a
major role in the recent evolution of R65. In particular, we stress
the density peak corresponding to L. 1689B is about an order of
magnitude stronger than the small, unbound density fluctuations
generated by turbulence in quiescent molecular clouds (see Fal-
garone, Puget, & Pérault 1992).

In fact, if thermal pressure were the only means of support
against gravity, R65 would be gravitationally unstable since its
mass is much larger than the critical Bonnor-Ebert mass (e.g.,
Bonnor 1956) Mg = 2.4 Ra’/G =~ 11 M, (where a is the
isothermal sound speed corresponding to 1" = 20 K). We also
note that the density contrast between the peak of L 1689B and
the edge of R65 is %, 30, i.e., significantly larger than the max-
imum contrast of ~ 14 for a stable self-gravitating isothermal
sphere (Bonnor 1956). Assuming R65 is in quasi-equilibrium, it
must therefore be supported against collapse by magnetic fields,
turbulence, or a combination of both.

3.2. Comparison with models of core structure

Since dust emission is optically thin at 1.3 mm, the radial flux
profiles shown in Fig. 3 should directly reflect the intrinsic col-
umn density profile of the L 1689B core, provided the dust tem-
perature Ty,,s; and absorption coefficient k; 3 remain roughly
constant through the source. In the outer parts of the core where
the density is lower, Ty, s; may increase somewhat (see Falgar-
one & Puget 1985), while ;3 may decrease (e.g. Kriigel &
Siebenmorgen 1994) and approach the value appropriate to the
diffuse interstellar medium (i.e., ~ 0.002 cm? g~! instead of
our adopted 0.005 cm? g~!; see Draine & Lee 1984). We ne-
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glect these two potential effects which tend to cancel out and
should not affect the dense central region.

The intensity profile we observe therefore indicates that
L 1689B has a relatively flat column-density profile in its in-
ner region. The structure of this core is thus not adequately
described by a singular isothermal sphere model (e.g. Shu et
al. 1987) or by a singular sphere model with thermal and non-
thermal motions (“TNT” model; Myers & Fuller 1992). On the
other hand, it is qualitatively consistent with equilibrium mod-
els for thermally-supported, self-gravitating condensations of
mixtures of gas and dust (e.g., Bonnor 1956; Falgarone & Puget
1985; Chieze & Pineau des Foréts 1987), and with magnetically-
supported core models at various stages of the ambipolar dif-
fusion phase (e.g. Mouschovias 1991, Lizano & Shu 1989).
The first class of models ignore the role of magnetic fields, but
do not assume an isothermal equation of state; they generalize
the isothermal Bonnor-Ebert sphere by taking into account the
heating influence of the interstellar UV radiation field. The sec-
ond class of models include magnetic fields but are generally
isothermal. We note here that a non-magnetic model interme-
diate between models #2 and #3 of Falgarone & Puget (1985),
which have central densities ng = 10° em ™2 and ng = 10° em ™3
respectively, would approach the observed density structure of
L 1689B quite well. However, these models predict a strong
increase in temperature (with T % 30 K) at radii larger than
~ 0.1 pc, which is only marginally consistent with the '*CO
observations of Loren (1989a). Since the magnetic models are
far more comprehensive (i.e., they account not only for the den-
sity structure but also for the formation and evolution of cores),
we will focus the remainder of the discussion on a detailed com-
parison between their predictions and our observations.

3.2.1. Predictions of the magnetic core models

If molecular clouds are primarily magnetically-supported, then
gravitationally-driven ambipolar diffusion can explain the pro-
gressive formation and self-initiated collapse of dense cores
(e.g., Mouschovias 1991; Shu, Adams & Lizano 1987). In re-
cent years, Mouschovias and collaborators have carried out an
extensive numerical study of the evolution of isothermal, ax-
isymmetric model clouds threaded initially by a uniform mag-
netic field (see Mouschovias 1995 and references therein).

The model clouds are assumed to be thermally supercriti-
cal (i.e., self-gravitating), but initially magnetically subcritical.
During the quasi-static ambipolar diffusion phase, a force bal-
ance between thermal pressure and gravity is established rela-
tively rapidly along the field direction, while lateral contraction
proceeds only as rapidly as magnetic forces allow. The rele-
vant evolutionary timescale is the ambipolar diffusion timescale,
which is tap = 2 x 10°(2/1077) yr for a typical value of the
ionization fraction x in the initial cloud (see Nakano 1979).
During this phase, the central mass-to-flux ratio, (M /®)c"¢,
increases until it reaches the critical value (e.g., Mouschovias
1991):

(M/®)sent = 1.5(63G)~!/2.

crit
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This corresponds to the formation of a both magnetically and
gravitationally supercritical core, while the bulk of the cloud
(the ‘envelope’) remains magnetically supported.

The supercritical core then collapses in a dynamical but
magnetically-controlled fashion, while the surrounding enve-
lope of the cloud remains magnetically supported. At all stages,
except perhaps the very early ones, the model clouds are disk-
like, with minor axes lying parallel to the magnetic field di-
rection, and are characterized by a relatively flat-density, cen-
tral region, of polar radius (e.g. Mouschovias 1991, Fiedler &
Mouschovias 1993):

Z7.er = a(2nGp)~V2,
which is determined by the balance of gravitational and thermal-
pressure forces along field lines. In this expression, a is the
isothermal sound speed and p, is the central density. Likewise,
prior to the formation of the supercritical core, the equatorial
extent of the central region is fixed by magnetic support and it
scales as the critical magnetic length:

AM,er x B/p.

After a supercritical core has formed, the central, flat-density re-
gion is nearly spherical and has an equatorial radius determined
by the critical thermal length scale:

)‘T,cr = % ZT,cr-

Outside the central region, the density declines sharply, with
a variable power-law index s = —dinp/dlnr, typically in the
range s = 1.5-3, depending on radius and the exact initial con-
ditions (e.g., BM95).

The evolution of the supercritical core leads to the forma-
tion of a protostar in a relatively short time ~ 10° yr (see, e.g.,
Fig. 2d of Ciolek & Mouschovias 1994). Typically, the time
taken by a molecular cloud core to become magnetically super-
critical is ~ 107 yr, i.e., ~10 times as long as the subsequent
time for the supercritical core to collapse and form a hydrostatic
protostar, depending on the initial conditions (BM95). Once
formed, such a protostar should be observable as a Class 0 (or
subsequently a Class I) source in the radio (and subsequently
infrared) wavelength range.

3.2.2. Observational constraints

Since there is no evidence for any infrared or radio continuum
source at the center of L 1689B (Beichman et al. 1986; Bon-
temps 1996), it is likely that this core has not yet formed a
hydrostatic protostar. Assuming L. 1689B does not differ in its
properties from the other cores detected by WSHA in the submm
continuum, its evolution should occur on a timescale of order
~ 108 yr (cf. WSHA). Given this lifetime and the central den-
sity estimated in Sect. 2.3 (nﬁz‘” ~ 2 x 10° em™?), comparison
with the models of BM95 and Ciolek & Mouschovias (1994;
in particular, see their Fig. 2d) suggests that L 1689B is either
near the end of the quasi-static phase or close to the beginning
of the dynamical phase of contraction (if it can be explained by
the magnetic support model at all).

The inner, relatively flat density region we observe in
L 1689B (see Sect. 2.2 above) has a radius Ry;,; ~ 4000 AU
and a mass My ~ 0.33 Mg, hence a surface density:

P. André et al.: The structure of the prestellar core L 1689B

Eflat ~ Mflat/(TrR}lat) ~0.05g¢g em™2,

In the particular axisymmetric geometry of the
magnetically-supported core models, the Jeans criterion for
gravitational instability can be written as (e.g., Ciolek 1996):

Mflat > Mjeans, With M jeqns = % Rflataz/G-

Since our estimated value of M f;4; scales approximately as 7'~
(Rayleigh-Jeans regime), we have: Myiq; /M jeans = 0.75
(T/18K)~2. The central temperature of L 1689B is relatively
uncertain and may well be lower than 18 K (see Sect. 2.3) for
pre-stellar cores are generally predicted to be colder in their
central regions (e.g. Falgarone & Puget 1985, Lizano & Shu
1987). We conclude that our present data are consistent with
the central flat region of L 1689B being self-gravitating.

It is easy to estimate the mean magnetic field strength re-
quired to support this dense core against collapse. Since the
magnetic strength is related to the magnetic flux by:

Bflat = (I)flat /(WRﬁf{at)’

L 1689B will be magnetically subcritical if:

Mfiat/®f1at = Sfiat/Briar < (M D)L,

which may also be written as:

Bjiat > Berit = Zg1at /(M ®)SER =~ 80 pG.

This is somewhat higher than typical initial cloud values
quoted in the literature. However, Goodman & Heiles (1994)
measured the line-of-sight magnetic field strength B), using
Zeeman measurements of HI, towards more than 50 positions
in the Ophiuchus region, and found the highest value of B;,
(~20uG) towards their position #34 which encompasses R65
(and L 1689B). The ~ 0.7 aspect ratio we observe is consistent
with the disk-like geometry of the magnetic models and may be
interpreted as resulting from a disk inclination angle ¢ ~ 45°.
Using this estimated inclination angle, the total field strength
would be 40% larger than B||. The HI measurements made with
a very large beam (36') sample the large-scale magnetic field in
a component of low-density (n < 100 cm™3) atomic gas along
the line of sight, which may or may not be related to the field
in the denser (< n(H,) > ~ 7 x 10° cm™?) molecular gas of
R65/L 1689B. The smaller-scale field in the molecular gas may
easily be a factor of 2 or more larger than the large-scale field.
Furthermore, the optical polarization measurements of Vrba,
Strom, & Strom (1976) show a large dispersion of polarization
directions in L 1689 compared to other clouds without clusters,
which suggests that, on a large-scale at least, the non-uniform
component of the magnetic field is far from negligible in this re-
gion (see Myers & Goodman 1991). Assuming that the nonther-
mal component oy = 0.24 km s~! of the velocity dispersion
measured by Loren (1989b) at the position of R65 in a 2.4’ beam
corresponds to magnetic motions of both wavelike and turbu-
lent character whose kinetic energy density equals the magnetic
energy density, one has 0%, = V2/3, where V4 = B/(47p)!/?
is the Alfvén velocity (Myers & Goodman 1988). Using our
present density estimates, this assumption would imply a mean
magnetic field B ~ 60 uG within a radius ~ 11500 AU, which
is close to our above estimate of B..;;. For all these reasons,
we do not believe that a value < 80 uG for the mean magnetic
field at the center of L 1689B is unfeasible. We also note that
the magnetic model itself predicts a typical increase of the cen-
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tral field strength by a factor < 2 over its initial value during
the quasi-static phase of cloud contraction (e.g., Mouschovias
1991). After the formation of a supercritical core, the central
magnetic field of the models increases with density roughly as
B o n%3, and the condition B > B, is no longer satisfied.

In the framework of the ambipolar diffusion models, there-
fore, our above estimates of M jeqns and B indicate that
L 1689B is either magnetically critical or only slightly subcrit-
ical. This is because the actual magnetic field is unlikely to be
much stronger than 80 4G and because the estimated mass of the
central region is consistent with M j.q,s. We conclude that the
central region of L. 1689B either has just entered the dynamical
phase of protostellar collapse or will soon do so.

If L 16898 is indeed close to critical, the radius R, of the
(either existing or forthcoming) supercritical core should be of
the same order as Rfq4, i.e., Rerit ~ 0.02 pe.

An upper limit to the final mass of the protostar that L. 1689B
will form is given by the sum of the mass M4, of the present
flat inner region and the mass M .4 which will be fed into the
supercritical core. M4 depends on how well the cloud enve-
lope is magnetically supported, which in turn depends on the
exact degree of ionization (see Ciolek & Mouschovias 1995).
A reasonable estimate (Ciolek 1996) is that Myjqs + Myeq is
comparable to the central Jeans mass M7 .-(tp) of the parent
cloud at the onset (o) of significant ambipolar diffusion. Since
the Jeans mass scales as Mr ., o n~'/2 with density, we es-
timate Mt ¢r(to) ~ 2 M assuming the initial central density
was close to the mean density observed in R65 (cf. Sect. 3.1).
Thus we predict that L 1689B will form a protostar of mass
~ 0.3-2 Mg.

3.2.3. The radial density profile of L 1689B

We may go further and make more detailed comparisons be-
tween our results and theoretical predictions for the density
structure of pre-stellar cores.

The radial density profile of L 1689B (see Fig. 5) may be
derived from the observed intensity profiles (Fig. 3), assuming
that we know the cloud geometry.

First, we assume spherical symmetry. If p(r) o< 7P, T(r)
72 are the density and temperature distributions as a function
of radius 7, and I() o< 6~™ is the observed intensity profile
as a function of projected radius 6, then at large 6 p, q and
m are related by the simple equation p = m — ¢ + 1 when
p+q > 1(e.g, Adams 1991). For an isothermal source q = 0,
and the equation simplifies to p = m + 1 (valid for p > 1).
Using the estimates of m obtained in Sect. 2.2, we conclude
that if L 1689B is roughly ellipsoidal in shape then its density
gradient mustbe 1.0 < p < 1.4 atradiir < Rfjq: and p = 2 at
radii 7 X Ryiq¢. Fig. 5 displays this density profile as a dashed
line.

However, if L 1689B is indeed a magnetically-supported
core, it should be flattened along the direction of the mean mag-
netic field. We therefore make a second estimate of the density
gradient assuming L. 1689B can be described by the same thin
disk geometry as the numerical models of Mouschovias and
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Fig. 5. Average radial density profile of L 1689B derived from our
observations under two de-projection hypotheses. The solid line as-
sumes the core has the same disk-like shape as the magnetic models of
Mouschovias and coworkers (see text). The dashed line assumes ellip-
soidal geometry. Our data constrain the density structure of L 1689B
only at radii 7 < 15000 AU, i.e., to the left of the vertical dotted line.
The profiles have been extrapolated to larger radii assuming the non-
thermal model of Myers & Fuller (1992) applies there (see text).

collaborators (see, e.g., Fig. 1 of BM95). In these axisymmet-
ric models, the column density perpendicular to the equatorial
plane scales as o(r) o p(r) Zr . < p'/*(r) (see the expression
given in Sect. 3.2.1 above for Z7 ). The core density profile
as a function of equatorial radius 7., may thus be derived from
the elliptically-averaged intensity profile I(rq) (see Fig. 3d)
as p(req) ox I Z(Teq). Therefore, one has p = 2m in this disk
geometry. The density gradient is again inferred to be p =~ 2
in the outer region, but this time 0 < p < 0.8 in the flat inner
region, which is in better agreement with the predictions of the
magnetic models. This density profile is displayed in Fig. 5 as
a solid line.

We note that the core density cannot continue to decrease
as p(r) o 72 much beyond the region we have mapped. In-
deed, this would imply a density contrast between the center of
L 1689B and the edge of R65 of ~ 200, much larger than the
observed value of ~ 30. At large radii, nonthermal turbulent
support is likely to dominate over thermal support, yielding a
shallower density gradient p(r) oc 7! (e.g., Myers & Fuller
1992; see also Fig. 10 of Falgarone & Puget 1986). Assuming
the nonthermal velocity dispersion oy increases with radius
as 70 within R65, the observations of Loren (1989b) indicate
that the thermal and nonthermal velocity dispersions are equal
ataradius rry7 ~ 1.6 x 10* AU from the peak of L 1689B. If
nonthermal motions exert an isotropic kinetic pressure p 0%y,
then the density gradient is expected to approach p(r) oc r~!
beyond a radius rg ~ 37N ~ 4.7 x 10* AU (see Myers &
Fuller 1992). With these parameters, the density averaged over
the radius Ryeqn = 0.29 pc of the parent cloud R65 would be
< n(H,) >~ 3.5 x 103 cm™3, which is only a factor of 2 lower
than the density estimated by Loren (1989a).
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3.2.4. Nature of the north-south “edge”

As noted in Sect. 2.2, the radial intensity profile of L 1689B
becomes very steep in the north-south direction beyond a radius
r ~ 10* AU. This is suggestive of a sharp edge in that direction.
If real, this edge may have several interpretations.

The non-isothermal but thermally-supported core models
of Falgarone & Puget (1985) feature a core—halo structure, in
which an isothermal core is separated from the cloud ‘envelope’
by a layer with a steep density gradient (s up to ~ 4) and a
low kinetic temperature. In these spherical models, the steepest
density gradient typically occurs in the range r ~ 1.4-2.5 x
10* AU (see Table 2 of Falgarone & Puget 1985; see also Fig. 10
of Falgarone & Puget 1986), which is roughly consistent with
our observed profile of L 1689B in the north-south direction.
However, these non-magnetic, non-rotating models provide no
obvious explanation for the asymmetry of the core.

The magnetically-supported core models of Mouschovias
and colleagues do provide an explanation for the core asym-
metry, and also predict a significant steepening of the density
profile just outside the boundary of the supercritical core, with
s = —dlnp/dlnr reaching a value as large as s = 4.4 in some
cases (see Fig. 8 of BM95). In particular, the more subcritical
the cloud is initially, the more pronounced this edge is. We note
that the steepening of the density profile is significant in the
models only after the formation of a supercritical core. Thus,
the tentative edge we observe in the north-south direction is
in agreement with the magnetic field strength calculations of
Section 3.2.2 above in suggesting that L 1689B may have just
entered the dynamical phase of contraction.

4. Conclusions

Based on our new 1.3 mm continuum maps of L 1689B, taken
at the IRAM 30-m telescope with the MPIfR bolometer arrays,
we confirm that the radial density profile of this pre-stellar core
flattens out near its center. Assuming uniform dust properties
through the source, the derived density profile of L 1689B ap-
proaches p(r) o< =2 between ~ 4000 AU and ~ 15000 AU,
but is as flat as p(r) o< 7% or p(r) o r~!? (depending on the
deprojection hypothesis) at radii less than ~ 4000 AU (Fig. 5).
The mass and density of the relatively flat central region are esti-
mated to be ~ 0.33 M and ~ 2 x 10° cm™3, respectively. The
characteristics of this central region are satisfactorily accounted
for by ambipolar-diffusion models of (initially) magnetically-
supported, self-gravitating clouds (e.g., Mouschovias 1991) if
the mean, central magnetic field is < 80 uG. Although such a
high magnetic field has not yet been detected, it is comparable
to the field strength inferred by assuming equipartition between
the magnetic energy density and the (measured) nonthermal ki-
netic energy density of the core. Direct, high angular resolution
Zeeman measurements of the magnetic field in the dense molec-
ular gas, such as those existing for the B1 core in Perseus (see
Crutcher et al. 1994), should be attempted in the case of L 1689B
to confirm the above interpretation. If indeed supported by a pri-
marily static, nearly uniform magnetic field, L 1689B must be
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close to critical and on the verge of forming one or more proto-
stars of total mass ~ 0.3-2 M. Alternatively, the observed core
structure is also roughly consistent with non-magnetic equilib-
rium models for thermally supported, self-gravitating conden-
sations interacting with a relatively strong UV radiation field
(e.g. Falgarone & Puget 1985). In this case, the temperature is
predicted to rise substantially in the outer layers of the core.

Sensitive dust continuum observations with bolometer ar-
rays prove to be a powerful tool to study the density structure
of pre-stellar cores and gain insight into the initial conditions
of star formation. Although a larger number of cores should
be mapped before drawing definitive conclusions, our detailed
results on L 1689B support the suggestion made by WSHA
that flat inner density profiles are a common feature of ‘Myers’
cores without IRAS sources. In contrast, the radial density pro-
files observed in IRAS dense cores and protostellar envelopes
do not show this inner flattening (e.g., Ladd et al. 1991; Motte
et al. 1995). Since the starless dense cores detected in the sub-
millimetre continuum have an estimated lifetime of ~ 10% yr
(WSHA) and are thought to be the precursors of isolated low-
mass protostars, the (presently poor) statistics suggests that the
transition from flat to steep inner density profile occurs on a very
short timescale ( < 10° yr), i.e., well in the phase of dynami-
cal collapse. This is indeed predicted by evolutionary models
of magnetically-supported cores (e.g., Ciolek & Mouschovias
1994). One important implication is that the initial conditions
for rapid protostellar collapse probably more closely resemble
critical self-gravitating polytropes (e.g., Bonnor 1956; Chieze
1987) than singular isothermal spheres (Shu 1977) or singular
spheres supported by thermal and nonthermal motions (My-
ers & Fuller 1992). After the onset of fast dynamical collapse,
therefore, the evolution may initially differ from the expansion-
wave self-similar solution of Shu (1977), and tend towards this
solution only at late times (see also Foster & Chevalier 1993).
In particular, the mass infall rate is likely to be strongly time-
dependent at the beginning of the main accretion phase (see
Henriksen 1994). In agreement with this view, a recent homo-
geneous CO study of outflow activity around low-mass YSOs
suggests that the mass loss rate and the mass accretion rate both
decline dramatically with time from young Class 0 protostars
to more evolved Class I protostars (Bontemps et al. 1996).
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